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Ab stract: The turbiditic to hemipelagic, fine-grained de pos its of the Hradištì For ma tion (Hauterivian, 132 Ma) to
the Lhoty For ma tion (Albian–Cenomanian, 99 Ma) in the west ern part of the Silesian Nappe (Pol ish Outer Car-
pathians) were stud ied min er al og i cally and geochemically to de ter mine if the main fac tors con trol ling the che-
m is try of the sed i men tary ma te rial can be at trib uted to prov e nance, or to post-depositional pro cesses. A high
de gree of weath er ing of the source rocks is in di cated by the chem i cal in dex of al ter ation (CIA) that var ies from
75.98 to 89.86, and Th/U ra tios (~4 with outliers at 1.85 and >6). The co-oc cur rence of rounded and unabraded
grains of zir con and rutile, the en rich ment in Zr and Hf, as well as the high Zr/Sc ra tios sug gest that the Hradištì
and Veøovice For ma tions con tain re cy cled ma te rial. Plots of La/Th ver sus Hf and Th against Sc show that sam ples 
oc cur in the field of fel sic and mixed fel sic/ba sic sources. On a ter nary La–Th–Sc di a gram, all of the sed i ments
stud ied are re fer able to the con ti nen tal is land-arc field. The Eu ro pean Plate, as an al i men tary area, has a mo saic
struc ture con sist ing of Cadomian and Variscan el e ments. The Proto-Silesian Ridge was de tached from the con ti -
nent, be cause of rift ing. There fore, it could have cor re sponded to a con ti nen tal is land arc. The con cen tra tions of Fe 
and trace met als (e.g., Mo, Au, Cu) in the Veøovice For ma tion and sil ica and po tas sium ad di tions to the Veøovice
and Lhoty For ma tions, as well as the frac tion ation of REE, and Nb, Ta, Zr, Hf, and Y can be ex plained by the
ac tion of basinal brines. The flu ids were of hy dro ther mal or i gin and/or were re leased, ow ing to the dewatering of
clay min er als. Diagenetic pro cesses could have ex erted a greater in flu ence on sed i men tary rock chem is try than the 
prov e nance and sed i men tary pro cesses. A dis tinc tion be tween pri mary, terrigenous el e ments and those changed
diagenetically is nec es sary for the re li able de ter mi na tion of prov e nance.
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IN TRO DUC TION

The source rocks of the turbiditic sed i ments of the
Outer Carpathians have been in ves ti gated for many years
and are rea son ably well de fined (e.g., Ksi¹¿kiewicz, 1962;
Poprawa et al., 2002; Cieszkowski et al., 2012). The ex ter -
nal bas ins, such as the Silesian, Subsilesian and Skole bas -
ins, were sup plied gen er ally by SE- and NE-flow ing palaeo- 
cur rents from the Eu ro pean Plat form and the Proto-Silesian
Ridge (known ear lier as the Silesian Cor dil lera), which
were built of con ti nen tal crust (Œl¹czka, 1976; Strzeboñski
et al., 2009; Œl¹czka et al., 2012). Exotics of crys tal line
rocks (gneiss es, gran ites, ig ne ous rocks with a porphyrytic
tex ture, mica schists) and sed i men tary rocks, such as: Car -
bon if er ous sand stones and coals, Tri as sic and Ju ras sic car -
bon ates and Lower Cre ta ceous (Urgonian-type) lime stones
(Cieszkowski et al., 2012) in di cate that the detritus was de -
liv ered from the crys tal line base ment and its sed i men tary co-

ver. This is sup ported by the heavy min er als as sem blage
(garnet, rutile, tour ma line, and zir con, as well as ap a tite,
monazite and epidote), which was ex am ined in sam ples
from the sandstones and con glom er ates of the turbiditic suc -
ces sion (Wieser, 1948; Unrug, 1968; Burtan et al., 1984;
Winkler and Œl¹czka, 1992; Grzebyk and Leszczyñski,
2006). The rounded grains of heavy min er als oc cur to gether 
with unabraded crys tals, in di cat ing a prov e nance from both
the crys tal line base ment and the older sed i men tary rocks.
Re work ing of the siliciclastic ma te rial and redeposition is
also doc u mented in nu mer ous olistostromes that oc curred
dur ing ev ery stage in the evo lu tion of the flysch ba sin
(Cieszkowski et al., 2012).

The geo chem is try of fine-grained sed i ments can pro -
vide in for ma tion re gard ing prov e nance, as well as the tec -
tonic set ting and the palaeo-en vi ron men tal evo lu tion of sed -
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Fig. 1. Lo ca tion of study area within con text of main geo log i cal units. A – sim pli fied tec tonic scheme of Al pine orogens; PKB –
Pieniny Klippen Belt (af ter Kovaè et al., 1998, mod i fied); B – cen tral part of Pol ish Carpathians (af ter Oszczypko & Oszczypko-Clowes,
2009); C – Geo log i cal map of area around Lipnik (af ter Geroch & Nowak, 1963; mod i fied) and Rzyki (af ter Uchman and Cieszkowski,
2008)



i men tary bas ins. The chem i cal com po si tion of the sed i -
ments is a func tion of sev eral vari ables, in clud ing the na ture 
of the par ent rocks, the weath er ing pro cesses ac tive in the
source area, sort ing dur ing trans por ta tion, re work ing of
older sed i ments, as well as sed i men tary and post-sed i men -
tary con di tions (e.g., Nesbitt and Young, 1982; Johnsson,
1993; McLennan et al., 1993; Fedo et al., 1995). It is nec es -
sary to con sider the diagenetic pro cesses that in volved the
al ter ation of un sta ble min er als and the pre cip i ta tion of new
phases, usu ally as so ci ated with chem i cal changes (Gonzá-
lez-Álvarez and Kerrich, 2010).

The pur pose of this study was to char ac ter ise and de ter -
mine the prov e nance of ma te rial, de pos ited in the Silesian
Ba sin be tween Hauterivian and Cenomanian times (132–99
Ma ac cord ing to IUGS 2012). Spe cial at ten tion was given to 
the fine-grained de pos its, the or i gin of which was de ter -
mined by means of geo chem i cal data. The geo chem i cal fin -
ger prints of the source rocks were com pared to the stud ies
of heavy min er als and the pe trol ogy of ex otic rocks that
have been widely pre sented by other in ves ti ga tors. This
study took into con sid er ation the in flu ence of weath er ing of
the par ent rocks and the sort ing and re cy cling of de tri tus as
gov ern ing the chem i cal com po si tion of siliciclastic de pos its 
and chang ing their chem is try rel a tive to that of the fresh
source rocks. Fur ther more, diagenetic pro cesses must be
taken into ac count as in flu enc ing on the chem i cal com po si -
tion of sed i men tary rock. This in ves ti ga tion at tempted to
de ter mine if the main fac tors re spon si ble for the chem i cal
com po si tion of the ma te rial stud ied are re lated to prov e -
nance, or to post-depositional pro cesses.

Sam ples were col lected from the Lipnik and Rzyki sec -
tions, sit u ated in the W part of the Silesian Nappe (Fig. 1).
The Lipnik sec tion (Geroch and Nowak, 1963) is lo cated in
the E part of the city of Bielsko-Bia³a and ex poses a con tin -
u ous sec tion from the Cisownica Shale Mem ber (Hauteri-
vian) that rep re sents the lower part of the Hradištì For ma -
tion (Golonka et al., 2008) through the Veøovice For ma tion
(Lower Barremian–Lower Aptian, ac cord ing to Gedl, 2003) 
and the Lhoty For ma tion (Albian–Cenomanian), up to the
Godula Beds (Turonian) with al most no tec tonic dis tur bance.

In Rzyki vil lage, S of Andrychów, part of the Cretace-
ous suc ces sion is ex posed along the stream Wieprzówka
(Cieszkowski et al., 2001; Uchman and Cieszkowski,
2008). The pro file stud ied rep re sents the Barremian–Lower
Albian Veøovice For ma tion and the lower part of the Lhoty
For ma tion (Gedl, 2003), strongly tectonized.

GE OL OGY OUT LINE

The Outer Carpathians form the NE part of a great
moun tain arc, which stretches for more than 1,300 km (Fig.
1A). Struc tur ally, the Outer Carpathians con sist of sev eral
nappes and thrust sheets: the Magura Nappe, out crop ping in 
the south, the Fore-Magura group of nappes, and the Sile-
sian, Sub-Silesian and Skole nappes, ex posed in se quence
to ward the NE (Ksi¹¿kiewicz, 1968; Kovaè et al., 1998;
Œl¹czka et al., 2006). The Outer Carpathian Flysch com -
prises deep-wa ter sed i ments, de pos ited mainly by mass gra- 
vity flows and par tic u larly by tur bid ity cur rents. The Carpa- 

thian tec tonic units were thrust from the S on to each other
and over the North Eu ro pean Plat form (Golonka et al.,
2006; Oszczypko et al., 2006).

