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Abstract: The provenance and diagenesis ofthe siliciclastic and hemipelagic sediments of three lithostratigraphic
units: Lhoty Formation, Barnasiéwka Radiolarian Shale Formation (BRSF) and Variegated Shales from Lancko-
rona area, Poltsh Outer Carpathians, was approached by means of petrotogical and geochemical analysis of the
representative samples. Data show that studied succession was mainly derived from two sources: 1. a dominant
terrigenous fine-grained components have affinity with average upper continental crust (basing on mineral
detritus, K2O/Rb ratio and Y/Ni vs. Cr/V ratios) and 2. biogenic siliceous material and macerals. Composition
varies up section and accounts for changes in the detrital supply due to eustatic sea-level changes. Organic
petrology shows presence of organic detritus within the Lhoty Fm and dominance of marine-derived macerals in
the BRSF. Chemical and petrological features imply a progressive deepening of the basin. The studied succession
was diagenetically altered (e.g. coalification of bituminite, illitisation of smectite and pyritisation).
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INTRODUCTION

The Outer Carpathian basins were situated during Cre-
taceous times between the converging European continent
and the Inner Carpathian plate (Oszczypko, 1999; Golonka
et al. 2000, 2008b). During its opening and post-rift subsi-
dence (Late Jurassic-Early Cretaceous), the Silesian Basin
was filled with calcareous turbidites followed by siliciclas-
tic turbidites and hemipelagic shales (Oszczypko 2004).
The siliciclastic and biogenic materials were supplied from
two main sources: the European Platform and the Silesian
Cordillera (e.g., Wieser, 1948; Burtan et al., 1984; Bak,
2007b).

During the Albian-Cenomanian (Gedl, 2001; Bak et
al., 2005, Golonka et al., 2008b) turbidite complexes of the
Lhoty Formation were deposited in the axial part of the ba-
sin. A low and decreasing rate of sedimentation (20-40
m/My) was characteristic for the Silesian Basin (Poprawa et
al., 2002). The Lhoty Formation deposition took place dur-
ing relatively low sea level and was controlled by a post-rift
thermal subsidence (Poprawa et al., 2002; Nemcok et al.,,
2001). The Barnasiéwka Radiolarian Shale Formation
(BRSF) is developed as the green radiolarian shales and ra-

diolarites, intercalated with black shales containing bento-
nites and ferro-manganiferous concretions and layers
(Ksigzkiewicz 1951; Koszarski & Slaczka, 1973; Bak et al.,
2001; Bak, 2006, 2007a-d). The BRSF was deposited dur-
ing the Late Cenomanian-Early Turonian under high-stand
sea level condition (Bak, 2007a). It is overlain by the Turo-
nian Variegated Shales (VS) that repretent a product of
deep-sea hemipelagic sedimentation (Koszarski & Slaczka,
1973). The hydrothermal activity could develop during the
Albian maximal extension of continental crust and lasted at
least through the Turonian (Burtan & Turnau-Morawska,
1978; Gucwa & Wieser, 1978; Geroch et al., 1985; Bak,
2006, 2007a-d).

The present paper shows results of mineralogical and
geochemical investigation of hemipelagic sediments to indi-
cate the provenance ofthe mineral and organic detritus and
diagenetic changes of the sediment. Pelagic sediment for-
mation is affected by many processes, includtng detrital
supply from continental areas as well as hydrothermal and
biological activity, and diagenesis (Chester, 1990). Chemi-
cal records of the environmental changes across the Ceno-
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Fig. 1.

Location of the studied area at the background of main geological units: A. Simplified tectonic scheme of the Alpine orogens;

PKB - Pieniny Klippen Belt (after Kovac et al., 1998, modified); B. Central part of Polish Carpathians (after Zytko et al., 1989); C. De-
tailed division of the Silesian and Subsilesian units in the Lanckorona region (after Ksigzkiewicz, 1977)

manian-Turonian transition in the Polish Carpathians were
presented earlier by Bgk (2006, 2007a-d). The main objec-
tives of this study is presentation of new data with correla-
tion to that previous.

GEOLOGICAL SETTING

The Poltsh Carpathitns are part of the great arc of
mountains stretchtng for more than 1300 km. The Poltsh
part ofthe Outer Carpathians consists of stacked nappes and
thrust-sheets, such as the Subsilesian, Silesian, Skole,
Dukla and Magura Nappes (Fig. 1; Ksigzkiewicz, 1977).

