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The chem i cal com po si tion of the Cre ta ceous de pos its of the Grajcarek thrust-sheets (Pieniny Klippen Belt, Po land) has been in ves ti gated 
to pro vide in for ma tion on palaeoenvironment and prov e nance of pe lagic and turbiditic par ti cles. The ma te rial stud ied shows large vari a -
tions in terrigenous and biogenic con tent. Phyllosilicates (mir rored in amounts of Al2O3, av er age 15 wt.%) and car bon ates (6 wt.% of
CaO) are com mon min eral com po nents of the de pos its ex clud ing the Cenomanian radiolarian shales (CRS) that are en riched in sil ica
(mean con tent of SiO2 is 64 wt.%). “Im mo bile” el e ments may be ac com mo dated by phyllosilicates and ac ces sory min er als (i.e. zir con,
xeno time, ap a tite and Ti-ox ides). Heavy min er als are sig nif i cant within the Szlachtowa Fm.  High field strength el e ments (HFSE) in the
Malinowa Fm. are housed in sec ond ary ap a tite and Fe-ox ides. Lithophile trace el e ments (LILE) con cen tra tions in the ma te rial stud ied are 
lower/com pa ra ble to Post-Archean Aus tra lian Shale (PAAS). Ba con cen tra tion in the CRS prob a bly re flects en hanced bioproductivity.
In ter ac tion be tween ma jor ox ides, dis tri bu tions of “im mo bile” and lithophile el e ments sug gest that vari a tion in trace el e ments through
the suc ces sion was mainly con trolled by the terrigenous in put. The ma te rial stud ied was sourced from in ter me di ate to fel sic rocks of the
Czorsztyn (Oravic) Ridge. The Szlachtowa Fm. and CRS are more ma ture than oth ers due to low con tents of clay min er als. The
Szlachtowa Fm. also con tains re cy cled ma te rial. The CRS cor re spond to the oce anic anoxic event 2 (OAE 2) whereas the “Black Flysch”
of the Szlachtowa and Opaleniec for ma tions may be re lated to the Early Cre ta ceous OAE 1.
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INTRODUCTION

The Up per Ju ras sic-Lower Cre ta ceous black shales are
world-wide sed i men tary phe nom ena (Bernoulli, 1972;
Schlanger and Cita, 1982; Bralower et al., 1993; Wang et al.,
2011). De po si tion of or ganic car bon-rich fa cies dur ing the Cre -
ta ceous was on a scale that has not since been re peated. For ma -
tion of black shales as so ci ated with oce anic anoxic events
(Schlanger and Jenkyns, 1976) was com monly suc ceeded by de -
po si tion of a hemipelagic, iron-rich suc ces sion, known as the
Cre ta ceous Oce anic Red Beds (CORBs; Hu et al., 2005). In the
north ern pe riph ery of the Tethys, black shales were well-de vel -
oped in the Outer (Flysch) Carpathians (e.g., Książkiewicz,
1962; Ślączka and Kamiński, 1998; Golonka et al., 2009). They
oc cur in the Skole Nappe (Spas Shales of the Barremian- Albian
age) and Sub-Silesian/Silesian nappes (Veřovice Shales dated
on Barremian to early Aptian). In the Silesian Nappe, black

shales are fol lowed by the turbiditic Lhota Fm. The Spas Shales
and Lhota Fm. di rectly pre cede the Barnasiówka Radiolarian
Shale For ma tion, which con tains si li ceous, green and black
shales with manganiferous ho ri zons. These black shales cor re -
spond to the Bonarelli Level that is equiv a lent to the
Cenomanian-Turonian event of oce anic an oxia (OAE 2). The
Barnasiówka Fm. is over lain by the Up per Cre ta ceous Var ie -
gated Shales. In the Fore-Magura and the Magura Nappe the
Cre ta ceous black shales in gen eral are un known, be cause these
nappes are tec toni cally de tached at the base of the Late Cre ta -
ceous red shales (Oszczypko, 2004, 2006).

The chem i cal com po si tion of sed i men tary rocks is an im -
por tant re cord of the geo log i cal evo lu tion of the sed i men tary 
ba sin and ad ja cent area through time (Tay lor and
McLennan, 1985). 

The do main of the Outer Carpathian bas ins evolved dur -
ing the Ju ras sic and Cre ta ceous into a rifted pas sive mar gin of
the Eu ro pean plates. De vel op ment of the ba sin was con trolled 



dur ing Late Ju ras sic-Aptian times by nor mal fault ing and
syn-rift sub si dence that was ac com pa nied in the West ern
Carpathians by the ex tru sion of al kali bas alts rang ing in age
from Barremian to Aptian (cf. Oszczypko, 2006). Dif fer ent
mag matic, meta mor phic and sed i men tary rocks, de rived
mainly from con ti nen tal crust, have been shown to be the
chief or only source of turbiditic de pos its of the Outer
Carpathians bas ins. Ultrabasic rocks in dic a tive of oce anic
crust played a role in sup ply ing ma te rial to the rocks of the
south ern part of the Magura Nappe only (Winkler and
Ślączka, 1992, 1994). “Black Flysch” of the Grajcarek Suc -
ces sion was sup plied with de tri tal ma te rial de rived from ero -
sion of the Czorsztyn ridge (Krawczyk and Słomka, 1986,
1987; Golonka et al., 2000), up lifted since the Valanginian to
Albian/Cenomonian (Birkenmajer, 1977). The “Black
Flysch” sand stones (see Łozinski, 1956, 1959, 1966) con tain
heavy min eral as sem blages typ i cal of con ti nen tal crust.

In the lat est Albian-Cenomanian, siliciclastic source ar eas
were cut off (cf. Oszczypko, 2006). Con cen tra tions of cer tain
trace el e ments (e.g., REE, Sc, Th) pro vide in for ma tion of source
rocks, be cause they are not af fected by sec ond ary pro cesses
(McLennan et al., 1993; Cullers, 2000). By con trast, mo bile el e -
ments (such as Na and Ca) can be used to eval u ate the de gree of
chem i cal weath er ing, that re flects palaeoclimate in the source
area at the time of de po si tion (Nesbitt and Young, 1982). 

The pres ent pa per con cerns prov e nance of the de tri tal com -
po nents of the Cre ta ceous de pos its from the Grajcarek
thrust-sheet. We pay spe cial at ten tion to weath er ing of the
source area, sort ing and re cy cling as pro cesses that change the
chem is try of de pos ited ma te rial. The suc ces sion stud ied con -
sists of var i ous lithotypes rep re sent ing changing depositional
en vi ron ments in the south ern part of the Magura Ba sin. 

The Ju ras sic or Early Cre ta ceous age of the Szlachtowa and 
Opaleniec for ma tions (known also as “Black Flysch”) is a sub -
ject of long-term con tro versy. Oszczypko et al. (2004) pre -
sented new ar gu ments to sug gest the Albian-Cenomian age of
these sed i ments, whereas Birkenmajer et al. (2008) pro posed a
Ju ras sic age.

In re cent years we have doc u mented (see Oszczypko et al.,
2004; Wójcik-Tabol and Oszczypko, 2010) that the tran si tion
be tween the Lower Cre ta ceous black shales and the Up per Cre -
ta ceous red sed i ments in the Grajcarek Suc ces sion is sim i lar to
that de scribed from more north ern nappes of the Outer
Carpathians. In this pa per we sup port this con cept by prov e -
nance stud ies.

The geo chem i cal in di ces of the de pos its of the Grajcarek
Suc ces sion are com pared with pub lished data con cern ing the
Cre ta ceous sec tions from the Pieniny Klippen Belt (PKB),
Outer Carpathians and other geo log i cal set tings (Brumsack,
1980; Bellanca et al., 1997; Hofmann et al., 2001; Neuhuber
and Wagreich, 2011).