The study area is sit u ated in the W part of the Silesian
Nappe, in the Pol ish Outer Carpathians (Fig. 1B). Sed i men -
ta tion in the W part of the Silesian Ba sin started in the Late
Ju ras sic (Bieda et al., 1963; Œl¹czka et al., 2006) and be gan
with dark grey, cal car e ous mudstones (Lower Cieszyn Beds 
= Vendrynì For ma tion af ter Golonka et al., 2008) that pass
up wards into grey marls and calciturbidites with cal car e ous, 
pe lagic in ter ca la tions of the Tithonian–Beriassian Cieszyn
Lime stone For ma tion (Ksi¹¿kiewicz, 1951; Bieda et al.,
1963). The clastic ma te rial was de rived from the ad ja cent
cal car e ous plat forms. The Cieszyn Lime stone For ma tion is
cov ered by dark grey and black, cal car e ous shales with si -
der it ic mudstone (Up per Cieszyn Shales, equiv a lent to the
Cisownica Shale Mem ber, af ter Golonka et al., 2008) that
rep re sent the lower part of the Hradištì For ma tion, dated as
Valanginian–Hauterivian (af ter Golonka et al., 2008). Lo -
cally, within the up per part of the Hradištì For ma tion, there
are in ter ca la tions of thick-bed ded sand stones and con glom -
er ates (Piechówka Sand stone Mem ber, af ter Golonka et al.,
2008). In the Barremian part, the cal car e ous sed i ments pass
up wards into the black shales of the Veøovice Shale, dated
as Barremian–Aptian (e.g., Olszewska, 1997) and Barre-
mian–Early Albian (Koszarski and Nowak, 1960; Geroch
and Nowak, 1963). In the Bielsko-Bia³a re gion, the age of
the suc ces sion ranges from the Late Barremian to Late Ap-
tian (Gedl, 2003). Golonka et al. (2008) pro posed the lim i -
ta tion of the Veøovice For ma tion to the non-cal car e ous
black shales, ex clud ing the low er most, partly cal car e ous,
black shales that should be as signed to the Hradištì For ma -
tion. This se quence re cords the early stages of de vel op ment
of the Silesian Ba sin. The lat ter se quence lo cally be gins
with thick-bed ded sand stones and con glom er ates that pass
up wards into thin- and me dium-bed ded quartzitic sand -
stones, in ter ca lated with black, green ish shales (the Albian– 
Cenomanian Lgota Beds of Bieda et al., 1963; the Lhoty
For ma tion af ter Golonka et al., 2008; Fig. 2B). They rep re -
sent de pos its de rived mainly from the north ern mar gin of
the ba sin and from intrabasinal ridges dur ing their up lift and 
cor re spond ing sea-floor sub si dence (Ksi¹¿kiewicz, 1962;
Oszczypko, 2006). De po si tion in the lower part of the Early
Cre ta ceous oc curred dur ing rel a tively low sea lev els and
was char ac ter ized by a slow ing rate of sed i men ta tion from
165 to less than 40 m/My (Poprawa et al., 2006). De po si tion 
of the siliciclastic Lhoty For ma tion oc curred dur ing in -
creases in oce anic level and was ac com pa nied by an ac cel -
er a tion in sed i men ta tion rate (31–63 m/My; Oszczypko,
2006).

This suc ces sion is part of the wide spread Early Cre ta -
ceous Flysch within the Al pine Do main that is char ac ter ized 
by the pres ence of black, pelitic de pos its (Œl¹czka, 1976;
Lemoine, 2003). Usu ally, these sed i ments are con nected
with bas ins, un der lain by oce anic crust, and mark the con -
tact be tween in ter nal and ex ter nal zones of the Al pine
chains in Eu rope (Puglisi, 2009). In the case of the ex ter nal
Carpathian bas ins (Silesian, Subsilesian and Skole bas ins),
the sed i men ta tion of black, pelitic sed i ments took place dur -
ing extensional fault move ments that em braced the S part of 
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Fig. 2. Lithostratigraphy. A. Lithological log of Rzyki and Lipnik sec tions; B. Lithostratigraphy of Ju ras sic–Cre ta ceous Proto- Silesian 
Ba sin; tesch. – ig ne ous rocks of teschenite as so ci a tion (af ter Golonka et al., 2008, mod i fied)



the North Eu ro pean Plat form. This extensional move ment
opened and grad u ally wid ened the sed i men tary bas ins un til
the Aptian (Golonka et al., 2006; Oszczypko et al., 2006).
Gen er ally, these bas ins were elon gate and nar row (less than
200 km) and 2000–4000 m deep. The Silesian Ba sin was in -
flu enced by magmatism, last ing through 20 Ma from Titho-
nian/Beriassian to Barremian/Aptian (Ivan et al., 1999; Lu-
ciñska-Anczkiewicz et al., 2002; Grabowski et al., 2004;
Oszczypko et al., 2012). Hy dro ther mal ac tiv ity since the
Albian was men tioned by Geroch et al. (1985). At the con -
tact with sed i men tary host rocks, ther mal meta mor phism
gave rise to hornfels. Ig ne ous bod ies and sed i ments are cut
by white to pink ish hy dro ther mal veinlets. Hy dro ther mal

min er al iza tion is rep re sented by Ca-Fe-Mg car bon ates,
quartz, chlorite and sulphides (Dolníèek et al., 2010, 2012).

Sec tions stud ied

The com plete sec tion of the Lower Cre ta ceous part of
the Silesian Nappe is ex posed in the Lipnik stream, E of
Bielsko-Bia³a (Figs 1C, 3A). The sec tion is 500 m long and
ex poses con tin u ous se quences from the Cieszyn Limesto-
nes For ma tion to the Godula Beds, with al most no tec tonic
dis tur bances, un con formi ties, hi a tuses or rep e ti tions (Fig.
2A; Geroch and Nowak, 1963). The sam ples la belled LP
were col lected from the up per part of the Hradištì For ma -
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Fig. 3. Dark sed i ments of up per part of Hradištì and Veøovice for ma tions in both stud ied ex po sures. A. Lower Cre ta ceous black shales
ex posed in Lipnik stream; B. Wieprzówka stream sec tion. C. Dark marly shales interbedded with light grey marls of Hradištì For ma tion
in Lipnik sec tion. D. Black shales of Veøovice For ma tion in Lipnik sec tion. E. Fis sile black shales with fer rous stain ing of the Veøovice
For ma tion in Lipnik sec tion. F. Black shales in ter ca lated with fine-grained, si li ceous sand stones in up per part of Veøovice For ma tion. G.
Siderite lenses ex posed in Rzyki sec tion (Veøovice For ma tion). H. Burrows filled with fine-grained sand stones in Lipnik sec tion (Veøo-
vice For ma tion)



tion, from the Veøovice For ma tion and from the Lhoty For -
ma tion. The Aptian Veøovice For ma tion and the over ly ing
Lhoty For ma tion (Albian–Cenomanian; Cieszkowski et al.,
2001) are well ex posed and were sam pled (sam ples des ig -
nated R and RZ) along the stream Wieprzówka in Rzyki vil -
lage, S of Andrychów (Figs 1C, 2A, 3B).

In the Lipnik sec tion, the Hradištì For ma tion is compo- 
sed of dark, marly shales, interbedded with light grey
shales, and with rare, thin in ter ca la tions of grey marls and
black, micaeous mudstones (Fig. 3C). This for ma tion grad -
u ally passes into the Veøovice For ma tion. The low er most
part of the Veøovice For ma tion con sists of black, weakly
cal car e ous shales (Fig. 3D). The Veøovice For ma tion be -
comes more si li ceous up-sec tion and is rep re sented by a
suc ces sion of non-cal car e ous, siliciclastic turbidites, in clud -
ing: (1) fis sile black shales with fer rous stain ing (Fig. 3E),
interbedded with si der it ic mudstone lay ers (sam ples: RZ

1–2/07; Fig. 3G), and fine-grained sand stones (sam ple RZ
2); and (2) hemipelagic, black shales in the up per part of
sec tion, in ter ca lated with fine-grained, si li ceous sand stones
(Fig. 3F–H).

The lower part of the Lhoty For ma tion in the Lipnik
sec tion con sists mainly of fine-and coarse-grained, thick-
bed ded glauconitic sand stones, with in ter ca la tions of grey,
non-cal car e ous shales, while the Rzyki sec tion in cludes
only spo radic in ter ca la tions of thick-bed ded sand stones.

The mid dle part of the Lhoty For ma tion con sists of blu -
ish grey, thin- and me dium-bed ded, glauconitic, quartzitic
sand stones with par al lel lam i na tion and cross-lam i na tion,
in ter ca lated with grey to black, non-cal car e ous shales (Fig.
4D). The up per part of the Lhoty For ma tion, ex posed in the
Wieprzówka stream, is de vel oped as thin- to me dium-bed -
ded, black, quartzitic sand stones, in ter ca lated with dark
grey, fis sile shales (Fig. 4A, B).
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Fig. 4. Lhoty For ma tion, as seen in Rzyki and Lipnik sec tions. A, B. Up per most Lhoty For ma tion at tec tonic con tact with Var ie gated
Shales in Wieprzówka stream. C. Mikuszowice Chert de vel oped as me dium-bed ded si li ceous sand stones with green shales in Lipnik sec -
tion. D. Thin- and me dium-bed ded, glauconitic sand stones in ter ca lated with grey to black, non-cal car e ous shales of mid dle part of Lhoty
For ma tion ex posed in quarry near Wieprzówka stream. For ex pla na tion, see Fig. 1C



Green, spot ted, fis sile shales, in ter ca lated the me dium-
bed ded si li ceous sand stones, (Fig. 4C) are typ i cal for the
shales of the up per most part of the Mikuszowice Cherts
(up per part of the Lhoty For ma tion).