The presented paper concerns the sediments ofthe Sile-
sian Nappe, which were deposited in the Subsilesian-Sile-
sian Basin (Severinic-Moldavidic sensu Slaczka, 2006)
from Late Albian to Early Turonian (Ksigzkiewicz, 1962).
The samples represent siliciclastic and hemipelagic sedi-
ments of three lithostratigraphic units: turbiditic Lhoty For-
mation (sensu Golonka et al., 2008a, previously known as
Lgota Beds, e.g. Bieda et al., 1963), Barnasiowka Radiola-
rian Shale Formation (BRSF; sensu Bak et al., 2001) and
Variegated Shales.

The section studted is located in western part of the
Silesian Nappe, within the Lanckorona Foothills, about 30
km south-west from Krakéw (Fig. 1). The main outcrop is

situated in the banks of a small creek, aright tributary ofthe
Cedron stream. This section is small and strongly folded.
The studied succession appears in reverse order and con-
tains numerous tectonic hiatuses.

The oldest sediments exposed in the northern part of
studied section belong to the Barnasiéwka Radiolarian
Shale Formation. They are represented by black and green,
siliceous shales (Fig. 2E) with intercalations of bentonites
and ferromanganese horizons (up to 5 cm thick) (Figs 2C,
D; 5A). The thickness ofthese strata amounts to about 5 m.
Further, upwards the succession a complex of red and
greenish grey thin- and medium-bedded siliceous shales
with thin intercalations of glauconitic sandstones and green-
ish cherts is exposed (Fig. 2A, B). This part is about 3.8 m
thick and belongs to the Upper Cretaceous Variegated
Shales.

When going towards the south, upward the hill, the old
quarries of the Middle and Upper Lhoty Formation occur.
The Middle Lhoty Formation consists mostly of thin-and
medium-bedded siliceous dark-grey sandstones. They are
interbeded with black, grey and spotty, lightly-calcareous
shales (Fig. 3A-D). The upper division ofthe Lhoty Forma-
tion, named the Mikuszowice Chert Member (Szajnocha,
1884 in Golonka et al. 2008b; Bieda et al., 1963) is repre-
sented by medium- and thick-bedded (about 50 cm) sand-
stones with bluish cherts in the middle and upper parts of
layers intercalated with grey and black shales (Fig. 4A, B).
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Fig. 2.  Lithological log of the Lanckorona section. Variegated Shales: A. Red and greenish-grey, thin- and medium-bedded siliceous
shales with glauconitic sandstone (Snd); B. Sequence of green-grey shales interbedded by quartzitic sandstone; Barnasiéwka Radiolarian
Shale Formation: C. Bentonite (BT) intercalation within none-calcareous black and green shales; D. Organic-rich shales and radiolarites
with Mn-Fe horizon (Mn); E. Siliceous black and green shales with intercalation of volcanoclastic layers
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Fig. 3.
spotty, low-calcareous shales

MATERIALS AND METHODS

Microstructures and organic petrological indices in 15
samples using microscopic observation (Nicon ECLIPSE, E
600 POL; transmitted and reflected light) were examined.

The samples were studied by X-ray diffraction (XRD)
both as bulk rocks and in <0.2 gm fractions separated from
these rocks. The pelitic fractions <0.2 gqm were separated
using the complete Jackson (1975) procedure, applied in or-
der to dissolve carbonates and remove organic matter and
iron oxides. They were studied as oriented preparations,
sedimented on glass slides, both in air- dry and ethylene
glycol saturated form. A Philips diffractometer, equipped
with a Cu lamp, and amonochromator were used.

The identification of clay minerals followed the method
outlined by Moore and Reynolds (1997). Mixed-layer illite-
smectite and smectite were identified in glycolated prepara-
tions using the positions of appropriate pairs ofbasal reflec-
tions (Srodon, 1980, 1984; Dudek & Srodon, 1996).

The amounts of major oxides were determined in 15
samples using an inductively coupled plasma - optical
emission spectrometry (ICP-OES). Trace-element were de-
termined by the inductively coupled plasma - mass spec-
troscopy (ICP-MS) using a Perkin EImer Elan 6000 ICP at
the ACME Analytical Laboratories, LTD, in Vancouver,
Canada.

The enrichment factors (EF) for major and trace elei
ments relative to the Post-Archean Australian Shale (PAAS,
Taytor & McLennan, 1985) were used in the discussion.
The values of enrichment factor are calcutated as foltows
(* according to Taylor & McLennan (1985):

(element content/Al content) sample/(element content/
Al content) paas*

The Middle Lhoty Formation; A-D. Thin- and medium-bedded siliceous dark-grey sandstone interbedded with black, grey and

RESULTS

MINERALOGY AND PETROLOGY

The XRD patterns of whole-rock analysed samples
show that, in general, they (Lhoty Formation, BRSF and
Variegated Shales) are rich in quartz, associated with clay
minerals, and contain small amounts of feldspar. Calcite is
present in the Lhoty Formation samples and rarer within
shales ofthe BRSF, absent in the Variegated Shales.