GEOLOGICAL SETTING 

The Małe Pieniny Mts. are lo cated in the south ern part of
the Pol ish West ern Carpathians, be tween the Dunajec River

Val ley in the west and the Pol ish/Slo vak state bound ary to the
east and south (Fig. 1). The area stud ied oc cu pies the con tact
zone be tween the Magura Nappe and the PKB. The bound ary
be tween the Magura Nappe and the PKB runs along the
Grajcarek Stream (Fig. 1C). The Magura Nappe, sit u ated north
of stream, is com posed of Paleogene flysch de pos its be long ing
to the Krynica Slice (see Fig. 1B; Birkenmajer and Oszczypko,
1989; Oszczypko and Oszczypko-Clowes, 2010). These de -
pos its are com posed mainly of thick- to me dium-bed ded
turbidites of the chan nel-lobe fa cies. Along the Grajcarek Val -
ley the Magura Nappe con tact with nar row, strongly de formed
the peri-Pieniny Klippen Belt Zone, known as the Grajcarek
Unit (Birkenmajer, 1979).

The Grajcarek Suc ces sion com prises Ju ras sic, Cre ta ceous
and Paleocene, pe lagic and flysch de pos its of the Magura Suc -
ces sion, in cor po rated in the struc ture of the PKB. The
Szlachtowa and Opaleniec for ma tions termed “Black Flysch”
are up to 220 m thick. These “Black Flysch” fa cies are fol lowed 
by 2–10 m of Cenomanian radiolarian shales (Hulina Fm.
sensu Birkenmajer, 1977), var ie gated shales of the
Turonian-Campanian Malinowa Fm. (20–100 m) and coarse
clastic de pos its of the Jarmuta Fm. (Maastrichtian–Paleocene)
reach ing 100–400 m (Birkenmajer, 1977).

STUDIED SECTIONS

The ex po sures stud ied are lo cated in the up per course of the 
Sztolnia Stream along a 250 m sec tion (Oszczypko et al., 2004;
Birkenmajer et al., 2008), which com prises three sec tions (A, B 
and C; see Fig. 2). In the Sztolnia Stream A sec tion the
Szlachtowa For ma tion is rep re sented mainly by dark grey and
black, marly shales, claystones and siltstones, and fine-grained, 
cal car e ous sand stones con tain ing abun dant mica flakes. This
for ma tion is over lain by the Opaleniec Fm. com posed of the
light grey, marly claystones with in ter ca la tions of spotty lime -
stones and si der it ic dolomites. In the Sztolnia Stream B sec tion
this for ma tion is de vel oped as a se quence of dark grey, green ish 
some times bioturbated shales with py rite con cre tions. Lenses
and beds of grey, spotty lime stones and si der it ic dolomites have 
thick nesses not ex ceed ing a few dozen centi metres. The
Opaleniec For ma tion is over lain by the CRS com posed of man -
ga nese shales, radiolarian shales with py rite framboids and
radiolarites. These strata have been de scribed by Birkenmajer
(1977) as the Hulina For ma tion (Albian–Cenomanian). The
green and black non-cal car e ous shales and radiolarites of the
CRS (Hulina Fm.) have been col lected from ex po sures on the S 
slope of Hulina Mt. (Fig. 2).

In the Sztolnia Stream (sec tions A–C; see Fig. 2) the si li -
ceous shales of the CRS are fol lowed by cherry-red and green,
ar gil la ceous shales of the Malinowa For ma tion (Birkenmajer,
1977; Birkenmajer and Oszczypko, 1989). The low er most part
of the Malinowa Fm. (sec tion A) on the north limb of the small
anticline con tains a 1 m-thick bed of light, fine-grained sand -
stone over lain by 10 cm of green radiolarite, whereas on the S
limb of the anticline, the green radiolarite (5 cm) oc curs at the
base of a cherty lime stone (see Oszczypko et al., 2004). 
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ANALYTICAL METHODS

In this study, 48 sam ples rep re sent ing var i ous lithotypes
(e.g., fine-grained rocks, radiolarite shales, marly shales) were
ana lysed geochemically us ing a Perkin Elmer Elan 6000 ICP
at the ACME An a lyt i cal Lab o ra to ries, Ltd. in Van cou ver, Can -
ada. To tal abun dances of the ma jor ox ides and sev eral mi nor
el e ments (SiO2, Al2O3, Fe2O3, CaO, MgO, Na2O, K2O, MnO,
TiO2 and P2O5) are re ported on a 0.2 g sam ple ana lysed by
ICP-emis sion spec trom e try fol low ing Lith ium meTabo -
rate/tetraborate fu sion and di lute ni tric di ges tion. Loss on ig ni -
tion (LOI) is by weight dif fer ence af ter ig ni tion at 1000°C.
Rare earth and re frac tory el e ments (Ba, Co, Cs, Ni, Rb, Sc, Sr,
Th, V, Y, Zr) are de ter mined by ICP mass spec trom e try fol -
low ing the Lith ium meTaborate/tetraborate fu sion and ni tric
acid di ges tion of a 0.2 g sam ple. In ad di tion a sep a rate 0.5 g
split is 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.

Con cen tra tions of ma jor and mi nor el e ments were com -
pared to the Post-Archean Aus tra lian Shale (PAAS; Tay lor and 
McLennan, 1985). For se lected el e ments  com par i son to the
Up per Con ti nen tal Crust (UCC; Tay lor and McLennan, 1985)
was ap plied. The val ues of Eu anom aly were cal cu lated us ing
Eu/Eu* ra tio, where Eu = Eu nor mal ized to PAAS (EuPAAS) and 

Eu* = (SmPAAS ´ GdPAAS)
0.5. 

GEOCHEMISTRY

Sta tis tics of ma jor and trace el e ment com po si tion are
shown in the Ta bles 1–4. The inter-el e men tal re la tion ships
have been eval u ated us ing the Pearson’s cor re la tion fac tor (Ta -
bles 5 and 6) and shown in bivariate and tri an gu lar di a grams
(Figs. 3–9).
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Fig. 1. Lo ca tion of the area stud ied within the content of main geo log i cal units

A – sim pli fied tec tonic scheme of the Al pine orogens; PKB – Pieniny Klippen Belt (af ter Kovač et al., 1998, mod i fied); B – cen tral part of Pol ish
Carpathians (af ter Oszczypko and Oszczypko-Clowes, 2009); C – de tailed di vi sion of the Małe Pieniny Mts. (af ter Birkenmajer, 1979, sim pli fied) 



MAJOR ELEMENTS 

Com pared to the PAAS, most sam ples are en riched in CaO
at the ex pense in SiO2. Only si li ceous sam ples of the
Cenomanian radiolarian shales (CRS) are rel a tively en riched of 
SiO2, es pe cially shales from the Hulina sec tion. They also con -
tain the low est amounts of Al2O3 rel a tive to other sam ples (Ta -

ble 1). A tri an gu lar di a gram SiO2 – Al2O3 ́  5 – CaO ́  2 (Fig. 3) 
plots the ma jor ity of the sam ples near the PAAS with ad mix -
ture of var i ous CaO amounts. Only CRS are shifted to wards the  
SiO2 cor ner. SiO2 pri mar ily rep re sents biogenic sil ica in
radiolarian shales and quartz within siliciclastic sam ples. Con -
cen tra tion of Al2O3 re flects phyllosilicate con tent. The
bivariate di a gram SiO2 vs. Al2O3 (Fig. 4) shows neg a tive cor re -
la tion be tween con cen tra tions of SiO2 and in creas ing amounts
of phyllosilicate within the CRS. Pos i tive cor re la tion be tween
SiO2 and Al2O3 for the rest of the for ma tions is ex plained by the
pres ence of de tri tal com po nents – quartz ad mixed with
aluminosilicates. Ra tios of SiO2/Al2O3 sug gest the com monly
oc cur rence of clay min er als in the ma te rial stud ied. The sam -

ples of CRS show a SiO2/Al2O3 ra tio typ i cal of feld spars, but it
could be af fected by abun dant biogenic sil ica. 

The pres ence of feld spar is not con firmed on the Al2O3 vs.
K2O di a gram (Fig. 4). With the ex cep tion of the Hulina sam -
ples, the ma te rial stud ied con tains K2O in amounts quite sim i lar 
to that in PAAS (Ta ble 1). In the di a gram the sam ples fall par al -
lel to an ideal mus co vite line, but shifted to higher Al2O3 con -
tents be cause of ac com pa ny ing min er als (e.g., kaolinite). The
cor re la tion fac tors of Al2O3 to K2O ex ceed 0.86 (Ta ble 5). 