AN A LYT I CAL METH ODS

Microfacies were in ves ti gated in thin-sec tion, us ing an
op ti cal mi cro scope, the Nikon ECLIPSE, E 600 POL. Ev ery 
rock sam ple was hand-pul ver ised, us ing a ce ramic mor tar
and pes tle, to the frac tion pass ing through a 200-mesh sieve. 
A clas si cal whole-rock anal y sis for 11 ma jor ox ides (SiO2,
Al2O3, Fe2O3, MgO, CaO, Na2O, K2O, TiO2, P2O5, MnO,
Cr2O3) by ICP-emis sion spec trom e try fol lowed lith ium bo -
rate fu sion and di lute acid di ges tion of a 0.2 g sam ple pulp.
ICP-OES anal y ses of ma jor ox ides pack age in cluded loss
on ig ni tion (LOI), which is the weight dif fer ence af ter ig ni -
tion at 1000°C. Rare earths and re frac tory el e ments were re -
ported af ter lith ium bo rate de com po si tion to give the to tal
abundances. The amounts of pre cious met als, base met als
and their as so ci ated path finder el e ments were ob tained from 
aqua regia di ges tion (ACME An a lyt i cal Lab o ra to ries, Ltd.,
2013). The de tec tion lim its and the stan dards used are given 
in Ta ble 1.

The ma jor, mi nor and trace el e ments in the ma te rial
stud ied were com pared to those in the stan dard sed i ments,
Post-Archean Aus tra lian Shale (PAAS, af ter Tay lor and
McLennan, 1985) and up per con ti nen tal crust (UCC, af ter
Rudnick and Gao, 2003; Hu and Gao, 2008). The Eu anom -
aly ex pressed by the Eu/Eu* ra tio was cal cu lated, us ing

Eu/Eu* = EuN /(SmN × GdN)0.5 ra tio, where N is the el e -
ment con tent, nor mal ized to UCC. The inter-el e men tal re la -
tion ship was eval u ated, us ing Pearson’s cor re la tion fac tor
(r). An as sump tion is that an el e ment pos i tively cor re lated
with Al2O3 has a terrigenous der i va tion. Alu mi num is the
most im por tant el e ment, which stays in ert in bi o log i cal and
diagenetic pro cesses. An ad di tional ad van tage of us ing Al is 
its low abun dance in sea wa ter and high con cen tra tion in
aluminosilicates.

The chem i cal in dex of al ter ation (CIA; Nesbitt and
Young, 1982) was used to de ter mine the de gree of weath er -
ing of the source area. The in dex is cal cu lated, us ing mo lec -
u lar pro por tions in the fol low ing equa tion: CIA = [Al2O3/
(Al2O3 + CaO* + Na2O + K2O)] × 100. The de gree of wea-
thering can be pre sented on an A–CN–K (Al2O3 – CaO* +
Na2O – K2O) tri an gu lar plot (Nesbitt and Young, 1984).
CaO* is the amount of CaO in cor po rated in the sil i cate frac -
tion. If CaO has an af fin ity to car bon ates and LOI is low,
and there is no CO2 and/or P2O5, the use of Na2O as a sub -
sti tute for (CaO* + Na2O) is con sid ered to be valid (cf.
McLennan, 1993; Hofer et al., 2013). A cor rec tion for K en -
rich ment can be made by the pro jec tion of lines from the K
apex through the data points to the ideal weath er ing line and 
read ing the value off the CIA axis (Fedo et al., 1995).

RE SULTS

Microfacies

The marly shales of the Hradištì For ma tion contain
silt-sized grains of quartz, flakes of phyllosilicates, and in di -
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Fig. 5. Microfacies of ma te rial stud ied (all im ages un der trans mit ted light, in par al lel nicols if not stated dif fer ently). A, B. Mudstones
of Hradištì For ma tion with laminas of fine-grained sand stone (Qz – quartz, Cb – car bon ates, Glt – glauconite, OM – or ganic mat ter, Ms –
mus co vite, f – foraminiferids). C, D, E. Poorly rounded heavy min er als (= HM) from Hradištì For ma tion (Tur – tour ma line; Ky – kyan -
ite). F, G. Burrows filled with grey, quartzitic sand stones in si li ceous shales of Veøovice For ma tion (G – crossed nicols). H. Recrystallised 
tests of foraminiferids in mudstones of Veøovice For ma tion. I, J. Heavy min er als (= HM) from Veøovice For ma tion. K. Dark biotur-
bations in green shales of Lhoty For ma tion. L, M. Con glom er ate of Lhoty For ma tion, extraclasts of fel sic ig ne ous and meta mor phic rocks
and lime stones con tain ing frag ments of echinoderms (crossed nicols)
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vid ual tests of recrystallized foraminiferids, dis -
persed in a marly ma trix (Fig. 5A). Thin-bed ded
mudstones dis play dark trace fos sils. The mud-
stones con tain laminae of fine- grained sand -
stone, com posed of quartz, car bon ates, lay ered
sil i cates and scarce grains of glauconite, as well
as heavy min er als (i.e. zir con, rutile, tour ma line
and kyan ite; Fig. 5B–E).

The mudstone and shale microfacies of the
Veøovice For ma tion con tain clay and silt frac -
tions with dis persed fine-grained quartz, flakes
of phyllosilicates, and glauconite. Scarce mi cro-
fau nal tests (foraminiferids, radiolaria and
sponge spicules) are recrystallized as microcry-
stalline quartz (Fig. 5H, I). Grains of heavy min -
er als (i.e. zir con, rutile, tour ma line) are poorly
rounded or abraded (Fig. 5I, J). Sin gle rhom bo -
he dra of car bon ates are vis i ble in the lower part
of this for ma tion (Fig. 5I). The ma trix is si li -
ceous and darkly col ored with or ganic mat ter
and red dish Fe oxyhydroxides. Some sam ples of
mudstone and shale con tain bur rows, up to 1 cm
in di am e ter and filled with grey quartzitic sand -
stone (Fig. 5F, G). Oc ca sion ally within the ho ri -
zons of grey, fine-grained de pos its dark ichno-
fos sils oc cur. Grains of mica, quartz and glau-
conite are dis persed in the clayey ma trix of
shales of the Lhoty For ma tion (Fig. 5K). Ho ri -
zons, en riched in py rite con cre tions, 1 mm in di -
am e ter, oc cur ep i sod i cally. Coarse-grained lay -
ers con sist of extraclasts of fel sic ig ne ous and
meta mor phic rocks (chloritoid schists, phyllite,
quartz ite and hy dro ther mally al tered ba sic rocks),
as well as car bon ate bioclasts (Fig. 5L, M).

Geo chem is try

Ma jor el e ments
All sam ples of fine-grained ma te rial in this

study are dom i nated by SiO2 and Al2O3 (Tab. 1).
The dis tri bu tion pat terns of ma jor and mi nor el -
e ments, nor mal ized rel a tive to UCC (Rudnick
and Gao, 2003) for the ma te rial stud ied, are
shown on the Fig ure 6. The SiO2 and Al2O3

con tents in the Lhoty For ma tion are most sim i -
lar to those of UCC. The Hradištì For ma tion is
en riched in CaO only (Fig. 6). Gen er ally, the
ma te rial stud ied is de pleted in most of ma jor
and mi nor el e ments in com par i son to UCC. All
sam ples are strongly de pleted in Na2O. The
Lhoty For ma tion and par tic u lar sam ples of the
Veøovice For ma tion are en riched in K2O. The
sam ples of the Veøovice For ma tion that are rich
in K2O also have rel a tively high TiO2 and
Al2O3 con tent (Fig. 6). Al2O3 and TiO2 are cha- 
racterized by a strong cor re la tion (0.84 < r <
0.96) in all for ma tions, whereas the cor re la tion
be tween Al2O3 and K2O is vari able, i.e. co ef fi -
cient r = 0.6–0.96 with out lier r = –0.4 in the
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Lhoty For ma tion from the Rzyki (Tab. 2). SiO2 con tent is
in versely cor re lated with Al2O3, CaO and LOI, as well as
with most of ox ides of the ma jor and mi nor el e ments (Tab.
2). A pos i tive cor re la tion ex ists be tween SiO2 and MnO (r = 
0.5), and be tween MgO and K2O in the Lhoty For ma tion
from the Rzyki sec tions (r = 0.7), as well as be tween SiO2

and MnO in the Lhoty For ma tion from the Lipnik sec tion (r
= 0.9; Tab. 2).

The con cen tra tions of MgO, K2O and TiO2 in crease up -
wards in the rock se quence stud ied, but Fe2O3 and Na2O
reach their high est val ues in the Veøovice For ma tion (Tab. 1).
A pos i tive cor re la tion of MgO and Fe2O3 with Al2O3 (r <
0.5) oc curs in sam ples from the Lipnik sec tion. In the up per
part of the Veøovice For ma tion, MgO and Fe2O3 show a
correlation with CaO (r ~0.9; Tab. 2).

The re la tion ship be tween Na2O and Al2O3 is sig nif i -
cantly pos i tive (0.7 < r < 0.8) in both for ma tions sam pled in
the Rzyki sec tion. A re versed cor re la tion of Na2O with
Al2O3 (r = –0.7) oc curs in the Lhoty For ma tion at the Lip-
nik sec tion. In other for ma tions from the Lipnik sec tion, the
cor re la tion co ef fi cient is r < 0.5 (Tab. 2).