Upward the succession, from the Middle Lhoty Forma-
tion through the Variegated Shales, the quartz content in-
creases. The clay mineral composition varies slightly and
consists mainly of illite and mixed layers illite/smectite
(I/S). The content of iltitic layers in the I/S range between
10 and 60%. The Lhoty Fm. siltstones contain the lowest
amounts of smectite, while the clayey shales of the BRSF
are enriched in it. The highest amounts of smectite occur
within the volcanoclastic layers in the BRSF (about 80%).
Kaolinite is the associating clay mineral in the shales of the
Middle Lhoty Fm. Upward the section, kaolinite content de-
creases. It finally disappears in the lower part of the Varie-
gated Shales. Chlorite has been recognized in minor amount
within the Middle Lhoty Formation only.

Observations of thin-section of green-grey shales
(within both: Lhoty Formation and BRSF) reveal the wavy-
and parallel lamination (Fig. 5D). The ichnofossils are also
noted (Fig. 5B). The burrows are enriched in organic matter,
which is usually astociated with pyrite. Pyrite occurs as
massive, anhedral grains. Radiotaria and sponge spicules
have been there often recognised. Tests are oriented parallel
to the bedding. The single grains of glauconite, quartz, mica
and organic detritus (cell-structured macerals, e.g. semifus-
inite) are dispersed within argillaceous matrix.
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The parallel lamination occurs within black shales
(within both: Lhoty Formation and BRSF). It is emphasised
by abundant organic matter (Fig. 5C) represented by a dark,
amorphous substance and terrestrial detritus (Fig. 5E-H).
The samples include very rare radiolarian tests as the only
biotic component. Pyrite occurs as very thin framboids and
crystals. The size ofboth varies from 5to 12 pm, where pre-
dominately 8 - 10 pm in diameter (Fig. 5E, H).

The manganiferous horizon, 2-5 cm thick occurs
within the siliceous shales ofthe BRSF. It overlies the pack-
age ofblack and green clayey shales with bentonite interca-
lation. The Mn-Fe layer contains many concentrically zoned
nodules that are less than 3 cm in size. The nodules are built
of greenish core and outer black rim (Fig. eA). The thin-
section images exhibitthe presence ofnumerous rhombohe-
dric pseudomorphs (50 pm in size on average) dispersed
within silica (cryptocrystalline chalcedony) admixed with
clay minerals mairix (Fig. 6B). In the iniernal part of the
nodules, silica adopts rhombohedral shape whereas rhom-
bohedra of the outer crust are infilled by the Fe and Mn
oxy-hydroxides (Fig. sC, E). The pseudomorphs from the
external part of the nodules contain massive aggregates of
pyrite (Fig. sD).

The studied Variegated Shales overlying the BRSF are
represented by siliceous red and green shales with thin-
bedded sandstones. The shales are clayey, barren of deiri-
tus. The fine-grained intercalations consist of quartz, mica,
feldfpars and glauconite. Some sandstone layers are en-
riched in Fe-Mn oxy-hydroxides.

GEOCHEMISTRY

The relatively low amounts of the major oxides (Fe203
and MnO, MgO, CaO, TiO2, Na20, K20) have been
determined in the samples studied (Tab. 1). Their amounts
are lower (occasionally simiiar) than that in PAAS. Only
SiO2 contents are well above the SiO2 content of PAAS
(62.8 wt. %; Taylor & McLennan, 1985). The amountofsil-
ica in the seiected samples of the BRSF and Variegated
Shales is higher than in others. The manganiferous sample
(LC 4BG), despite its low SiO2 content (43.82 wt. %) has a

high SiO2 (2.83) enrichment facior (EF) because of low
Al203 content (4.66 wt. %).

In the SiO2 vs. Al203 diagram (Fig. 7), the studied sam-
ples display negative correlation between these oxides. The
majority of samples show similar SiO2/Al203 ratio (5 in av-
erage, without manganiferous samples). They are located in
a small field approximately along one trend-line. The ex-
ception is Fe-Mn sample (LC 4BG) thatis out of general di-
rection due to low content of SiO2 and Al203.

MnO, P205, Y, La, Ce

The distributions of these elements are irregular (Tab.
1; Fig. 8). The Lhoty Formation seem to be more enriched
in upper part than in lower - it might be connected with li-
thology. The most enriched samples from the Upper Lhoty
Formation contain abundant detritus.

In general, itrum contents vary beiween 13.2 and 39
ppm in the samples studied, whereas in the PAAS it yields
27 ppm. Therefore, (EF)y values vary from 0.65 to 5.87.
The manganiferous sample (LC 4BG) is the most enriched
in Y. The high Y concentration was also noted in the
Mn-rich sandstone ofthe Variegated Shales (LC 1).