Tak ing to ac count the Na2O con tents, only the Opaleniec
Fm. is close to PAAS, whereas the rest of the for ma tions are de -
pleted (Ta ble 1). The Na2O vs. Al2O3 di a gram (Fig. 4) shows
two trends: 1) a pos i tive cor re la tion for the Opaleniec Fm. and
CRS (mainly mudstones of the Sztolnia sec tions); 2) a pro gres -
sive de cline in Na2O con tents rel a tive to in creas ing Al2O3 con -
cen tra tions in the Szlachtowa and Malinowa for ma tions that
can be ex plained by an ad mix ture of kaolinite in the
Szlachtowa Fm. and other min er als in the Malinowa Fm.,
where kaolinite was not found. 
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Fig. 2. Lithological log of the Sztolnia sec tions (based on Oszczypko et al., 2012); A, B – main Sztolnia Stream (Big and Small wa ter falls);
sec tion C – left tributory of the Sztolnia Stream; lower run of the Sztolnia Stream (Hulina Mt. sec tion af ter Birkenmajer, 1977)
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The di a gram of Fe2O3 to Al2O3 (Fig. 4) shows pos i tive cor -
re la tion be tween ox ides in the Szlachtowa Fm. (r = 0.57), and
CRS from the Hulina sec tion (r = 0.74) and Malinowa Fm.
(r = 0.59) (Ta ble 5). A Fe2O3/Al2O3 ra tio yields 1:4 that is typ i -
cal for de tri tal siliciclastic sed i ments. Glauconite was not
found, but chlorite is a com mon clay con stit u ent in ev ery for -
ma tion. High con cen tra tions of Fe2O3 and no link age to Al2O3

in the CRS and Opaleniec Fm. can be ex plained by oc cur rence
of py rite, con firmed dur ing thin-sec tion ex am i na tion. 

Rel a tive to PAAS, the sam ples are de pleted in TiO2 (mean
val ues vary from 0.4 ±0.13 for the Hulina sam ples to 0.7 ±0.1
for the Szlachtowa Fm.). The TiO2–Al2O3 di a gram (Fig. 4)
shows con stantly pos i tive cor re la tions be tween ox ides for ev -
ery for ma tion (r  >0.68; Ta ble 5). The cor re la tion be tween TiO2

and phyllosilicates (prob a bly the clay frac tion) are con sis tent
due to weath er ing. 

HIGH FIELD STRENGTH TRACE ELEMENTS (HFSE):
 Zr, Th, U, Y, Hf, Nb, REE

The ma te rial stud ied con tains lower amounts of Zr, Th, Nb
and earth trace el e ments (REE) than PAAS, whereas con cen -
tra tions of U and Y are com pa ra ble to those of PAAS. In gen -
eral, the Malinowa and Szlachtowa for ma tions con tain the
high est amounts of HFSE, while the CRS of the Hulina sec tion
show the stron gest de ple tion in them (Ta ble 2). 

Ac cu mu la tion of HFSE shows pos i tive link age to Al2O3

and K2O (Ta ble 5). How ever, in the Szlachtowa Fm., the dis tri -
bu tion of Zr, Hf and Y is in de pend ent of or neg a tively re lated to 
Al2O3 and K2O. In the Opaleniec Fm. con cen tra tions of Nb
have no cor re la tion to K2O. The Malinowa Fm. re veals neg a -
tive cor re la tion of U with K2O and Al2O3. 

In the ma te rial stud ied HFSE are pref er en tially linked to
min er als of the mica type hav ing a tight as so ci a tion with Al2O3

and K2O. Ir reg u lar ac cu mu la tion of Zr, Y, Nb and U sug gests
that el e ments have af fin ity to ac ces sory min er als (i.e. zir con,
xeno time and Ti-ox ides).

Zr and Hf are the most af fected by den sity-re lated frac tion -
ation. Their amounts in sed i men tary rocks are con trolled by zir -
con and due to a com bi na tion of re sis tance to weath er ing and
high den sity: this min eral un der goes sort ing-re lated frac tion -
ation (Tay lor and McLennan, 1985).

In the con trast, Th and Nb in clastic rocks are com monly
hosted by resistate min er als such as Ti-ox ides and ap a tite,
which fol low the fate of the clay-sized com po nent. They are not 
se ri ously in volved by sort ing-re lated frac tion ation.

In ter ac tion be tween Nb, Th, TiO2, P2O5 and Zr (Ta ble 6)
show that Th and Nb have com mon af fin ity with Ti phases and
the clay frac tion. Th could be also re lated with zir con. In the
Malinowa Fm. and CRS Th and Nb are pos si bly also hosted by
phos phates. Nb and Th re veal dif fer ent be hav iour in the “Black 
Flysch”. Amounts of Nb do not de pend on Zr con cen tra tion. In
the Opaleniec Fm. Th barely cor re lates to Ti. Thus, only Nb is
re lated with Ti phases, whereas Th is hosted by zir con.

Dis tri bu tions of U and Y are partly con trolled by Al2O3,
K2O and TiO2 con cen tra tions (Ta ble 6). U can be hosted by zir -
con, as is sug gested by pos i tive cor re la tion with Zr (r =
0.17–0.69).
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The av er age Th/U ra tios vary from 3.29 ±1.2 in the
Opaleniec Fm. to 4.5 ±1.1 in the Malinowa Fm. With the ex -
cep tion of the Opaleniec Fm., the sam ples have Th/U ra tios
higher than UCC – 3.8. Some sam ples of the Malinowa Fm. re -
veal Th/U ra tios that reach that of the PAAS – 4.7 (Ta ble 2). All 
this sug gests that the ma te rial stud ied was af fected by weath er -
ing. The low est de gree of weath er ing prob a bly char ac ter izes
the Opaleniec Fm. El e vated U con cen tra tion within the
Opaleniec Fm. is linked with the ac cu mu la tion of Co, V, Ni and 
Cr (Ta ble 3). 

Yt trium is the ma jor con stit u ent of phos phate xeno time
min er als, which is in agree ment with pos i tive cor re la tion of Y
with P2O5 con cern ing al most the en tire suc ces sion (ex clud ing
the Malinowa Fm.; Ta ble 6).

The to tal con tents of rare earth el e ments (TREE) cor re late
pos i tively with Al2O3 and K2O (Ta ble 6), thus REE have af fin -
ity to phyllosilicates. Ad sorp tion of REE by Fe-ox ides coat ing
the min eral par ti cles is pos si ble due to pos i tive cor re la tion of
TREE to Fe2O3 (Ta ble 6). An in volve ment of REE with heavy
min er als (zir con and xeno time) is con sid ered as well. The role
of Ti-ox ides in con cen tra tions of REE is lim ited to the
Malinowa Fm. and CRS. Lack of cor re la tion be tween REE and 
TiO2 for the “Black Flysch” ne gates the im por tance of Ti-ox -
ides (Ta ble 6).

Av er age val ues of the (La/Yb)PAAS ra tio rang ing be tween
0.94 in the Malinowa Fm. and 1.06 in the Szlachtowa Fm. (Ta -
ble 2) are com pa ra ble with those pro posed by Condie (1991)
for terrigenous ma te ri als. Mean val ues of Eu/Eu* ra tio vary in a 
nar row range: 1.005–1.06 (Ta ble 2). Hence Eu anom a lies are
higher than those of PASS and UCC – 0.6 (Tay lor and
McLennan, 1985). Eu con cen trates within plagioclase (Nath et
al., 1992). Most of the Eu re leased dur ing plagioclase dis so lu -
tion could have been trapped by clay min er als by ad sorp tion
pro duc ing a pos i tive Eu anom aly.

HFSE have the abil ity to be in cor po rated into crys tal line
struc tures and/or ad sorb onto sur faces of phyllosilicates (Tay -

lor and McLennan, 1985). Cer tain ac ces sory min er als ac com -
mo date the HFSE as well. The most pos si ble is the oc cur rence
of zir con and phos phate min er als (mainly ap a tite and xeno -
time) and Ti-ox ides. 

The Szlachtowa Fm. con tains heavy min er als (zir con,
xeno time and Ti-ox ides) in amounts higher than in other for -
ma tions. The Malinowa Fm. ex hib its high ac cu mu la tion of
HFSE cor re la tive with the clay frac tion and TiO2 as well as
with ap a tite and Fe-ox ides that prob a bly are sec ond ary phases.