Large ion lithophile el e ments (LILE): Rb, Sr
Rb re veals a con sis tently strong, pos i tive cor re la tion

with K2O (r > 0.9) and an ir reg u lar cor re la tion rel a tive to
Al2O3. The cor re la tion co ef fi cient is strong (r = 0.76 and
0.93) in the Veøovice For ma tion from both sec tions, a mod -
er ately pos i tive cor re la tion (r = 0.6) oc curs in the Lhoty For -
ma tion from the Lipnik sec tion and a weakly neg a tive one
typ i fies the Lhoty For ma tion from the Rzyki sec tion (r =
–0.3). In the Lhoty For ma tion from the Rzyki sec tion, Rb
has a pos i tive cor re la tion with MgO (r = 0.88). Sr is pos i -

tively cor re lated with Al2O3 (0.87 < r < 0.97) in the Veøo-
vice For ma tion from both sec tions and in the Lhoty For ma -
tion from the Lipnik sec tion. A pos i tive Sr-CaO cor re la tion
is com mon for the ma te rial stud ied (0.6 < r < 0.99; Tab. 2).
The pat tern of multi-el e ments, nor mal ized to UCC, shows a
pro nounced Sr de ple tion (Fig. 7).

High field strength trace el e ments (HFSE: Zr, Hf, Nb,
Ta) and Th, U, REE

The amounts of Zr, Hf in the ma te rial stud ied are lower
than those in the UCC, whereas the con cen tra tions of Th,
Nb, U, Y and REE are vari able (Tab. 1). The stron gest en -
rich ment in U, Nb, Ta and REE is noted for sam ples from
the Veøovice For ma tion (Fig. 8). A pos i tive cor re la tion of
Th, Sc, REE with Al2O3, K2O and TiO2 was com monly rec -
og nized in the ma te rial stud ied. The weak est val ues of cor -
re la tion co ef fi cient (r < 0.5) typ ify the Lhota For ma tion
from the Rzyki sec tion. The re la tion ship of U rel a tive to
Al2O3, K2O and TiO2 is ir reg u lar. The most vis i ble is the
cor re la tion of U with K2O and TiO2 (r > 0.4). Zr and Hf in
the Veøovice For ma tion from the Lipnik sec tion dis play a
neg a tive cor re la tion with Al2O3 and a pos i tive one with
SiO2 (Fig. 7, Tab. 2). The sam ples gen er ally have a low
SLREE/SHREE ra tio, rang ing from 9.15 to 16.7, with an
out lier at 7.6. Many sam ples re cord LREE en rich ment pro -
nounced in LaN/YbN > 1. The REE pat terns for the Hradištì 
and Lhoty for ma tions show LREE slop ing down to HREE,
in some cases with an MREE de ple tion (Fig. 8) ap par ent in
low GdN/YbN ra tios and Eu/Eu* < 1 (Tab. 1). A few sam -
ples from the Veøovice For ma tion slope up ward from La to
Lu on the UCC-nor mal ized plots. A con vex-up MREE is
seen of ten (Fig. 8). The val ues of Ce anom aly vary in range
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Fig. 6. Spi der plots of ma jor and mi nor el e ments in Lower Cre ta ceous de pos its of west ern part of the Silesian Nappe nor mal ized to
UCC (Rudnick and Gao, 2003; Hu and Gao, 2008)



from 0.89 to 1.15, and Eu/Eu* yield val ues of be tween 0.82
and 1.06. Only a few sam ples of the Veøovice For ma tion
show a REE pat tern sim i lar to UCC. There is vis i ble, pos i -
tive cor re la tion of Eu/Eu* with Al2O3 (r = 0.3 in the Lhoty
For ma tion, r > 0.8 in the Hradištì and Veøovice for ma tions)

in the Lipnik sec tion, whereas an in verse Eu/Eu*–Al2O3

cor re la tion (–0.55 and –0.66) oc curs for the for ma tion from
the Rzyki sec tion. The re la tion ship be tween Ce/Ce* and
Al2O3 is not clear. Ex cep tion ally, a clear in verse cor re la tion 
(r = –0.96) is vis i ble for the Lhoty For ma tion from the
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Ta ble 2

Pearson’s cor re la tion co ef fi cients (r) be tween se lected ma jor and trace el e ments for Lower Cre ta ceous de pos its of the
Silesian Nappe

Rzyki section, Veøovice For ma tion

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Zr Th LOI Rb Sr Eu/Eu*Ce/Ce* Y Nb U Sc La Cr

SiO2 1.00

Al2O3 -0.74 1.00

Fe2O3 -0.55 -0.15 1.00

MgO -0.59 -0.07 0.99 1.00

CaO -0.22 -0.49 0.93 0.89 1.00

Na2O -0.53 0.75 -0.08 -0.06 -0.34 1.00

K2O -0.61 0.97 -0.30 -0.21 -0.61 0.59 1.00

TiO2 -0.80 0.95 0.01 0.07 -0.33 0.88 0.85 1.00

P2O5 -0.04 -0.17 0.23 0.13 0.28 0.36 -0.34 0.05 1.00

MnO -0.53 -0.13 0.90 0.89 0.85 -0.34 -0.20 -0.08 -0.05 1.00

Zr -0.66 0.57 0.36 0.38 0.09 0.86 0.38 0.76 0.33 0.04 1.00

Th -0.82 0.97 0.02 0.11 -0.34 0.77 0.92 0.97 -0.13 -0.01 0.69 1.00

LOI -0.62 0.84 -0.32 -0.27 -0.54 0.34 0.87 0.68 -0.51 -0.03 0.08 0.73 1.00

Rb -0.59 0.93 -0.28 -0.18 -0.59 0.51 0.98 0.79 -0.47 -0.16 0.34 0.88 0.87 1.00

Sr -0.94 0.87 0.27 0.33 -0.05 0.64 0.77 0.90 0.06 0.29 0.58 0.90 0.77 0.71 1.00

Eu/Eu* 0.21 -0.56 0.47 0.42 0.61 -0.07 -0.70 -0.33 0.23 0.21 0.23 -0.44 -0.78 -0.68 -0.41 1.00

Ce/Ce* 0.07 0.37 -0.42 -0.35 -0.52 0.57 0.34 0.42 -0.22 -0.61 0.44 0.38 0.03 0.34 0.04 0.22 1.00

Y -0.56 0.58 0.14 0.12 -0.09 0.94 0.39 0.77 0.59 -0.17 0.90 0.63 0.19 0.29 0.59 0.05 0.34 1.00

Nb -0.78 0.92 0.04 0.10 -0.29 0.90 0.80 0.99 0.06 -0.08 0.81 0.95 0.62 0.75 0.86 -0.23 0.47 0.81 1.00

U -0.48 0.10 0.59 0.54 0.52 0.49 -0.15 0.37 0.60 0.36 0.60 0.19 -0.17 -0.24 0.41 0.56 0.06 0.63 0.42 1.00

Sc -0.68 0.85 -0.06 -0.05 -0.35 0.90 0.72 0.91 0.32 -0.18 0.74 0.83 0.69 0.65 0.79 -0.38 0.25 0.88 0.91 0.37 1.00

La -0.82 0.95 0.00 0.04 -0.33 0.79 0.86 0.97 0.03 0.00 0.63 0.93 0.83 0.80 0.93 -0.45 0.24 0.70 0.95 0.34 0.92 1.00

Rzyki section, Lhoty Formation

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Zr Th LOI Rb Sr Eu/Eu*Ce/Ce* Y Nb U Sc La Cr

SiO2 1.00

Al2O3 -0.77 1.00

Fe2O3 -0.47 0.06 1.00

MgO 0.43 -0.48 -0.34 1.00

CaO -0.05 -0.55 0.31 -0.02 1.00

Na2O -0.53 0.84 -0.09 -0.76 -0.40 1.00

K2O 0.19 -0.43 0.31 0.74 0.05 -0.84 1.00

TiO2 -0.99 0.84 0.36 -0.48 -0.05 0.63 -0.29 1.00

P2O5 -0.43 0.08 0.17 0.17 0.29 -0.25 0.37 0.41 1.00

MnO 0.52 -0.41 -0.74 0.17 0.30 -0.04 -0.44 -0.47 -0.35 1.00

Zr -0.35 0.02 0.70 0.31 0.04 -0.46 0.82 0.25 0.53 -0.83 1.00

Th -0.68 0.83 -0.05 -0.25 -0.45 0.55 -0.17 0.77 0.56 -0.45 0.19 1.00

LOI 0.42 -0.57 -0.55 0.52 0.60 -0.36 -0.08 -0.44 -0.19 0.89 -0.49 -0.55 1.00

Rb 0.09 -0.31 0.25 0.79 -0.01 -0.77 0.98 -0.19 0.40 -0.44 0.83 -0.07 -0.06 1.00

Sr -0.67 0.28 0.11 -0.21 0.57 0.29 -0.35 0.64 0.27 0.21 -0.09 0.19 0.37 -0.27 1.00

Eu/Eu* 0.84 -0.66 -0.05 0.13 -0.09 -0.48 0.28 -0.83 -0.27 0.05 -0.06 -0.53 -0.08 0.13 -0.85 1.00

Ce/Ce* 0.90 -0.96 -0.24 0.52 0.33 -0.80 0.41 -0.94 -0.13 0.44 -0.11 -0.76 0.51 0.29 -0.48 0.78 1.00