The La contents differ within narrow range; they equal
to 30 ppm in average, with maximum in the volcanoclastic
samples (LC BT). Nevertheless, the highest values of en-
richment factor are noted in the LC 1and LC 4BG samples
(EF are 2.58 and 3.36).

The absoiute contents of cerium are low with a small
rise in the Mn-rich LC 4BG and ?volcanoclastic (LC BT)
samples from the BRSF. The enrichment factor variety
shows similar pattern like La and Y. Their values do not ex-
ceed unity, except of the LC 4 BG and LC 1, where EF
amounts to 3 and 6.37 respectively. Worth to note that ele-
vation of the EF values in both samples is affected by low
percentage of Al203.

The enrichment of Y, La and Ce corieiates with in-
creasing concenirations of MnO and P20s5. The BRSF and
Variegated Shales are enriched of MnO and P20s5 obvi~
ously. The highest content of oxides characterises the LC
4BG and LC 1 sample. The LC 4B and LC 3 samples ex-
hibit the moderate enrichment.
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Fig. 5.

Middle part of the Barnasiowka Radiolarian Shale Formation in the Lanckorona section; A. Non-calcareous black and green

shales with yellowish volcanoclastic layer; B. Ichnofossils within green shales (LC 5 G sample, TL, Il nicols); C. Microfacies of paral-
lel-laminated black siliceous shale including detritic grains (LC 5B sample, TL, Il nicols); D. Parallel lamination and passage from green
to black shales (LC 5G sample, TL, Il nicols); E-H. Organic particle - vitrinite maceral (OM), pyrite (PY; LC 5B sample, RL)

K20 and large ion lithophile trace elements: Rb, Pb

The percentage of K20 and Rb varies in broad extent.
Most of samples are just below PAAS. Therefore, the sam-
ples have enrichment factors beiow unity (Fig. 9). The
?volcanoclastic sediments of the BRSF contain the highest
amounts of K20 and Rb and display the strongest similarity
to PAAS. In contrast, the manganiferous LC 4BG and LC 1
samples repiesent the poorest sediment. They seem to be
relatively enriched in K20 and Rb (EF >1), but it is aresult
of low AI203 content. In general, the K20 contents corre-
late with Rb (r2 equals 0.9) and K20/Rb ratio is constant - it
amounts to 0.02, like PAAS (Fig. 12).

The lead disiribuiion through the section is irieguiar.
Except of black shale, underiymg Mn horizon from the
BRSF, the Pb contents are rather low. Cooper and vanadium
contents foliow this pattern. The enrichment factor for Pb,
Cu and V exceed the highest values in the same samples
(LC 4B and LC 4BG).

Moreover, corfe-ation beiween Pb, Cu, V frequency
and concentration of organic matier (OM) and S has been
recognized (Fig. 10). The samples enriched of OM and/or S
contain higher amounts of metals.

Fe203, MgO, and S-related trace elements: Ag, As, Cd,
Co, Cu, Mo, Ni, Se, V, Zn

The average amounts of MgO are low in the Lhoty For-
mation and higher in the upper part of the section. Within
the BRSF and Variegated Shales, the amounts of MgO dif-
fer beiween 0.8 and 2.56%. The manganiferous samples
(LC 4 BG and LC 1) contain the lowest amount of MgO,
while in the volcanoclastics (LC BT and LC 5G) percentage
of MgO is the highest. Finally, the enrichment factor closes
to unity in the Lhoty Formation and slightly passes 1 in the
upper part ofthe section (BRSF and Variegated Shales; Fig.
10).

The distribution of the absolute content and enrichment
factors for Fe203 is analogous. The values increase upward
to spike in the manganiferous sample (EF is 4.8) and de-
crease again below 1in upper BRSF/Variegated Shales.

The absolute contents of S-related elements vary along
the section erratically. The Lhoty Formation samples are
poor in S and contain small amounts of Ni, Co, Zn, Mo as
well. Their enrichment factor does not exceed unity (Fig.
10). Vanadium contents are close to these for PAAS. Only
copper concentrations are higher with respect to PAAS.
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Fig. 6.