LARGE ION LITHOPHILE TRACE ELEMENTS (LILE):
Rb, Cs, Ba, Sr

Rel a tive to the PAAS, the sam ples are sig nif i cantly de -
pleted in Ba, but con cen tra tions of Cs in CRS, Sr in the “Black
Flysch” and Rb in the Malinowa Fm. and CRS of the Sztolnia
sec tions are oc ca sion ally sim i lar to that in PAAS (Ta ble 3). Cs
and Rb con tents show tight link age to K2O and Al2O3, sug gest -
ing their af fin ity to phyllosilicates. Amounts of Sr cor re late
neg a tively with Al2O3 and K2O. An ex pla na tion could be an as -
so ci a tion of Sr with Ca within cal car e ous sam ples (Ta ble 5).
K2O, Cs and Rb co-oc cur in feld spars and are in cor po rated into
clays dur ing chem i cal weath er ing. In con trast, Sr and Na2O
tend to be leached (Nesbitt et al., 1980). Sr be haves like Ca,
which is lost sig nif i cantly in ini tially weath ered rocks and con -
tin ues to be lost dur ing later stages of weath er ing. Sr is trapped
from sea wa ter by set tled cal cite.

The bar ium dis tri bu tion is sim i lar that of K2O and Al2O3,
though the CRS con tain ex traor di nary high amounts of Ba con -
com i tant with low con tents of Al2O3 and K2O (Ta ble 5). The Ba 
con cen tra tion prob a bly re sults from the or ganic pro duc tiv ity
rise. This idea is sup ported by neg a tive cor re la tion of SiO2 with
Al2O3 (Ta ble 5), in di cat ing a sup ply of biogenic sil ica (Ar thur
and Premoli Silva, 1982) and ac cu mu la tion of or ganic mat ter.
Abun dant radiolarian tests rec og nized in thin-sec tion also sug -
gests en hanced bioproductivity.
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T a  b l e  4

Se lected av er age el e men tal ra tios for the sam ples stud ied 

Sam ples
La/Sc La/Co Th/Co Th/Sc Cr/Th

mean st.dev. mean st.dev. mean st.dev. mean st.dev. mean st.dev.

Malinowa Fm. 
(n = 5) 2.3 0.25 1.84 0.15 0.706 0.08 0.898 0.073 8.28 0.79

CRS

Hulina Sec tion 
(n = 7) 2.3 0.47 1.26 0.62 0.36 0.20 0.65 0.05 7.58 0.52

Sztolnia 
sec tions 
(n = 13)

2.07 0.40 1.21 0.56 0.42 0.22 0.70 0.08 8.96 1.52

Opaleniec Fm. 
(n = 10) 2.2  0.25 1.61 0.75 0.567 0.25 0.783 0.08 8.45 2.12

Szlachtowa 
Fm. (n = 13) 2.09 0.15 1.92 0.84 0.61 0.22 0.67 0.067 8.12 0.98

PAAS 2.37 1.65 0.64 0.91 7.53

UCC 2.21 1.76 0.63 0.79 7.76

For ex pla na tions see Ta ble 1
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T a  b l e  5

Pearson cor re la tion co ef fi cients (r) be tween se lected ma jor and mi nor el e ments for the sam ples from the Grajcarek Succession

Sam ples SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Rb Sr Cs

Malinowa
For ma tion

SiO2 1

Al2O3   0.96 1

Fe2O3 0.8   0.59 1

MgO –0.71 –0.03 –0.8  1

CaO –0.92 –0.94 –0.64   0.39 1

Na2O –0.17 –0.03 –0.52   0.37 0.1 1

K2O   0.97   0.99   0.68 –0.58 –0.96 –0.16 1

TiO2   0.65   0.84   0.12 –0.08 –0.8  0.1 0.8 1

P2O5   0.23   0.45 –0.32   0.43 –0.48   0.66   0.36   0.74 1

MnO –0.05 –0.34   0.53 –0.44   0.28 –0.45 –0.24 –0.77 –0.85 1

Rb   0.96   0.95   0.75 –0.64 –0.93 –0.33   0.98   0.74   0.21 –0.14 1

Sr   0.28   0.01   0.74 –0.77   0.02 –0.46   0.08 –0.52 –0.79   0.91 0.18 1

Cs 0.9   0.87   0.75 –0.72 –0.81 –0.51   0.92   0.65   0.02 –0.06 0.97   0.27 1

Ba   0.35   0.53 –0.07   0.39 –0.67   0.16   0.52   0.83   0.84 –0.75 0.44 –0.72 0.31

CRS 
(Hulina 
Sec tion)

SiO2 1

Al2O3 –0.93 1

Fe2O3 –0.66   0.74 1

MgO –0.94   0.82 0.76 1

CaO   0.27 –0.58 –0.72 –0.54 1

Na2O –0.63   0.82 0.73   0.79 –0.81 1

K2O –0.92 1.0 0.73   0.97 –0.59   0.83 1

TiO2 –0.93   0.99 0.72   0.98 –0.55   0.77   0.99 1

P2O5   0.07   0.18 0.09   0.14 –0.55   0.66 0.2   0.12 1

MnO 0.7 –0.58 –0.35 –0.63 –0.04 –0.22 –0.58 –0.61   0.27 1

Rb –0.91 0.1 0.74   0.97 –0.61   0.84 0.1 0.1   0.22 –0.57 1

Sr   0.33 –0.56 –0.79 –0.55   0.91 –0.82 –0.55 –0.51 –0.54 –0.16 –0.57 1

Cs –0.89  0.99 0.68   0.94 –0.59   0.83   0.99   0.98   0.24 –0.54   0.99 –0.54 1

Ba   0.48 –0.2  –0.15 –0.21 –0.39 –0.09 –0.2 –0.19   0.18   0.16 –0.18 –0.11 –0.17

CRS
(Sztolnia 
Sec tions)

SiO2 1

Al2O3 –0.75 1

Fe2O3 –0.57   0.09 1

MgO –0.67   0.69   0.11 1

CaO   0.03 –0.39 –0.09 0.11 1

Na2O –0.53   0.69   0.19 0.64 –0.44 1

K2O –0.61   0.91 –0.05 0.49 –0.38   0.42 1

TiO2 –0.72   0.97   0.09 0.66 –0.42   0.62   0.89 1

P2O5 –0.71   0.73   0.33 0.63 –0.03   0.67   0.48   0.71 1

MnO –0.11 –0.26 –0.13 0.28   0.89 –0.37 –0.22 –0.26 –0.14 1

Rb –0.66  0.88   0.07 0.45 –0.32   0.32   0.97   0.86   0.51 –0.21 1

Sr –0.16 –0.08   0.04 0.01   0.71 –0.51 –0.04 –0.02   0.22   0.57 0.09 1

Cs –0.73 0.8 0.3 0.49 –0.09   0.33   0.76   0.77   0.76 –0.15 0.86 0.34 1

Ba –0.64  0.63   0.24 0.55   0.03   0.58   0.35   0.61   0.88 –0.07 0.39 0.26 0.68

Opaleniec 
For ma tion

SiO2 1

Al2O3  0.8 1

Fe2O3  0.1 0.04 1

MgO –0.06 0.56   0.26    1

CaO –0.84 –0.87 –0.33     –0.44 1

Na2O   0.23 0.56   0.44       0.51 –0.53 1

K2O   0.58 0.86 0.2       0.63 –0.84   0.67 1

TiO2   0.83 0.84 –0.01        0.09 –0.8    0.11   0.63 1

P2O5 –0.1 –0.19 –0.15        0.06 0.1 –0.48 –0.15 –0.03 1

MnO –0.56 –0.47 –0.31      –0.21   0.68 –0.11 –0.28 –0.67 –0.15 1

Rb   0.65  0.85 0.0002   0.47 –0.77   0.43   0.94   0.71 –0.11 –0.2 1

Sr –0.45 –0.73 –0.41      –0.77   0.81 –0.81 –0.93 –0.44   0.26    0.32 –0.79 1

Cs 0.6  0.67 –0.13        0.33 –0.63   0.46   0.69   0.49 –0.4 –0.21   0.73 –0.65 1

Ba   0.36  0.52 0.12      0.66 –0.68   0.41   0.58   0.39   0.42 –0.62   0.42 –0.62 0.31



COMPOSITIONAL ALTERATION 
AND PROVENANCE

MATURITY

The in dex of compositional vari abil ity pro posed by Cox et
al. (1995) can be ap plied in mudrocks as a mea sure of
compositional ma tu rity. It is de fined as [(Fe2O3 + K2O + Na2O+ 
+ CaO + MgO + MnO + TiO2)/Al2O3]. Non-clay sil i cates con -
tain a lower pro por tion of Al2O3 than do clay min er als, thus
ICV val ues for clay min er als are in the range of 0.03–0.78, and
for feld spars in the range of 0.54–0.87.