Y -0.59 0.59 -0.18 0.02 -0.08 0.48 -0.32 0.60 -0.07 0.16 -0.14 0.33 0.30 -0.15 0.72 -0.91 -0.66 1.00

Nb -0.78 0.42 0.39 0.06 0.16 -0.01 0.33 0.75 0.85 -0.56 0.67 0.67 -0.31 0.41 0.49 -0.63 -0.53 0.33 1.00

U -0.76 0.25 0.76 -0.02 0.35 -0.08 0.37 0.64 0.43 -0.60 0.74 0.20 -0.25 0.42 0.55 -0.59 -0.47 0.37 0.77 1.00

Sc -0.45 0.63 0.00 0.28 -0.60 0.25 0.21 0.45 -0.05 -0.39 0.36 0.45 -0.41 0.36 0.09 -0.56 -0.60 0.67 0.37 0.39 1.00

La -0.15 0.00 -0.37 0.74 0.10 -0.30 0.35 0.12 0.36 0.23 0.18 0.15 0.57 0.49 0.43 -0.55 -0.04 0.62 0.45 0.28 0.51 1.00

Cr -0.33 0.02 0.43 -0.23 0.45 0.15 -0.21 0.23 -0.42 0.10 -0.03 -0.42 0.28 -0.19 0.60 -0.43 -0.23 0.50 -0.06 0.52 0.13 0.04 1.00



Rzyki sec tion. The Ce/Ce*–CaO cor re la tion fac tor is neg a -
tive for the Veøovice For ma tion from both sec tions and
weakly to strongly pos i tive for the Lhoty For ma tion from
both the Rzyki sec tion and the Lipnik sec tion (r = 0.33 and
0.8, re spec tively).

Diagrams of multi-el e ments, nor mal ized to UCC (Fig. 7),
show pos i tive anom a lies for Y rel a tive to Yb in the Veøovice

For ma tion and a slight Y de ple tion in par tic u lar sam ples
from the Lhoty For ma tion. There are com mon neg a tive ano- 
malies for Zr–Hf, rel a tive to Nd and Sm. One sam ple from
the Veøovice For ma tion from the Lipnik sec tion (LP 13) is
sig nif i cantly en riched in Zr–Hf.

TiO2 shows en rich ment rel a tive to Y in the Hradištì
and Lhoty for ma tions and de ple tion in the Veøovice For ma -
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Lipnik section, Hradištì Formation

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Zr Th LOI Rb Sr Eu/Eu*Ce/Ce* Y Nb U Sc La Cr

SiO2 1.00

Al2O3 -0.77 1.00

Fe2O3 -0.62 0.98 1.00

MgO -0.62 0.98 1.00 1.00

CaO -0.01 -0.63 -0.78 -0.78 1.00

Na2O 0.28 0.39 0.58 0.58 -0.96 1.00

K2O -0.41 0.89 0.97 0.97 -0.91 0.76 1.00

TiO2 -0.51 0.94 0.99 0.99 -0.86 0.68 0.99 1.00

P2O5 0.58 0.07 0.28 0.28 -0.82 0.94 0.51 0.41 1.00

MnO -0.42 0.90 0.97 0.97 -0.91 0.76 1.00 0.99 0.50 1.00

Zr -0.51 0.94 0.99 0.99 -0.85 0.68 0.99 1.00 0.40 0.99 1.00

Th -0.80 1.00 0.97 0.97 -0.60 0.36 0.88 0.93 0.03 0.88 0.93 1.00

LOI -0.71 0.11 -0.11 -0.11 0.71 -0.87 -0.35 -0.24 -0.98 -0.34 -0.23 0.14 1.00

Rb -0.22 0.79 0.90 0.90 -0.97 0.88 0.98 0.95 0.67 0.98 0.95 0.76 -0.53 1.00

Sr -0.11 -0.54 -0.71 -0.71 0.99 -0.99 -0.86 -0.80 -0.88 -0.86 -0.79 -0.51 0.99 -0.95 1.00

Eu/Eu* -0.97 0.90 0.79 0.79 -0.23 -0.04 0.61 0.70 -0.37 0.62 0.70 0.92 0.52 0.44 -0.13 1.00

Ce/Ce* -0.97 0.61 0.42 0.43 0.23 -0.49 0.19 0.30 -0.75 0.20 0.31 0.64 0.85 -0.01 0.33 0.89 1.00

Y -0.61 0.97 1.00 1.00 -0.79 0.59 0.97 0.99 0.29 0.97 0.99 0.97 -0.12 0.90 -0.72 0.79 0.42 1.00

Nb -0.45 0.91 0.98 0.98 -0.89 0.73 1.00 1.00 0.47 1.00 1.00 0.90 -0.30 0.97 -0.84 0.65 0.24 0.98 1.00

U -0.27 0.82 0.92 0.92 -0.96 0.85 0.99 0.97 0.63 0.99 0.96 0.80 -0.48 1.00 -0.93 0.49 0.05 0.93 0.98 1.00

Sc -0.86 0.99 0.93 0.93 -0.50 0.25 0.82 0.88 -0.08 0.82 0.88 0.99 0.26 0.68 -0.41 0.96 0.72 0.93 0.84 0.72 1.00

La -0.55 0.96 1.00 1.00 -0.83 0.65 0.99 1.00 0.36 0.99 1.00 0.94 -0.19 0.93 -0.77 0.74 0.35 1.00 0.99 0.95 0.90 1.00

Cr -0.53 0.95 0.99 0.99 -0.84 0.66 0.99 1.00 0.38 0.99 1.00 0.94 -0.21 0.94 -0.78 0.72 0.33 1.00 1.00 0.96 0.89 1.00 1.00

Lipnik section, Veøovice Formation

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Zr Th LOI Rb Sr Eu/Eu*Ce/Ce* Y Nb U Sc La Cr

SiO2 1.00

Al2O3 -0.98 1.00

Fe2O3 -0.94 0.91 1.00

MgO -0.89 0.81 0.87 1.00

CaO -0.64 0.60 0.48 0.49 1.00

Na2O -0.26 0.24 0.33 0.53 -0.44 1.00

K2O -0.77 0.73 0.73 0.88 0.12 0.81 1.00

TiO2 -0.95 0.97 0.96 0.82 0.46 0.35 0.76 1.00

P2O5 -0.90 0.86 0.72 0.71 0.76 0.01 0.58 0.73 1.00

MnO -0.76 0.59 0.66 0.82 0.84 -0.42 0.08 0.54 0.64 1.00

Zr 0.46 -0.40 -0.18 -0.51 -0.35 -0.33 -0.60 -0.24 -0.66 0.24 1.00

Th -0.88 0.94 0.87 0.73 0.31 0.44 0.78 0.97 0.67 0.26 -0.27 1.00

LOI -0.96 0.89 0.85 0.85 0.72 0.15 0.69 0.81 0.97 0.82 -0.58 0.72 1.00

Rb -0.81 0.76 0.80 0.89 0.15 0.76 0.99 0.79 0.64 0.16 -0.56 0.80 0.75 1.00

Sr -0.98 0.97 0.88 0.90 0.67 0.29 0.78 0.92 0.87 0.80 -0.53 0.87 0.92 0.79 1.00

Eu/Eu* -0.82 0.81 0.75 0.77 0.18 0.62 0.92 0.79 0.75 -0.13 -0.63 0.83 0.79 0.95 0.79 1.00

Ce/Ce* 0.08 0.08 0.06 -0.17 -0.64 0.43 0.17 0.21 -0.34 -0.55 0.37 0.39 -0.33 0.14 -0.09 0.18 1.00

Y -0.60 0.61 0.74 0.72 -0.13 0.81 0.83 0.76 0.22 0.10 -0.07 0.77 0.40 0.82 0.59 0.68 0.51 1.00

Nb -0.81 0.84 0.90 0.77 0.15 0.59 0.82 0.94 0.49 0.27 -0.11 0.94 0.62 0.83 0.78 0.78 0.45 0.93 1.00

U -0.47 0.57 0.43 0.52 -0.03 0.66 0.70 0.62 0.20 -0.10 -0.27 0.74 0.24 0.61 0.58 0.55 0.57 0.76 0.73 1.00

Sc -0.95 0.96 0.94 0.88 0.48 0.42 0.81 0.99 0.72 0.61 -0.30 0.95 0.81 0.82 0.95 0.78 0.16 0.79 0.93 0.68 1.00

La -0.90 0.88 0.87 0.95 0.35 0.64 0.96 0.90 0.71 0.53 -0.52 0.88 0.81 0.95 0.92 0.89 0.10 0.82 0.89 0.71 0.94 1.00

Cr -0.98 0.95 0.90 0.93 0.70 0.28 0.77 0.91 0.88 0.88 -0.51 0.83 0.94 0.79 0.99 0.77 -0.17 0.58 0.77 0.51 0.94 0.91 1.00

Ta ble 2 con tin u a tion



tion. Vari able U/Th ra tios stem from a wide range of U con -
cen tra tions (high in the Veøovice For ma tion, low in the
Lhoty For ma tion). Pos i tive anom a lies of Nb, rel a tive to Ce,
and Nb–Ta frac tion ation, are ob served fre quently. These
fea tures show a gen eral trend to greater de coup ling of Ce
from P2O5, as well as Nb–Ta and MREE from Zr–Hf, and
TiO2 from Y (Fig. 7).