The ferromanganese horizon overiymg the organic-rich facies within the Barnasiéwka Radiolarian Shale Formation in the

Lanckorona section; sample LC 4 BG; A. Fragment of a small-sized ellipsoidal Fe-Mn nodule containing green core and black, outer rim;
B. Internal core consisting of silica and pseudomorphs after carbonate crystals (PC); matrix composed of clay minerals admixed with sil-
ica (Q/CM), TL; C-E. Outer rim of nodule including Fe-Mn oxy-, hydroxide (ox Mn) pseudomorphs after carbonates, TL; D. Pseudo-

morphs containing pyrite (py)

The samples from the BRSF are significantly enriched
in V, Co, Ni, Cu, Zn and Mo (Se, As, Cd). This formation
consists of OM-rich black shales, where trace element
might be trapped by OM and S. The enrichment in Co, Ni,
(Ag, Cd) was noted in the manganiferous sample LC 4BG,
barren of S (Fig. 10). The enrichmentin Co, Mo, Zn, Ni, As,
Se occurring in the benionite sample (LC BT) correiates
with presence of S.

In the Variegated Shales, contents of trace elements and
S diminish again. They resemble samples of the Lhoty For-
mation.

TiO2 and high strength field trace elements: Zr, Nb, Th
and Ga

Absolute contents of TiO2 in the samples studied are
generally lower than those for PAAS, thus enrichment fac-
tors for TiO2 are usually below unity (Fig. 11). In detail, the
Lhoty Formation samples consist of higher amounts of TiO2
that decrease upward the succession. Surprising is the peak
for LC BT. The minimal percentage was noted in the
manganiferous samples ofthe BRSF (LC 4BG) and VS (LC
1). The second one is sandstone impoverished of Al203,
thus it shows relatively high EF about 1. The behaviour of

TiOz2 is similar to Nb and Th, and partly correlates with zir-
con. The LC 1 sample is exiremely enriched due to both
high amount of Zr and low amount Al203.

0 100
Si02

Fig. 7.  SiO2vs. Al203 relations in the studied samples from the
Lanckorona area. LC 4 BG sample of BRSF is displaced from the
curves due to low amounts of oxides and high content of MnO
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Table 1

Major and trace element chemistry for the Albian-Lower Turonian sediments from the Lanckorona area, Silesian Nappe

Element Si02 Al203 Fe203 MgO CaO Na20 KO TiO2 P05 MnO S Th U \% Zr Y La Ce

Samples % % % % % % % % % % % ppm  ppm ppm ppm ppm ppm ppm
LCL1 6484 1258 326 13 408 022 27 064 009 003 <001 101 31 120 1259 163 286 458
LCL2 698 142 265 107 093 02 237 054 006 001 <001 114 2 101 839 132 239 46

LCcL3 6984 1459 256 114 072 021 242 057 005 002 001 113 21 97 983 148 5 517
LC7 64 18 32 123 05 03 34 071 007 003 003 132 24 119 1226 167 28 57.5
LC6 66.17 163 3.9 13 05 03 303 06 008 004 001 132 19 14 999 171 245 527
LcsB 7048 1152 341 175 073 023 246 042 013 004 043 86 31 1% 619 238 244 591
Lcsg 608 1656 507 256 078 028 363 059 01 004 047 131 4 15 829 211 314 737
LCsm 674 1226 475 179 049 023 27 045 013 003 125 10 4 263 66.9 244 275 646
LC4BG 4382 466 767 072 028 008 14 015 021 266 001 33 29 134 256 39 314 1253
LC43 654 1354 475 19 071 021 322 05 018 027 001 115 24 705 713 337 349 742
LCBT 5523 199 504 25 077 028 405 078 009 005 031 165 48 207 1084 263 392 874
LC3G 6823 1101 253 157 322 018 239 044 009 013 001 86 18 78 801 198 272 646
Lc3B 6954 129 335 18 08 024 28 051 009 007 001 87 18 137 735 20 265 608
LCc2B 6949 1274 291 17/ 078 022 264 052 007 008 001 101 17 B3 776 148 257 495
LC 1 8306 559 29 08 068 056 104 031 021 07 001 86 24 42 2627 3 29 72.7

Element Ba Co Ga Nb Rb Ba Mo Cu Pb Zn Ni As Cd Ag Se Cr
Samples ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  PpPM  ppm  ppm  ppm  ppm  ppm  ppm  ppm
LCL 1 3138 104 12.8 136 1091 3138 0.4 552 145 45 331 4.7 01 <0.1 <05 90
LCL2 2445 6.6 171 109 942 2445 04 1002 20.3 42 20 37 <0.1 <0.1 05 70
LCL3 2413 62 167 111 974 2413 02 100 172 4 185 17 <01 01 <05 70

Lc7 3647 64 37 147 1422 3647 01 522 182 3% 198 3 01 01 <05 &
LC6 2593 114 198 141 1196 2593 02 1295 252 62 508 51 09 01 <05 82
LCsB 2756 124 177 77 10L7 2756 17 1519 20 240 528 101 2 08 4 100
LC5G 2937 247 247 123 1607 2937 04 @2 241 1983 87 169 06 <01 13 ©
Lcsm 3161 181 19 92 128 3161 106 182 258 1346 596 284 43 12 127 110
LC4BG 30989 917 3L2 27 652 30989 126 2901 538 663 2383 87 42 145 08 0
LC4g 331 201 19 101 1309 3431 03 8188 123 % 469 08 01 03 1 110