The ICV val ues of most sam ples are higher than 1 (Ta ble 1) 
be cause of the cal car e ous char ac ter of the sam ples and el e vated 
con tents of CaO and MgO. Only non-cal car e ous CRS dis play
val ues that are within range of feld spar. These data agree with
the in ter pre ta tion of bivariate di a gram SiO2 vs. Al2O3 (Fig. 4).
The CRS and cer tain sam ples of the Szlachtowa Fm. seem to be 
more ma ture among the ma te rial stud ied. 

SUBAERIAL WATHERING PATTERNS

The most widely used chem i cal in dex to de ter mine the de -
gree of source-area weath er ing is the Chem i cal In dex of Al ter -
ation (Nesbitt and Young, 1982). The in dex is cal cu lated us ing
the mo lec u lar pro por tions: 

CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] ´ 100

where: CaO* is the amount of CaO in cor po rated in the sil i cate frac tion. 

CIA val ues rang ing from 70 to 75 in Phanerozoic shales re -
flect mus co vite, illite and smectite com po si tion and in di cate a
mod er ately weath ered source. CIA val ues close to 100 char ac -

ter ize re sid ual clays en riched in kaolinite and Al oxy-hy drox -
ides pro duced un der strong weath er ing con di tions. 

The sam ples stud ied are cal car e ous and the CIA val ues
were cal cu lated with out CaO. Thus, the in dex has only mi nor
mean ing dur ing es ti ma tion of the de gree of weath er ing. The
Szlachtowa Fm. and the CRS of the Hulina sec tion show the
high est val ues of the in dex (av er age – 80), whereas the
Malinowa and Opaleniec for ma tions re veal the low est (av er age 
– 77; Ta ble 1). The de gree of chem i cal weath er ing can be also
es ti mated us ing the Plagioclase In dex of Al ter ation (PIA; Fedo
et al., 1995) af ter the pro por tions: 

PIA = [(Al2O3 – K2O)/(Al2O3 + CaO* +

 + Na2O – K2O)] ´ 100

where: CaO* is only CaO from the sil i cate frac tion. 

Unweathered plagioclase has a PIA value of 50. The PAAS
dis play higher PIA – 79. The sam ples show very high PIA val -
ues (cal cu lated with out CaO), av er ag ing from 92 in the
Opaleniec and Malinowa for ma tions to 95 in the Szlachtowa
Fm. and Hulina sam ples of the CRS (Ta ble 1). The as sump tion
that the Opaleniec Fm. shows the low est de gree of weath er ing
was ear lier shown by the low Th/U ra tio. 

In the tri an gu lar di a gram A–CN–K (Fig. 5) es ti mated with -
out CaO (to elim i nate the ef fect of cal cite ad mix ture), the sam -
ples plot at the A–K join, be tween the A cor ner (chlorite,
kaolinite) and the illite point. Very low amounts of Na2O are
cru cial. Low val ues of Na2O/Al2O3 ra tio sug gest the pres ence
of clay min er als and strong weath er ing lead ing to Na leach ing.
Low K2O/Al2O3 ra tios (av er age 0.21–0.24) also re flect the
pres ence of clay min er als. Ma te rial de rived by in tense weath er -
ing as so ci ated with re cy cling of older sed i ments gen er ally con -
tains a high por tion of illite. The pres ence of re cy cled illite is
shown by neg a tive/ab sent cor re la tion be tween Na2O and K2O
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Tab. 5 cont.

Sam ples SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Rb Sr Cs

Szlachtowa
For ma tion

SiO2 1

Al2O3  0.5 1

Fe2O3 –0.07   0.57 1

MgO –0.38 –0.1  –0.06 1

CaO –0.8 –0.86 –0.31   0.04 1

Na2O –0.28 –0.09 –0.04   0.95 –0.04 1

K2O   0.66   0.91   0.45 –0.03 –0.93  0.06 1

TiO2 0.1   0.68   0.63   0.22 –0.54   0.14   0.54 1

P2O5 –0.67 –0.54 –0.1  –0.1    0.78 –0.23 –0.69 –0.37 1

MnO –0.31 –0.69 –0.5  –0.05 0.6    0.002 –0.56 –0.77  0.17 1

Rb   0.84  0.79  0.3 –0.14 –0.94 –0.04   0.92   0.37 –0.66 –0.52 1

Sr –0.36 –0.41 –0.09 –0.41   0.58 –0.58 –0.56 –0.43  0.77  0.27 –0.44 1

Cs   0.77  0.85   0.28 –0.38 –0.86 –0.29   0.87  0.36 –0.52 –0.55  0.88 –0.29 1

Ba   0.16  0.49   0.41   0.52 –0.54   0.56   0.51 0.7 –0.46 –0.65  0.43 –0.64 0.34
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T a  b l e  6

Pearson cor re la tion co ef fi cients (r) be tween se lected ma jor and mi nor el e ments
for the sam ples from the Grajcarek Suc ces sion

Sam ples Zr Hf Nb Th U Y Sc TREE Eu/Eu*

Malinowa
For ma tion

Zr 1

Hf 0.93 1

Nb 0.92   0.87 1

Th 0.49 –0.22   0.58 1

U 0.56   0.41   0.32 –0.23 1

Y –0.46  –0.22 –0.22   0.47 –0.95 1

Sc 0.07   0.38 –0.07   0.67 –0.15   0.37 1

SiO2 0.31   0.47   0.59   0.81 0.5   0.63   0.18

Al2O3 0.55 0.7   0.77   0.89 –0.25   0.42   0.25   0.83     0.29

K2O 0.51   0.63   0.74   0.85 –0.35   0.48   0.19   0.87     0.25

TiO2 0.92   0.96   0.96   0.76   0.25 –0.09   0.22   0.52     0.02

P2O5 0.83   0.74   0.82   0.28   0.72 –0.59 –0.19 –0.12 –0.4

CRS (Hulina
Sec tion)

Zr 1

Hf 0.99 1

Nb 0.99 0.98 1

Th 0.96 0.26 0.93 1

U 0.69 0.72 0.61 0.84 1

Y 0.23 0.26 0.16 0.43 0.58 1

Sc 0.99 0.99 0.96 0.96 0.73 0.34 1

SiO2 –0.94 –0.91  –0.92  –0.86  –0.58  –0.11  –0.9   

Al2O3 0.99 0.99 0.96 0.98 0.76 0.35 0.99 0.76 –0.17

K2O 0.98 0.98 0.95 0.97 0.76 0.37 0.99 0.76 –0.17

TiO2 0.99 0.99 0.98 0.97 0.71 0.31 0.99 0.72 –0.25

P2O5   0.061 0.1 –0.04  0.31 0.69 0.86 0.16 0.57   0.77

CRS
(Sztolnia 
sec tions)

Zr 1

Hf 0.91 1

Nb 0.71 0.7 1

Th 0.94 0.52 0.63 1

U 0.42 0.32 0.16 0.32 1

Y 0.67 0.52 0.43 0.78 0.06 1

Sc 0.73 0.66 0.43 0.76 0.34 0.47 1

SiO2 –0.64  –0.49  –0.53  –0.68  –0.58  –0.61  –0.58  

Al2O3 0.93 0.87 0.72 0.94 0.49 0.62 0.79 0.6  –0.54

K2O 0.88 0.82 0.74 0.85 0.23 0.51 0.72 0.6  –0.49

TiO2 0.96 0.9  0.81 0.93 0.46 0.64 0.76 0.67 –0.51

P2O5 0.68 0.61 0.41 0.79 0.44 0.83 0.57 0.57 –0.08

Opaleniec
For ma tion

Zr 1

Hf 0.94 1

Nb 0.07 0.06 1

Th 0.84 0.15 –0.14 1

U 0.16 0.37 –0.41 0.36 1

Y 0.18 0.15 –0.64 0.25   0.09 1

Sc 0.3  0.3  –0.23 0.37   0.42   0.44 1

SiO2 0.31 0.28   0.52 0.18     0.006 –0.24 0.54

Al2O3 0.67 0.65   0.23 0.57   0.25 –0.05 0.58   0.48 –0.68

K2O 0.85 0.78 –0.03 0.79   0.16   0.19 0.57   0.52 –0.69

TiO2 0.47 0.35 0.5 0.18 –0.01 –0.39 0.32   0.02 –0.24

P2O5 –0.31  –0.54  –0.39 –0.52  –0.08   0.21 0.24 –0.02   0.54



in the Malinowa Fm. (r = –0.16) and the Szlachtowa Fm. (r =
0.06; Ta ble 5). 