DIS CUS SION

Compositional al ter ation and prov e nance

The neg a tive cor re la tion of SiO2 with Al2O3 (–0.98 < r
< –0.74) sug gests that quartz grains oc cur to gether with si li -
ceous skel e tons and diagenetic sil ica. The pres ence of ra-
diolarians, sponge nee dles and ag glu ti nated foraminiferids,
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Lipnik section, Lhoty Formation

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Zr Th LOI Rb Sr Eu/Eu*Ce/Ce* Y Nb U Sc La Cr

SiO2 1.00

Al2O3 -0.99 1.00

Fe2O3 -0.53 0.48 1.00

MgO -0.65 0.52 0.28 1.00

CaO -0.80 0.68 0.44 0.97 1.00

Na2O 0.60 -0.67 -0.73 0.13 -0.10 1.00

K2O -0.72 0.62 0.10 0.95 0.94 0.12 1.00

TiO2 -0.94 0.90 0.25 0.78 0.86 -0.29 0.89 1.00

P2O5 -0.09 0.21 0.49 -0.62 -0.43 -0.85 -0.63 -0.24 1.00

MnO 0.98 -0.93 -0.48 -0.80 -0.91 0.42 -0.85 -0.97 0.12 1.00

Zr -0.63 0.55 -0.13 0.87 0.83 0.24 0.97 0.86 -0.70 -0.76 1.00

Th -0.94 0.96 0.70 0.41 0.61 -0.83 0.45 0.76 0.42 -0.85 0.32 1.00

LOI -0.91 0.97 0.47 0.28 0.47 -0.81 0.40 0.77 0.43 -0.80 0.35 0.96 1.00

Rb -0.68 0.58 0.02 0.94 0.91 0.18 1.00 0.87 -0.67 -0.82 0.99 0.39 0.36 1.00

Sr -0.96 0.95 0.73 0.53 0.71 -0.77 0.54 0.80 0.31 -0.90 0.41 0.99 0.99 0.49 1.00

Eu/Eu* -0.32 0.25 -0.45 0.72 0.61 0.55 0.84 0.63 -0.86 -0.48 0.93 -0.02 0.05 0.88 0.06 1.00

Ce/Ce* -0.95 0.91 0.76 0.65 0.80 -0.67 0.62 0.81 0.19 -0.93 0.47 0.95 0.83 0.57 0.98 0.12 1.00

Y -0.82 0.71 0.56 0.94 0.99 -0.21 0.88 0.84 -0.31 -0.92 0.75 0.67 0.52 0.84 0.77 0.49 0.87 1.00

Nb -0.99 0.95 0.58 0.73 0.87 -0.54 0.77 0.93 0.02 -0.99 0.66 0.91 0.85 0.73 0.95 0.35 0.97 0.89 1.00

U -0.16 0.12 -0.66 0.52 0.39 0.62 0.68 0.49 -0.83 -0.29 0.83 -0.17 -0.04 0.74 -0.12 0.97 -0.09 0.26 0.16 1.00

Sc -0.61 0.49 0.04 0.97 0.91 0.26 0.99 0.81 -0.73 -0.76 0.96 0.31 0.25 0.99 0.42 0.87 0.53 0.85 0.67 0.72 1.00

La 0.43 -0.50 -0.78 0.24 0.02 0.97 0.29 -0.09 -0.91 0.25 0.43 -0.71 -0.65 0.35 -0.65 0.72 -0.56 -0.10 -0.39 0.79 0.41 1.00

Cr -0.78 0.67 0.44 0.98 1.00 -0.09 0.93 0.85 -0.44 -0.90 0.82 0.59 0.46 0.90 0.70 0.60 0.80 0.99 0.86 0.38 0.91 0.03 1.00

Fig. 7. Spi der plots of se lected trace el e ments in Lower Cre ta ceous de pos its of west ern part of Silesian Nappe nor mal ized to UCC
(Rudnick and Gao, 2003; Hu and Gao, 2008)
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as well as cryptocrystalline quartz, was con firmed mi cro -
scop i cally. In gen eral, terrigenous-de rived ox ides (K2O,
TiO2, Na2O) show a pos i tive cor re la tion with Al2O3, in di -
cat ing an im por tant role of mica-type phyllosilicates. How -
ever, there are in stances of re duced cor re la tion (see the sec -
tion on ma jor el e ments) and they are in ter preted as the ef -
fect of weath er ing, trans port and post-depositional pro -
cesses. The pos i tive LOI-CaO (Tab. 2) cor re la tion in the
Hradištì For ma tion and Lhoty For ma tion from the Rzyki
sec tion dem on strates that CaO is largely de rived from car -
bon ates (Von Eynatten, 2004).

Im por tance of subaerial weath er ing

The siliciclastic rocks con sist of de bris, orig i nat ing
from the de com po si tion of par ent rocks that were af fected
by a com bi na tion of chem i cal and phys i cal weath er ing, as
well as trans port sort ing and post-depositional chem i cal
changes. Hydrolytic weath er ing of un sta ble min er als, such
as feld spar, led to the loss of Na and Ca ions. As weath er ing
con tin ued, K-feld spars should also have been weath ered,
re leas ing K (Fedo et al., 1995, 1997; Nesbitt et al., 1997).
Fi nally, it re sulted in the for ma tion of clayey de pos its, rich
in illite and kaolinite, and Fe-oxyhydroxides.

The ex pected path ways of in creas ing de grees of weath -
er ing for ig ne ous rocks can be traced on the A–CN–K tri an -
gu lar plot (Nesbitt and Young, 1984). Pro gres sive weath er -
ing shifts the re sid ual com po si tion to wards the Al2O3 apex
and ever-higher CIA val ues (Fedo et al., 1995).

In the A–CN–K di a gram, the re sults are lo cated in up -
per part of tri an gle, closer to the A–K join (Fig. 9A). The
ac tual trend of the sam ples dif fers from the pre dicted weath -
er ing trend (solid ar row). The CIA val ues of 50 or be low are 
char ac ter is tic for unweathered ig ne ous rocks, while re sid ual 
clays, en riched in kaolinite and Al oxyhydroxides pro duced

un der in tense weath er ing, have CIA val ues close to 100.
The CIA val ues, rang ing from 70 to 75 in the typ i cal Phane-
rozoic shales, re flect mus co vite, illite and smectite com po -
nents and in di cate a mod er ately weath ered source (Nesbitt
and Young, 1982, 1984; McLennan et al., 1993).

The CIA val ues cal cu lated in this study vary from 75 to
89 (Tab. 1), whereas CIA for the PAAS and UCC is 75 and
61 re spec tively. It is nec es sary to con sider the ef fect of
K-enrichment re sult ing from K-metasomatism or sed i men -
tary in cor po ra tion of K-feld spar, sug gested by the el e vated
con tents of K2O, nor mal ized to UCC (see Fig. 6), and the
neg a tive cor re la tion of K2O with Al2O3 for the Lhoty For -
ma tion from the Rzyki sec tion (Tab. 2). CIA val ues correc-
ted for po tas sium-ad di tion vary from 85 to 93.5 (Fig. 9A).
Gen er ally, the de tri tus in the samples is strongly weathered.

The in ten sity of weath er ing could be re flected in an in -
crease in the Rb/Sr ra tio. Sr is lib er ated dur ing the de com -
po si tion of sil i cates, whereas Rb is re tained in the clay frac -
tion. There fore, the weath ered ma te rial is de pleted in Sr
(Nesbitt et al., 1980; McLennan et al., 1983). Sr de ple tion
in the ma te rial stud ied, ex clud ing the cal car e ous Hradištì
For ma tion, is pro nounced on di a grams of multi-el e ments,
nor mal ized to UCC (Fig. 7). In ma te rial stud ied, Rb dis -
plays a stron ger af fin ity to K2O than to Al2O3 (Tab. 2). If
the K-feldspathization ex erted an in flu ence on the ma te rial
stud ied that caused the ad di tion of Rb, then the Rb/Sr ra tios
would not indicate the degree of weathering of the parent
rocks.

The ra tio of Th/U can be used as a weath er ing in di ca tor, 
be cause of the low sol u bil ity of Th and the ox i da tion of U4+

to the sol u ble U6+ (Tay lor and McLennan, 1985; McLennan 
et al., 1993). The Th/U ra tios in the ma te rial stud ied dif fer
from ra tio for UCC and PAAS (3.9 and 4.7, re spec tively;
Tay lor and McLennan, 1985; Rudnick and Gao, 2003). Out -
li ers at 1.8 and > 6 oc cur for the Veøovice For ma tion and
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Fig. 8. UCC nor mal ized REE pat terns for stud ied sam ples



Lhoty For ma tion, re spec tively (Tab. 1).The Th/U ra tios cor -
re late pos i tively with Al2O3,  sug gest ing that the Th/U ra tio
was not dras ti cally changed dur ing and/or af ter de po si tion.
The di a gram of the re la tion ship of Th/U rel a tive to Na2O/
Al2O3 (Fig. 9C) shows that Na2O/Al2O3 and Th/U ra tios
de crease to gether in all for ma tions. The graph of Th vs.
Th/U (Fig. 9B; McLennan et al., 1993) shows that the sam -
ples from the Lhoty For ma tion are more weath ered and fol -
low the weath er ing trend. The black shales of the Hradištì
and Veøovice for ma tions that are be low the UCC limit have
Th/U ra tios ad di tion ally di min ished, ow ing to the ac cu mu -
la tion of U in or ganic mat ter and de po si tion un der re duc ing
con di tions (McManus et al., 2005). Nevertheless, this re-
con cen tra tion of U did not disturb the detrital Th/U ratio.