LCBT 3215 255 23 168 1689 3215 19 1232 252 448 1475 164 09 <01 62 110

Lc3c 316 n 169 101 1174 316 <01 9.2 10 319 24 <01 <01 <05 70

LC3B 2553 209 148 9 1065 2553 <01 1139 229 86 36.7 27 0.1 03 <05 80

LC2B 2908 222 162 105 1118 2908 0.1 572 138 49 3438 85 <01 <01 <05 70

LC1 3068 83 72 5.7 436 306.8 09 149 105 32 235 22 01 <01 <05 40
<0.1 or <0.5 - below detection limit

8

The Ga pattern is more irregular (Fig. 11). The highest representing mainly land-originated vitrinite macerals.

enrichment (EF=6.34) is meaiured in the manganiferous
shale, whereas the rest of samples display enrichment factor
just above 1.

DISCUSSION

PROVENANCE OF THE MINERAL
AND ORGANIC DETRITUS

The most important probiem is to separate the deiriial
maierial from the products of diagenesis and organic sup-
ply. The shales in the turbidite succession (Lhoty Forma-
tion) coniain a relatively small amount of organic matier

Glauconite and quartz grains are the second most frequent
and unquestionable type of redeposited material. The sort-
ing and addition of biogenic silica may significantly affect
the SiO2/Al203 ratio, which is used as provenance interpre-
tation (Roster & Grapes, 1990). A value of Si/Al raiio of
about 3 is considered to be an average ratio for terrigenous
sediments. Values greater than 3 are thoughtto be due to an
“excess” silica supply, probably of biogenic origin (Arthur
& Premoli-Silva, 1982). Except of ?bentonite (LC BT sam-
ple), the studied samples display values of Si/Alratio higher
than 3. Exiremely high ratio was estimated for siliceous
LC lsample ofthe Variegated Shales and Mn-rich LC 4 BG
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Fig. 8. PAAS-normalised concentrations of SiOz2, MnO, P20s,
Y, La, Ce in the studied samples. Dashed line correiponds to
PAAS (Taylor & McLennan, 1985)

Fig. 9. PAAS-normalised concentrations of K20 and large ion
lithophile trace elements: Rb, Pb in the studied samples. Dashed
line corresponds to PAAS (Taylor & McLennan, 1985)

sample. The higher negative correlation may be the effectof
predominance of biogenic silica, diluted by terrigenous par-
ticles as was eariier suggested by Bgk (2007a, b) for the
BRSF in the Silesian, Subsilesian and Skole units. The pres-
ence of siliceous tests and detritic quartz in the studied
samples was confirmed by thin section observation.

Basing on the absolute contents, the silica is associated
with the highest amounts of TiO2, Nb, Th and Zr. The con-
centrations of TiO2, Zr, Nb, Th and Ga, considered to be im-
mobile elements, vary mostly as a function ofbiogenic dilu-
tion in marine sediments and thus are inierpreted to be
largely detrital (Plank & Langmuir, 1998).

With respect to PAAS, the studied material is poor in
TiO2, Nb and Zr. Two samples only (LC &, LC 1) are en-
riched in TiO2, Nb and Zr that correlate with enhanced fre-
quency of detrital quartz. The amounts of Th and Ga in the
studied samples are similar to PAAS. Additionally, the
manganiferous LC 4BG sample is exiremely enriched in
Ga. Most ofsamples display enrichment factorjust above 1,
testifying to the small supply of detrital material.

According to Bak (2007b), an increase in fine detriial
input to the Carpathian basin occurred during latest Ceno-
manian. It is marked by positive exiuriions of Al/(Al+
Fe+Mn) and Rb/AIl profiles (Machhlour et al.,1994;
Wehausen & Brumsack, 1998). The fluvial input was domi-
nating, while the aeolian input might have been negligible,
as expressed by the low ratio of Ti/Al (Wehausen & Brum-
sack, 1998). The share of land-derived siliciclastic material
was fairly constant during the Cenomanian-Turonian Boun
-dary (CTB) interval.