In tense weath er ing pro duces frac tion ation of the
LREE/HREE. Pref er en tial re ten tion of HREE in so lu tion may
cause an in crease in (La/Yb)PAAS. The high est val ues of
(La/Yb)PAAS ap pear within the Szlachtowa Fm. (1.06 ±0.08)
and CRS (1.03 ±0.09). The Opaleniec Fm. dis plays val ues
vary ing widely (stan dard de vi a tion is 0.12). The low est val ues
of (La/Yb)PAAS char ac ter ize the Malinowa Fm. (0.94 ±0.02)
(Ta ble 2). Val ues of (La/Yb)PAAS show pos i tive cor re la tion
with PIA and CIA.

The high val ues of CIA, PIA in dexes and A–CN–K di a -
gram in di cate that ma te rial of the Szlachtowa Fm. and CRS
from the Hulina sec tion is more weath ered than the ma te rial
of the Opaleniec  and  Malinowa for ma tions. This is sup -
ported by dis tri bu tions of Cs and Rb cor re la tive to K2O as
well as REE frac tion ation, and Th/U ra tios. The rel a tively
high Cs and low con cen tra tions of Zr, Hf in CRS may be at -
trib ut able to the long-dis tance trans port of ae olian dust
(Nesbitt et al., 1980).

PROVENANCE

TECTONIC SETTING

Ter nary La–Th–Sc di a gram (Bhatia and Crook, 1986) has
been used to con strain the prov e nance and tec tonic set tings for
the de po si tion of the suc ces sion stud ied. The de pos its plot within 
the con ti nen tal is lands arc (Fig. 6), which is partly in agree ment
with the ma jor el e ment tec tonic dis crim i na tion shown in the
K2O/Na2O vs. SiO2 di a gram (Fig. 7). Most of the sam ples plot
within the fields of ac tive con ti nen tal mar gin and is land arc. The
CRS are shifted to the pas sive mar gin field due to the high sil ica
con tent, which dis torts the proper in ter pre ta tion. 

SORTING AND RECYCLING

The dis tri bu tion of the chem i cal com po nents is mainly de -
ter mined by the me chan i cal prop er ties of the host min er als. The 
pro cess ba si cally fractionates Al2O3 (clay min er als) from SiO2

(quartz and feld spars). Sort ing also fractionates 
TiO2, mostly pres ent in clay min er als and
Ti-ox ides, from Zr and Hf hosted in zir con, and 
sorted with quartz. 

The ter nary di a gram 10 ´ Al2O3–200
TiO2–Zr (Fig. 8) may il lus trate the pres ence of
sort ing-re lated frac tion ation (Gar cia et al.,
1991). The sam ples are near to PAAS. Most of
the sam ples clus ter with out vis i ble vari a tion as
re gards amounts of Al2O3, TiO2 and Zr. Only
“Black Flysch”, es pe cially the Szlachtowa Fm., 
shows a mix ing trend. Changes in the Al2O3/Zr
ra tio may be a re cy cling ef fect. Zr en rich ment
dur ing sort ing can also be eval u ated us ing the
bivariate di a gram Zr/Sc vs. Th/Sc (Fig. 9). The
Zr/Sc ra tio is an in dex of sed i ment re cy cling,
while Th/Sc ra tio is con trolled by chem i cal dif -
fer en ti a tion (McLennan et al., 1993). The sam -
ples are clus tered along the pri mary
compositional trend, near the an de site point,
but the Szlachtowa Fm. falls along a trend in -
volv ing mi nor zir con ad di tion. 
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Tab. 6 cont

Sam ples Zr Hf Nb Th U Y Sc TREE Eu/Eu*

Szlachtowa
For ma tion

Zr 1

Hf 0.96 1

Nb 0.16   0.18 1

Th 0.42   0.31   0.57 1

U 0.38   0.39   0.75   0.37 1

Y 0.35   0.31 –0.09 –0.16   0.19 1

Sc 0.22   0.24   0.43   0.52   0.51   0.38 1

SiO2 –0.2    –0.19   0.14   0.52 –0.23 –0.45 –0.18  

Al2O3 –0.01    0.07   0.67   0.77   0.32 –0.36  0.55 0.05 –0.33

K2O 0.02   0.08   0.51   0.81   0.12 –0.35 0.4  0.12 –0.42

TiO2 0.64   0.69   0.73   0.71   0.61 –0.08 0.5  –0.006 –0.29

P2O5 –0.07  –0.13 –0.23 –0.57   0.09   0.79 0.23 0.49   0.71

Fig. 3. Tri an gu lar plot SiO2–Al2O3 ´ 5–CaO ´ 2

PAAS re fers to Post-Archean Aus tra lian Shale (af ter Tay lor and McLennan, 1985)



MAFIC-FELSIC SIGNATURE 

Cer tain trace el e ments or the ra tios be tween them have been 
used to in fer source rock com po si tion. The con cen tra tion of Zr, 
La and Th is higher in the silicic ig ne ous rocks in con trast to Cr, 

Sc, Ni and Co that are housed in ba sic rocks (Tay lor and
McLennan, 1985). Rel a tive to PAAS, the ma te rial stud ied is
en riched in tran si tion met als in clud ing Ni, Sc, Co and Zn. Ex -
cep tional en rich ment in V and de ple tion in Cr dis tin guish the
CRS of the Hulina sec tion (Ta ble 2). 
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Fig. 4. Bivariate di a grams of ma jor el e ment com po si tion for the Cre ta ceous suc ces sion of the Grajcarek thrust-sheets

Fe2O3/Al2O3 = 1:4 re garded as typ i cal for de tri tal siliclastic sed i ments rep re sents an iron con tent
of phyllosilicates; for other ex pla na tions see Fig ure 3



Cr/Th ra tios are sim i lar to these of PAAS (7.5) and UCC
(7.76) for the CRS of the Hulina sec tion. Ra tios are lit tle higher
for other sam ples. The high est ra tios are shown by the CRS of
the Sztolnia sec tions (Ta ble 4). With the ex cep tion of the CRS,
the La/Co and Th/Co ra tios reach those of UCC (La/Co – 1.76;
Th/Co – 0.63) and PAAS (La/Co – 1.65, Th/Co – 0.64; Ta -
ble 4). It is worth to not ing that con cen tra tions of Co were prob -
a bly in creased by diagenetic pyritization. 

The im por tance of fel sic sup ply is con firmed by the
La–Th–Sc plot, and Cr/V vs. Y/Ni di a gram (Bathia and
Crook, 1986). In the ter nary di a gram La–Th–Sc, the sam ples
fall in a field close to PAAS (Fig. 6). The La/Sc and Th/Sc ra -
tios are quite sim i lar to those of Up per Con ti nen tal Crust

(La/Sc – 2.21; Th/Sc – 0.79) and PAAS (La/Sc
– 2.37, Th/Sc – 0.9; Ta ble 4). On the ba sis of
the mix ing curve be tween gran ite and the
mafic-ultra mafic end-mem ber in the Cr/V vs.
Y/Ni di a gram (Fig. 9) any share of mafic-ultra -
mafic mat ter in the ma te rial stud ied is doubt ful.
Con sid er ing the above, the ma te rial stud ied,
en riched in in com pat i ble el e ments, ap pears to
be sourced from in ter me di ate to fel sic rocks.
How ever, the CRS of the Sztolnia sec tions con -
tain rel a tively high amounts of mafic Cr and Sc.