Min eral de bris, de pos ited in the for ma tions stud ied, was
pro duced by strong chem i cal weath er ing, pro moted by a
warm and hu mid cli mate in Late Ju ras sic–Cre ta ceous time.
This study yields the con clu sion that weath er ing is not the
main fac tor con trol ling the chem is try of the siliciclastics.

Prov e nance of de tri tus

La, Th and Hf tend to be con cen trated in silicic rocks
more readily than in ba sic rocks that ac com mo date Sc, Cr
and other com pat i ble el e ments (Cox et al., 1995; Cullers,
2000). On the ba sis of its af fin ity to Al2O3, it is in ferred that 
only Th has a de tri tal der i va tion in all of the for ma tions
stud ied. A terrigenous or i gin for La, Sc and Cr can be pos tu -
lated for the Hradištì and Veøovice for ma tions.

The plot of La/Th ver sus Hf, pro posed by Floyd and
Leveridge (1987), shows that the sam ples fall into the field
of fel sic and mixed fel sic/ba sic sources (Fig. 10A). This

cor re sponds to the di a gram of Th against Sc (McLennan et
al., 1993) that re veals the con ti nen tal na ture of an al i men -
tary area (Fig. 12B). Sam ples from the Lhoty For ma tion do
not sep a rate from the oth ers. Thus the in flu ence of deposi-
tional and later pro cesses was not sig nif i cant for the con cen -
tra tion of La and Hf. Ter nary La–Th–Sc di a grams (Bhatia
and Crook, 1986) were used to de ter mine the prov e nance
and tec tonic set tings for the de po si tion of the suc ces sion
stud ied. All of the sed i ments stud ied oc cupy the field of
continental island arcs (= CIA; Fig. 11).

The Early Cre ta ceous Silesian Ba sin was fed by de bris
orig i nat ing from the North Eu ro pean Plat form, the Baška-
Inwa³d and Proto-Silesian Ridges, and the Bo he mian Mas -
sif (Œl¹czka, 1976; Golonka et al., 2006; Strzeboñski et al.,
2009). The Baška-Inwa³d Ridge and the Proto-Silesian
Ridge, as top o graph i cally up lifted el e ments of the North
Eu ro pean Plat form (Ksi¹¿kiewicz, 1964; Golonka et al.,
2006), are ex posed parts of the Variscan orogen with late
Pre cam brian (Cadomian) protoliths. The Bo he mian Mas sif
is part of the West Eu ro pean plate. It con sists of the Va-
riscan orogenic belt and the Cadomian fore land terrane of
the Brunovistulicum, com posed of meta mor phic rocks
(Poprawa et al., 2004; Golonka et al., 2006).

In gen eral, the al i men tary area was es tab lished on con -
ti nen tal crust (Sandulescu, 1988; Klomínský et al., 2010). It 
is ev i denced by ex otic rocks, such as gran ites and porphy-
rites, seri cite-chlorite schists, gneiss es, and siliciclastics
(Cieszkowski et al., 2012 and ref er ences therein). Like wise, 
heavy-min eral as sem blages (tour ma line, zir con as well as
ap a tite, monazite and epidote) in di cate that non-meta mor -
phic to low-grade meta mor phic rocks of gra nitic con ti nen tal 
crust (granitoids, as well as sed i men tary pelites and psam-
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Fig. 9. Weath er ing in di ces of de tri tus in Lower Cre ta ceous de pos its of west ern part of Silesian Nappe. A – Ter nary A–CN–K plot of
mo lec u lar pro por tions of Al2O3–(CaO*+Na2O)–K2O for stud ied ma te rial of west ern part of the Silesian Nappe and chem i cal in dex of al -
ter ation shown as CIA scale (Nesbitt and Young, 1984). Pl – plagioclase; Kfs – K-feld spars; Ilt – illite; Ms – mus co vite; Sme – smectite;
Kln – kaolinite; Gbs – gibbsite; Chl – chlorite. Stars: 1 – gab bro; 2 – tonalite; 3 – granodiorite; 4 – gran ite; 5 – A-type gran ite from Fedo et
al. (1997). Solid ar row in di cates the o ret i cal weath er ing trend for tonalite. Cor rec tion for K-en rich ment can be made by pro jec tion of lines
from K-apex through data points to ideal weath er ing line and read ing off CIA axis (af ter Fedo et al., 1995). B – Dis crim i na tion plot of Th
vs. Th/U (McLennan et al., 1993). Dashed lines – Th/U and Th con tent of UCC. Star – PAAS (Tay lor and McLennan, 1985). C – Th/U
ver sus Na2O/Al2O3 di a gram



mites) were the pri mary par ent rocks for turbiditic de pos its
in the Cretaceous Silesian Basin.

How ever, the mo saic struc ture of the Eu ro pean Plate
and the con tri bu tion of meta mor phic rocks of granulite and
partly eclogite fa cies is re flected in the as so ci a tion of heavy
min er als (gar net and rutile; Unrug, 1968; Winkler and
Œl¹czka, 1992; Grzebyk and Leszczyñski, 2006). Granulite
and eclogite fa cies typ ify the con di tions of re gional meta -
mor phism that act dur ing oro gen esis. They can be con -
nected to the old Variscan orogenic belt of the Bo he mian
Mas sif. The pres ent stud ies are in agree ment with the pub -
lished re sults, be cause the ap pro pri ate heavy min er als were
found with kyan ite, which is typ i cal for the granulite fa cies.
More over, ev i dence for con ti nen tal crust as the chief al i -
men tary area was the geo chem i cal sig na tures and the po si -
tion of the Carpathian ba sin as a back-arc ba sin (Golonka et
al, 2006; Oszczypko et al., 2006; Puglisi, 2009), bonded to
the CIA tectonic province.

Sort ing and re cy cling

Sort ing dur ing trans por ta tion ex erts a ma jor in flu ence
on the com po si tion of clastic sed i ments (Johnsson, 1993;
Nesbitt et al., 1997). Grav i ta tional frac tion ation can re sult
in the sep a ra tion of quartz and heavy min er als from phyllo-
sil i cates. The in flu ence of de tri tal heavy min er als on geo -
chem is try was tested, us ing an in verse cor re la tion with

Al2O3 (Tab. 2). TiO2 can oc cur in clay min er als and heavy
min er als (e.g. rutile). The most plau si ble and con sis tent car -
rier of Zr and Hf is zir con.

In the ma te rial stud ied, a strong pos i tive cor re la tion be -
tween TiO2 and Al2O3 (Tab. 2) sug gests an af fin ity of ti ta -
nium to phyllosilicates. In the Hradištì and Lhoty for ma -
tions from the Lipnik sec tion and the Veøovice For ma tion
from the Rzyki sec tion, the TiO2 con cen tra tion par al lels
those of Zr and Hf (Tab. 2). Thus, the pres ence of heavy
min er als is pos si ble. Nev er the less, the high est con cen tra -
tions of TiO2 and Zr oc cur in sam ples from the Veøovice
For ma tion (Fig. 7) and the ac cu mu la tion of heavy min er als
is as sumed. Zir con can be in ter preted as re cy cled ma te rial.
The ad di tion of zir con is il lus trated on the La/Th vs. Hf di a -
gram (Floyd and Leveridge, 1987; Fig. 10B) and on the ter -
nary plot of 10 x Al2O3–200 x TiO2–Zr (Gar cia et al., 1991; 
Fig. 12) The Veøovice For ma tion falls along a trend in volv -
ing the ad di tion of zir con. Zir con, rutile and tour ma line
form an as so ci a tion of heavy min er als that oc cur in rewor-
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Fig. 11. Dis crim i na tion di a gram La–Th–Sc for tec tonic set ting
(Bhatia and Crook, 1986)

Fig. 12. Ter nary 10 x Al2O3–200 x TiO2–Zr plot show ing pos si -
ble sort ing trend

Fig. 10. Dis crim i na tion di a grams for prov e nance of sam ples
stud ied. A – La/Th ver sus Hf di a gram (Floyd and Leveridge,
1987); B – Th ver sus Sc di a gram from McLennan et al. (1993)



ked material and were recognized in thin-section (see the
section on microfacies).

The pres ence of re cy cled ma te rial within siliciclastic
se quences is gen er ally ac cepted. Veizer and Mac Ken zie
(2003) con cluded that about 90% of sed i men tary rocks are
re worked to pro duce more sed i men tary rocks. The Carpa-
thian suc ces sions con tain abun dant ma te rial that un der went
sev eral sed i men tary cy cles. The co-oc cur rence of rounded
and fresh, unabraded grains of heavy min er als sug gests a
mixed prov e nance of the clastic ma te rial, both from crys tal -
line and older sed i men tary rocks (Unrug, 1968; Grzebyk
and Leszczyñski, 2006). Cieszkowski et al. (2012) descri-
bed the oc cur rence of olistoliths and olistostromes in many
lev els of the Silesian Se ries and also within the Lower Cre -
ta ceous se quences of the Hradištì, Veøovice and Lhoty
formations, investigated here.