Plank and Langmuir (1998) have showed strong corre-
lation between trace elements, including alkalis (K, Rb) and
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Fig. 10. PAAS-normalised concentrations of Fe203, MgO, and
trace elements: V, Ni, Cu, Zn in the studied samples. Dashed line
corresponds to PAAS (Taylor & McLennan, 1985)

lithology, and that their ratios are predominantly due to con-
tinental input. Contributions from volcanic sources can be
estimated using the K20/Rb ratio (Fig. 12). Low K20/Rb
ratios are typical of weathered sources (McLennan et al.,
1990), whereas high K20/Rb ratios are characteristic of
sediments rich in volcanoclastics or sediments that have
been aliered due to K metasomatism (Plank & Languir,
1998). The investigated samples have the K20/Rb ratio
simiiar to deiritus derived from the upper continental crust
(Chester, 1990; Fig. 12).

Fig. 11. PAAS-normalised concentrations of TiO2 and high
strength field trace elements: Zr, Nb, Th and Ga in the studied
samples. Dashed line corresponds to PAAS (Taylor & McLennan,
1985)

The coniinenial affinity of the studied samples can be
tested using the Y/Ni and Cr/V elemental ratios, which are
used to identify mafic sources (Hiscott, 1984). The studied
samples are very simiiar to PAAS (Fig. 13). However, a
mafic-ultramafic contribution can be excluded. Andreozzi
et al. (1997) have proposed a diagram basing on the con-
tents of some transition metals (V, Ni, Cr) and immobile el-
ements (Zr and Ti) to discriminate a possible volcanoclastic
or terrigenous contribution. The samples investigated plot
within the terrigenous field (Fig. 14).

These data correspond with earlier paradigm that silici-
clastic particles were supplied to the Outer Carpathian bas-
ins from the European Platform (e.g., Wieser, 1948; Burtan
et al., 1984; Bak, 2007 b).

The high contentofsilicamay indicate relative increase
in organic productivity in the latest Cenomanian-earliest
Turonian times. The numerous radiolarian-rich layers prob-
ably reflect upwelling circulation at the margin of the Car-
pathian Basin (Bak, 2006, 2007 a, b). The abundance of
radiolarians is linked to the marine organic matter enrich-
ment.

The amorphous macerals in the black shales of the
BRSF were identified as colovitrinite and altered bitu-
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Fig. 12. K20 vs. Rb diagram. The values of K2O/Rb ratio in the
studied samples are similar to that ofthe PAAS (McLennan et al.,
1990)

minite. The source maierial of bituminite is predominantly
phytoplanctonic and bacierial. To lower exient the bitumi-
nite is derived from zooplankion, cyanobacteria and other
organic material (International Committee for Coal Petrol-
ogy, ICCP, 1993; Tyson, 1995).

The changed proportion of land to marine organic mat-
ter was directly resulted by eustatic sea level rise, with max-
imum in the eariiest Turonian (Jacquin et al., 1998). This
event has caused a decrease in supply of siliciclastic mate-
rial to the Tethyan marginal basins and could promote in-
creased nutrient supply to surface waters that would have
supported increased productivity in epicontinental seas and
marginal deep basins (cf. Bak, 2007c).

The black shales of the BRSF display high concentra-
tion of Cd, Zn, V, Mo, Ag, As. An explanation of this phe-
nomenon could be marine-origin of the organic matier.
Biophile elements are absorbed by organisms and scav-
enged to sediment by organic matter. Cd, Ag and Se corre-
late with nutrient elements in sea-water and can accumulate
in the sediment primarily bound to organic carbon
(Ndung’u et al., 2001; Bruland, 1980). The black shales of
the Bonarelli-equivalent level analysed by Bak (2007 a, b,
c) reveal high values of the As/Al ratio. The author postu-
lated that part of organic matier could be of algae-deriva-
tion. Arsenic is absorbed by plankionic organisms (mainly
by algae) and accumulated within organic matter (France-
sconi & Edmonds, 1998 in Bak, 2007 c).

Cd and Ag as sulphide-forming metals can form the sta-
ble sulphides (Jacobs et al., 1985). The studied samples are
S enriched as well. It is possible, that S-reiated trace-ele-
ments could be incorporated into sediment during precipita-
tion of sulphides.

The mineral composition of the studied clay material is
correlative with other Cretaceous samples. Robert and
Chamley (1982) suggest that the clay-mineral composition
of the Cretaceous oceanic sediments is rather a function of
the primary source input. These authors came to the conclu-
sion that illite and chlorite were detrital in origin and indi-

Fig. 13. Cr/V vs. Y/Ni diagram. Ultramafic sources have low
Y/Ni and high Cr/V ratio, contrary to granitic where Y/Ni is high
and low Cr/V raiio. Samples are disiributed close to the PAAS
end-member

cate the periods of intense physical erosion, whilst smectite
might evidence climatic condition or volcanic activity suit-
able for neoformation of clay minerals (Chamley, 1989). In
Spain, the Early Cretaceous succession are rich in kaolinite
and illite. High amount ofkaolinite suggests that the deposit
was formed under warm, wet condition favourable to chem-
ical wathering of acidic rocks. Towards the top, the amount
of smectite increases gradually. The increase in smectite
indicates influence of the Cenomanian transgression
(Chamley, 1989).