DISCUSSION

The tran si tion from black shales to red/var ie -
gated de pos its within the Cre ta ceous suc ces sion
has been re corded mostly from epicontinental
seas and car bon ate plat forms, and deep-sea en -
vi ron ments of the Tethyan and At lan tic oceans
(Jenkyns, 1980; Schlanger and Cita, 1982; Ar -
thur and Premoli-Silva, 1982; Bralower et al.,
1993; Hu et al., 2005; Wójcik-Tabol, 2006;
Wang et al., 2011). 

Sikora (1962) and Książkiewicz (1977)
have noted this pat tern and pos tu lated that the
“Black Flysch” de pos its al most al ways dip be -
neath the Cre ta ceous var ie gated shales
(Golonka and Rączkowski, 1984a, b). The Cre -
ta ceous de pos its of the Grajcarek Suc ces sion
dis play sim i lar ity to the Cre ta ceous se quences
that are known from the Pol ish Outer
Carpathians i.e. the Spas Shales and Veřovice
Beds (Oszczypko, 2006). Horwitz (1929) first
dis tin guished the “Black Flysch” (or “black
Cre ta ceous”) of the Veřovice type sec tion as
rep re sent ing the Barremian to Aptian/Albian.
Oszczypko et al. (2004) have dem on strated the
Cre ta ceous age of the Szlachtowa For ma tion, as 
well as of the Opaleniec For ma tion. 

Min eral com po si tion and geo chem is try
have be come a ba sis of com par i son of the
“Black Flysch” de pos its with the Albian equiv a -
lents from the Pieniny Klippen Belt (Up per
Kapuśnica Fm.) and Outer Carpathians (Lhota

Fm.). The Szlachtowa and Opaleniec for ma tions con tain clay
min eral as sem blages in clud ing illite/smectite and kaolinite,
sim i lar to the Lhota Fm. of the Silesian Nappe (Wójcik-Tabol
and Ślączka, 2009) and the Kapuśnica Fm. of the PKB.

Kaolinite en rich ment prob a bly re flects wide spread ac cu -
mu la tion of ma te rial weath ered un der con stantly warm and hu -
mid con di tions (Chamley, 1989). The in flu ence of weath er ing
is con firmed by high val ues of the CIA, PIA in dexes, the
A–CN–K di a gram, dis tri bu tion of Rb and Cs, as well as REE
frac tion ation and the Th/U ra tios.

In terms of ma jor el e ment con tents, the Szlachtowa and
Opaleniec for ma tions cor re late with the Kapuśnica Fm. of the
PKB. The con cen tra tions of re dox-sen si tive el e ments have
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Fig. 5. Ter nary A–CN–K plot and Chem i cal In dex of Al ter ation

The dashed line shows the the o ret i cal weath er ing trend from a typ i cal gran ite source rock; 
G – gran ite, Il – illite, Ka – kaolinite, Ks – K feld spar, M – mus co vite, Pl – plagioclase,

S – smectite;  for other ex pla na tions see Fig ure 3

Fig. 6. Ter nary di a gram be tween light REE (La), in com pat i ble el e ment (Th)
and com pat i ble el e ment (Sc) show ing sim i lar ity of sam ples stud ied to PAAS

Tec tonic dis crim i na tion bound aries: ACM – ac tive con ti nen tal mar gin, CIA – con ti nen tal
is land arc, OIA – oce anic is land arc; for other ex pla na tions see Fig ure 3 



been dis cussed by Wójcik-Tabol and Oszczypko (2010). These 
au thors have stated that the “Black Flysch” stud ied was de pos -
ited in dysoxic/anoxic en vi ron ments of an oce anic anoxic
event 1 (sensu Schlanger and Jenkyns, 1976). Ac cu mu la tion of
U, Th, Mo, As cor re la tive to S sug gests that the en vi ron ment of
the Grajcarek sub-ba sin was strongly anoxic. 

The ma te rial stud ied is rel a tively en riched in REE pos i -
tively cor re lated to Al2O3, Zr, Y, TiO2 that sug gest af fin ity of
REE to phyllosilicates and heavy min er als. 

Con cen tra tions of “im mo bile” el e ments (Zr, Ti, Rb, Nb)
sug gest con tam i na tion of black shales by terrigenous ma te rial
de rived from in ter me di ate-fel sic rocks, as was con cluded from
Y/Ni vs. Cr/V and (V + Ni + Cr) vs. (Zr + Ti) di a grams
(Wójcik-Tabol and Oszczypko, 2010). The same was es ti -
mated for the Lhota Fm. de pos ited in the Silesian Ba sin
(Wójcik-Tabol and Ślączka, 2009).

As a re sult of the post-rift sub si dence, the Early/Late Cre ta -
ceous “Black Flysch” of the Grajcarek Suc ces sion was de pos -
ited at the south ern edge of the Magura Ba sin. This part of the
ba sin was sup plied with de tri tal ma te rial de rived from ero sion
of the Czorsztyn paleo-Ridge (Krawczyk and Słomka, 1986,
1987; Golonka et al., 2000), up lifted since the Valanginian to
Albian/Cenomonian in ter val (Birkenmajer, 1977). The “Black
Flysch” sand stones con tain heavy min eral as sem blages rich in
gar net, and sub se quently staurolite, kyan ite and bi o tite (see
Łoziński, 1956, 1959, 1966), that in di cates ero sion of con ti nen -
tal-type crust. 

Tak ing to ac count the REE pat terns, the ma te rial stud ied
has been com pared to the Lower Cre ta ceous marlstones of the
Ve ne tian Prealps rep re sent ing a sec tion through south ern con ti -
nen tal mar gin of the Tethys Ocean (Bellanca et al., 1997). The
Szlachtowa, Opaleniec for ma tions and CRS of the Sztolnia
sec tions show val ues of Eu/Eu* and La/Yb sim i lar to those of
dark shales within the Albian Scag lia Variegata For ma tion de -
pos ited in the south ern Tethys.

Bellanca et al. (1997) pro posed that sea wa ter was the most
im me di ate REE source in the cal car e ous de pos its. REE scav -
eng ing may be at trib uted to ad sorp tive re moval onto the sur face 
coat ings of the sus pended par ti cles and/or pre cip i ta tion of
Fe-sulphides. REE dis tri bu tion was in flu enced by the chem is -
try of the wa ters of the Tethys Ocean. 

The si li ceous fa cies of the CRS are quite
sim i lar to the Cenomanian-Turonian in ter val
(CTI) known from the Outer Carpathians
(Barnasiówka Radiolarian Shales For ma -
tions; see Bąk, 2007; Wójcik-Tabol and
Ślączka, 2009) and Pieniny Klippen Belt
(Magierowa Mbr.; see Wójcik-Tabol, 2006).
De pos its of the CTI con sist of sil ica and as so -
ci ated clay min er als in clud ing illite/smectite
and chlorite (Wójcik-Tabol and Oszczypko,
2010). In creas ing amounts of illite and
chlorite is typ i cal for the CTI (com pare with
the Bonarelli level from the Umbria-Marche
Ba sin; Turgeon and Brumsack, 2006) due to
cool ing of cli mate and ac cel er ated phys i cal
weath er ing (Chamley, 1989). 

The CRS stud ied are char ac ter ized by
de creas ing amounts of de tri tal el e ments
such as Zr, Ti, Rb and Nd as well as a neg a -
tive cor re la tion be tween Al2O3 and SiO2 that 
in di cates di min ish ing in put of terrigenous
ma te rial (Wójcik-Tabol and Oszczypko,
2010). These geo chem i cal fea tures are in
agree ment with de creas ing trends of Ti/Al
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Fig. 7. Di a gram of tec tonic dis crim i na tion based
on K2O/Na2O vs. SiO2.