Diagenetic changes

The diagenetic ad di tion of po tas sium into siliciclastic
deposits is widely known (Fedo et al., 1995; Cam pos Alva-
rez and Roser, 2007). The post-depositional potassic al ter -
ation in fine-grained sam ples from the Lower Cre ta ceous
sed i ments of the Silesian Unit is sup ported by the clayey,
illite-rich ma trix (Fig. 5), the K2O en rich ment seen on the
plots of ma jor el e ment ox ides, nor mal ized to UCC (Fig. 6)
and the lack of to neg a tive cor re la tion be tween K2O and
Al2O3 (Tab. 2).

The sec ond ary in tro duc tion of K into a sed i ment can be
re lated to the trans for ma tion of smectite to illite. Illitization
with in creas ing depth of burial can re lease cer tain amounts
of wa ter, en riched in Fe and Mg (Bozkaya and YalçÏn,
2004), that later play a cru cial role dur ing diagenetic pro -
cesses. González-Álvarez and Kerrich (2010) pos tu lated
that the de hy dra tion of the smectite min er als is a likely
source of diagenetic brines. The in flu ence of these flu ids
can be pos tu lated, on the ba sis of er ratic pat terns of REE
and HFSE dis tri bu tion.

The anal y sis of the hy dro ther mally al tered Cre ta ceous
picrite from the Czech Re pub lic led to the con clu sion that
par ent hy dro ther mal so lu tions were pro duced by the dewa-
tering of clay min er als in diagenetically mod i fied flysch
sed i ments (Dolníèek et al., 2010, 2012). There fore, the ma -
te rial stud ied could have been af fected by similar processes.

Mo bil ity of REE and HFSE
REE, Th, Sc and Co are rec og nized as source-rock in di -

ca tors (Tay lor and McLennan, 1985) and can be mo bile un -
der cer tain con di tions of a sed i men tary sys tem. Diagenesis
at the sed i ment-wa ter in ter face, de com po si tion of the un sta -
ble de tri tus (e.g. vol ca nic de bris), or de tri tal/biogenic dis so -
lu tion al low the frac tion ation of trace el e ments (Abanda and 
Hannigan, 2006; McLennan et al., 2006).

Cer tain sam ples (Lhoty Fm.: LP 16, RZ WP 2/07, RZ
WP 3/07, RZ 3/07; Veøovice Fm.: RZ 1/07, RZ 2/07, RZ
2A/07) have en rich ment in Nb, rel a tive to Ta (Fig. 7). Val ues
of the Nb/Ta ra tio are be tween 12.8 and 27, with one out lier
at 36.3, whereas UCC ra tios = 13.3 (Rudnick and Gao,
2003). This in di cates that cer tain ho ri zons within the sed i -
men tary pro file stud ied were in flu enced by Nb-rich flu ids.

The Zr bud get was prob a bly con trolled by zir con,
which can main tain Zr/Hf ra tios through geo log i cal pro -
cesses, such as weath er ing, trans por ta tion, diagenesis and
meta mor phism. Zr/Hf ra tios, rang ing from ~35 to ~70, typ -
ify an ig ne ous or i gin of zir con (Murali et al., 1983; Belou-
sova et al., 2002). None the less, hy dro ther mal or authigenic
pro cesses can ex ert an in flu ence on zir con and cause the
frac tion ation of trace el e ments (Hoskin, 2005). In the ma te -
rial stud ied, the Zr/Hf ra tios are be tween 29.8 and 39.7, in -
di cat ing Zr de ple tion at par tic u lar lev els (e.g., the up per part 
of the Veøovice For ma tion in the Rzyki sec tion – RZ 2A/07; 
the up per part of the Lhoty For ma tion in the Rzyki sec tion –
RZ WP 2/07, RZ WP 3/07). The high cor re la tion co ef fi cient 
(r > 0.8) of Zr, rel a tive to K2O, in the Lhoty For ma tion in di -
cates post-depositional al ter ation of the Zr con tent. An REE
dis tri bu tion ly ing far away from the UCC pat tern re flects
the in flu ence of post-depositional pro cesses. Sam ples from
the Rzyki sec tion have a neg a tive Eu/Eu* – Al2O3 cor re la -
tion that in di cates diagenetic Eu de ple tion. The REE frac -
tion ation in di cated by LaN/YbN does not strictly de pend on
Al2O3 and permits the inference that the REE pattern was
changed during diagenesis.

Pos i tive Ce anom a lies typ ify most of ma te rial stud ied.
The neg a tive anom a lies of Ce in the Hradištì For ma tion are
as so ci ated with cal cite and in her ited a Ce de ple tion sim i lar
to that of sea wa ter. Higher val ues of Ce/Ce* oc cur in the
Veøovice For ma tion, par tic u larly in sam ples from the Rzyki 
sec tion. This could be ex plained by the scav eng ing of less
sol u ble Ce4+ by sus pended par ti cles that set tled through the
wa ter col umn (Sholkovitz et al., 1994) or Ce ad sorp tion on
Fe-Mn min er als (Elderfield et al., 1990).

The frac tion ation of REE and Zr-Hf could have been
caused by diagenetic pro cesses that in volved basinal brines. 
González-Álvarez and Kerrich (2010) con cluded that HFSE 
and HREE are mo bile in ox i dized al ka line brines. In flu ids
with a high pH, REE (pref er en tially HREE) have an af fin ity 
to dicarbonate com plexes. Car bon di ox ide can be gen er ated
by the deg ra da tion of or ganic mat ter or dur ing the vol ca nic
outgassing, associated with rifting.

The birth of the Outer Carpathian ba sin was as a re sult
of the Eu ro pean mar gin rift ing in the Late Ju ras sic–Early
Cre ta ceous (Golonka et al., 2006; Oszczypko, 2006; Œl¹-
czka et al., 2006). Dur ing the Early Cre ta ceous time oce -
anic-crust has been ex tended (Larson, 1991). The rift ing of
the Eu ro pean Plat form was a main fac tor con trol ling the re -
gional sub si dence of the Silesian Ba sin, and ac com pa nied
by the mafic vol ca nism (Ivan et al., 1999; Luciñska-Ancz-
kiewicz et al., 2002; Grabowski et al., 2004; Oszczypko et
al., 2012). Ig ne ous rocks of the teschenite as so ci a tion are
wide spread in the area be tween Hranice in the Czech Re -
pub lic and Bielsko-Bia³a in Po land. The mag matic rocks are 
clas si fied as teschenites, picrites, monchiquites and al ka line 
bas alts and form in tru sive veins, sub ma rine ex tru sions and
pil low lavas (Smulikowski 1930; Kudìlásková, 1987; Na-
rêbski, 1990). Anal y sis of the Cre ta ceous hy dro ther mally
al tered picrite from the Czech Re pub lic led to the con clu -
sion that the hy dro ther mal flu ids were re leased by the dia-
ge net i cally dewatered clay min er als in flysch sed i ments
(Dolníèek et al., 2010, 2012). There fore, the material stu-
died could have been affected by similar processes.
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CON CLU SIONS

Con tin u ous sed i men ta tion of dark turbiditic to hemipe-
lagic de pos its in the west ern part of the Silesian Ba sin lasted 
more than 20 Ma, from the Late Ju ras sic to the Early Cre ta -
ceous. The sed i men ta tion of siliciclastics rich in or ganic
mat ter in the Silesian ba sin, was con trolled by such global
events as cli ma tic and CCD changes, as was the case for
other black shales (Emeis and Weissert, 2009; Jenkyns,
2010), but also by more lo cal fac tors, such as the shape of
the ba sin and its evo lu tion, the pro duc tion of de tri tus, and
sed i men tary and diagenetic pro cesses.

The warm and hu mid cli mate of Late Ju ras sic–Cre ta -
ceous time pro moted chem i cal weath er ing. In tense weath er -
ing of the source rocks was in ferred from Na, Sr, and U de -
ple tion, ex pressed as neg a tive anom a lies in multi-el e ments
pat terns nor mal ized to UCC, 75.98 < CIA < 89.86 and sam -
ples plot ting at the A apex on the A–CN–K di a gram, and
Th/U ra tios (~4 with out li ers at 1.85 and >6). Heavy min eral 
as so ci a tions, in clud ing both rounded and unabraded grains
of zir con and rutile, en rich ment in Zr and Hf, as well as high 
Zr/Sc ra tios sug gest that the Hradištì and Veøovice for ma -
tions con tain re cy cled ma te rial.

On plots of La/Th ver sus Hf and Th against Sc, the data
oc cupy the field of fel sic ma te rial with ad mix tures from ba -
sic sources. The tec tonic prov ince of the source area can be
de ter mined on the ba sis of a La–Th–Sc di a gram as a con ti -
nen tal is land arc (CIA). Diagenetic pro cesses could have
ex erted an in flu ence on the Lower Cre ta ceous se quences of
the Silesian Unit. Con cen tra tions of Fe and trace met als
(e.g., Mo, Au, Cu) in the Veøovice For ma tion and sil ica and
po tas sium ad di tions in the Veøovice and Lhoty for ma tions,
as well as frac tion ation of REE and Nb, Ta, Zr, Hf, and Y,
can be ex plained as re sult ing from the ac tion of basinal bri-
nes. The flu ids were of hy dro ther mal or i gin and/or were
released, ow ing to the dewatering of clay min er als. The im -
pact of diagenetic pro cesses on the sed i ment chem is try is
even greater than that of prov e nance and sed i men tary pro -
cesses.
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