Fig. 14. Discrimination diagram (Andeozzi et al., 1997) showing
that the samples are mostly derived from terrigenous supply
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Clay mineral composition of the investigated samples
suggests that the Lhoty Formation is enriched in illite and
kaolinite, probably terrigenous-derived, whereas the shales
ofthe BRSF consistmainly of smectite-rich phases. Mineral
composition of the bentonites in the CTB inierval succes-
sion has been studied by Koszarski et al. (1962), Burtan &
Turnau-Morawska (1978), and Bak (2006). They exhibit
analogous peirology and deicribe the same igneous pro-
vinces.

Hoffman and Hower (1979) have proposed smectite
percentage in illite-smectite in shales to be a palaeogeother-
mometer. They concluded the onset of illitisation at 60°C,
therefore high share of smectite in the investigated illite -
smectite might indicate a low-temperature diagenesis.

DIAGENESIS

The diagenetic processes have affected the sediment
studied. They are evidenced by alteration of organic matter,
as well as geochemical (relation between REE, Mn, P20s5)
and mineralogical (pyrite and clay minerals, ferromanga-
nese nodules) imprints.

During diagenesis, the bituminite material becomes thin
banded or fine grained and increasingly vitrinite-like (meta-
bituminite after Teichmiller & Ottenjann, 1977 and micri-
nite afier ICCP, 1993). The metabituminite might be more
accurate for the characterization of the coalification resi-
dues of bituminite. Such macerals were interpreted by
Stasiuk (1993) as products of degradation and microbial al-
ternation of marine organic matier, both within the waier
column and the sediment.

The high REE concentrations might be a combined ef-
fect of the occurrence of Mn-oxyhydroxides (MnO-rich
sediments scavenge Ce4+) and fish debris (high P20s5 sedi-
ments inherit negative Ce anomaiies) in the areas of slow
peiagic sedimeniation (Plank & Langmuir, 1998; Reynard
et al., 1999). None ofthe above processes have affected the
analysed sediment. Consequently, REE were redistributed
in sediments during diagenesis (Rasmussen, 1996; Rasmus-
sen etal., 1998; Lev etal., 1998, 1999) and this overprintis
related with the presence of secondary minerals, such as
phosphates and sulphur minerals. It seems to be the most
probable explanation for LC 5B and LC 5M samples that
are MnO depleted but enriched in REE, P20s5 and S.

Diagenetic origin of the ferromanganese nodules was
presented by Bak (2006, 2007a-d). Some chemical indices
ofthe Fe-Mn layers were studied in detail in the representa-
tive sections of the Subsilesian and Skole nappes. The first
Fe-Mn layer displays features of hydrogenous to diagenetic
sediment, while the second one has feaiures of hydroiher-
mal deposit (Bak, 2007 c, d).

Pyrite in the internal part of rhomboedric pseudo-
morphs occurs as massive, irregular aggregates. Large octa-
hedral crystals (average 20 pm in diameter) appear within
the light-coloured samples. They precipitated in sediments
underlying oxic water column (diagenetic; Wignall & New-
ton, 1998). Conirary to thin framboidal (up to 10 pm in
diameter) pyrite within the black shales. Framboids that are
on the average smaller and less variable in size was formed

in the euxinic waier column (syngenetic; Raiswell & Ber-
ner, 1985; Wignall & Newton, 1998).

CONCLUSIONS

The major and trace element geochemistry of the silici-
clastic and hemipelagic sediments ofthree lithostratigraphic
units: Lhoty Formation, Barnasiowka Radiolarian Shale
Formation and Variegated Shales from Lanckorona area,
Polish Outer Carpathians suggests a largely continental
source. A biogenic siiiceous source is recognised for the
portion ofthe Lhoty Formation and the BRSF ofthe studied
succession. The inputofmarine organic matter into deposits
ofthe middle part of BRSF isvery important as well. There-
fore, it can be concluded that the supply of material to the
clay- rich layers of the Lhoty Formation, BRSF and Varie-
gated Shales sampled in the Lanckorona area are mainly de-
rived from two major inputs. The first is a dominant terri-
genous fine-grained component, having affinity with the
average upper continental crust. The second component of
the source is a marine-derived biogenic material (silica and
organic substances - metabituminite).

The studied sediment was diagenetically altered. The
following data are evidencing these conclusions: coalifi-
cation of bituminite, low-temperaiure illitisation of smec-
tite, precipitation of secondary minerals such as phosphates
and sulphides, formation of ferromanganese nodules.
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