For ex pla na tions see Fig ure 3

Fig. 8. Ter nary 10 ´ Al2O3–200 ´ TiO2–Zr plot show ing pos si ble sort ing trend

For ex pla na tions see Fig ure 3



and Rb/Al ra tios up to the si li ceous shales of the BRSF and
the low est val ues of Al/(Al + Fe + Mn; Bąk, 2007).

The con cen tra tions of Ba, Sc, Th, REE and “im mo bile” el e -
ments in the CRS ap prox i mate these to the Magierowa Mbr.
(Wójcik-Tabol, 2006). Radiolarites from the Hulina sec tion are 
more sim i lar to the Barnasiówka Fm. due to low amounts of
“im mo bile” el e ments and Mn en rich ment (Bąk, 2007;
Wójcik-Tabol and Ślączka, 2009). The nu mer ous radiolarian-
 rich lay ers prob a bly re flect upwelling cir cu la tion and in creased 

pro duc tiv ity at the mar gin of the Carpathian Ba sin (Bąk, 2007)
that may have been af fected by eustatic sea level rise. Flooding
of the source ar eas lim ited de tri tal in put.

Con tents of ma jor and “im mo bile” el e ments (e.g., Zr, Ti,
Rb) within the CRS are com pa ra ble to those of CT black shales
from the Dem er ara Rise – West ern At lan tic (see Brumsack,
2006) the Bonarelli Level from the Ve ne tian Prealps (Bellanca
et al., 1997) and Umbria-Marche Ba sin of Cen tral It aly
(Brumsack, 2006; Turgeon and Brumsack, 2006). On the other
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Fig. 9. Prov e nance and source sig na ture di a grams of the stud ied Cre ta ceous suc ces sion 
of the Grajcarek Suc ces sion

A – bivariate di a gram Zr/Sc vs. Th/Sc shows in dex of sed i ment re cy cling against in di ca tor of chem i cal
dif fer en ti a tion; the sam ples are mainly clus tered along the pri mary compositional trend;

B – bivariate di a gram Cr/V vs. Y/Ni



hand, the CRS stud ied are not suf fi ciently rich in re dox-sen si -
tive el e ments (Mo, Zn, Cu, As, V, Ni) rel a tive to the
Cenomanian-Turonian black shales from Tethys, the North At -
lan tic, and the cen tral North Pa cific (Brumsack, 1980, 2006;
Ar thur et al., 1990; Bralower et al., 1993). A pos si ble ex pla na -
tion might be di lu tion ef fect caused by en hanced terrigenous
in put into the Grajcarek Sub-ba sin. 

Red marls and shales of the Malinowa Fm. that rep re sents
the Up per Cre ta ceous oce anic red beds (CORB) fol low the
CRS. They oc cur in a broad belt ex tend ing from the Ca rib bean
across the Cen tral At lan tic, Eu rope to East ern Asia and re cord
chang ing depositional con di tions from anoxic/dysoxic to oxic.
The Malinowa Fm. stud ied re sem bles other CORBs (see
Neuhuber and Wagreich, 2011 and ref er ences therein). The
most sig nif i cant sim i lar ity oc curs be tween the Malinowa Fm.
and clayey CORB of the Mazak Fm. from the Czech Re pub lic
(Jiang et al., 2009) and Turonian var ie gated shales from the
Pol ish Outer Carpathians (Bąk, 2007).

De po si tion of the Malinowa For ma tion might have been in -
flu enced by sev eral pro cesses: ex cess of or ganic car bon burial,
global cool ing, and/or in ten si fi ca tion of bot tom cir cu la tion
(Wójcik-Tabol and Oszczypko, 2010).

Re cently in the Czorsztyn Suc ces sion of the Pieniny
Klippen Belt, in Ukraine (Veliky Kamenets; cf. Krobicki et al.,
2004, 2008) and in the val ley of the Váh in Slovakia (Vršatec;
cf. Spišiak et al., 2008, 2011), sub-ma rine vol ca nic rocks have
been de scribed (melanephelinites and al ka line bas alts), that are
not older than Cenomanian. This group can also in clude blocks
of ba salt from the Biała Woda, known as olistoliths in the
Jarmuta For ma tion. These vol ca nic rocks cor re spond to oce -
anic is land al kali bas alts or within-plate al kali bas alts (Krobicki 
et al., 2004, 2008; Birkenmajer and Lorenc 2008; Spišiak et al., 
2008, 2011). Ac cord ing to Spišiak et al. (2011), vol ca nic ac tiv -
ity was prob a bly gen er ated dur ing pas sive asthenospheric man -
tle upwelling, as so ci ated with lithospheric stretch ing and thin -
ning of the Czorsztyn (Oravic) Ridge. Stud ied ma te rial falls in
the field of CIA, be cause it was sourced from in ter me di ate to
fel sic rock. How ever, the CRS con tain ad mix ture of mafic el e -
ments that sug gest ba saltic vol ca nism during Cenomanian

The vol ca nic ac tiv ity was fol lowed by the sub si dence and
deep en ing in the Magura Ba sin be neath the car bon ate com -
pen sa tion depth level (see Oszczypko and Oszczypko-Clowes,
2006). This re sulted in de po si tion of red shales of the
Malinowa For ma tion (Turonian–Campanian) fol lowed by
coarse-grained sand stones and con glom er ates of the Jarmuta
For ma tion (Maastrichtian to late Paleocene), that con tain
chromian spi nels de rived from oce anic crust (Oszczypko and
Salata, 2005). Slight ad mix ture of the mafic el e ments (Cr, Sc)
oc curs within the CRS of the Sztolnia sec tions. The Malinowa
Fm. con tains rel a tively high amounts of Cr, but this may re flect
the pres ence of re cy cled phases. 

CONCLUSIONS 

1. The Grajcarek Suc ces sion was de pos ited at the south ern
edge of the Magura Ba sin. The bulk sam ples are char ac ter ized
as mix tures of de tri tal mat ter com pa ra ble to PAAS with vary -
ing amount of biogenic com po nents. The Cenomanian
radiolarian shales are de pleted in terrigenous par ti cles. The
eustatic sea level rise and flood ing of the source ar eas caused
re duc tion in de tri tal sup ply and pro duced an or ganic pro duc tiv -
ity rise that is re corded by in creased Ba con cen tra tions.

2. The terrigenous ma te ri als such as phyllosilicates and
heavy min er als ac com mo date “im mo bile” el e ments. The
Szlachtowa Fm. con tains heavy min er als (zir con, xeno time and 
Ti-ox ides) in amounts higher than in other for ma tions. Amor -
phous Fe-hy drox ide coat ings on grains and/or phos phates
could po ten tially con sti tute an im por tant host for HFSE in the
Malinowa Fm. 

3. Due to low con tents of clay min er als the CRS and
Szlachtowa Fm. seem to be more ma ture than other for ma tions. 
The CRS are prob a bly con tam i nated by ae olian dust. The
Szlachtowa Fm. con tains small ad di tion of re cy cled par ti cles
(zir con). The oc cur rence of re cy cled phases (illite) is as sumed
within the Malinowa Fm. The ma te rial of the Szlachtowa Fm.
and CRS were af fected by more ad vanced weath er ing than the
ma te rial of the Opaleniec and Malinowa for ma tions. 

4. Ma te rial of the Grajcarek Suc ces sion ap pears to be
sourced from in ter me di ate to fel sic rocks that rep re sent con ti -
nen tal is land arcs. Detritic ma te rial was de rived from ero sion of 
the Czorsztyn Ridge, up lifted since the Valanginian to
Albian/Cenomonian. The Cenomanian de pos its con tain an ad -
mix ture of the mafic el e ments that cor re spond with sub-ma rine
vol ca nism re cog nized in the Czorsztyn Suc ces sion of the
Pieniny Klippen Belt by other au thors.

5. The sec tions stud ied dis play a tran si tion from rel a tively
shal low ma rine, anoxic black shales to well-ox y gen ated
deep-wa ter red beds of the of the Malinowa For ma tion. This
pro cess was typ i cal for global tran si tion of the Lower Cre ta -
ceous black shales to Up per Cre ta ceous oce anic red beds.
This kind of suc ces sion has been ob served in all the sec tions
stud ied by us in the Małe Pieniny Mts., and sug gests a com -
mon sed i men tary his tory rep re sented by these pro files. 
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