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Abstract: The provenance and diagenesis of the siliciclastic and hemipelagic sediments of three lithostratigraphic 
units: Lhoty Formation, Barnasiówka 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 O uter Carpathian basins were situated during Cre
taceous tim es betw een the converging European continent 
and the Inner Carpathian plate (Oszczypko, 1999; Golonka 
et al. 2000, 2008b). D uring its opening and post-rift subsi
dence (Late Jurassic-E arly  Cretaceous), the Silesian Basin 
was filled w ith calcareous turbidites followed by siliciclas
tic turbidites and hem ipelagic shales (Oszczypko 2004). 
The siliciclastic and biogenic m aterials w ere supplied from 
two m ain sources: the European Platform  and the Silesian 
Cordillera (e.g., W ieser, 1948; Burtan et al., 1984; Bąk, 
2007b).

During the A lbian-C enom anian (Gedl, 2001; B ąk et 
al., 2005, G olonka et al., 2008b) turbidite com plexes o f  the 
Lhoty Form ation were deposited in the axial part o f  the b a
sin. A  low  and decreasing rate o f  sedim entation (20-40 
m /M y) was characteristic for the Silesian Basin (Poprawa et 
al., 2002). The Lhoty Form ation deposition took place dur
ing relatively low  sea level and was controlled by a post-rift 
therm al subsidence (Popraw a et al., 2002; N em cok et al., 
2001). The Barnasiów ka Radiolarian Shale Form ation 
(BRSF) is developed as the green radiolarian shales and ra-

diolarites, intercalated w ith black shales containing bento
nites and ferro-m anganiferous concretions and layers 
(Książkiewicz 1951; Koszarski & Slączka, 1973; B ąk et al., 
2001; Bąk, 2006, 2007a-d). The BRSF was deposited dur
ing the Late Cenom anian-Early Turonian under high-stand 
sea level condition (Bąk, 2007a). It is overlain by  the Turo
nian V ariegated Shales (VS) that repre ten t a product o f 
deep-sea hem ipelagic sedim entation (Koszarski & Slączka, 
1973). The hydrotherm al activity could develop during the 
A lbian m axim al extension o f  continental crust and lasted at 
least through the Turonian (Burtan & Turnau-M orawska, 
1978; G ucw a & W ieser, 1978; G eroch et al., 1985; Bąk, 
2006, 2007a-d).

The present paper shows results o f  m ineral ogical and 
geochem ical investigation o f  hem ipelagic sedim ents to indi
cate the provenance o f  the m ineral and organic detritus and 
diagenetic changes o f  the sediment. Pel agic sedim ent for
m ation is affected by m any processes, includtng detrital 
supply from  continental areas as w ell as hydrotherm al and 
biological activity, and diagenesis (Chester, 1990). Chem i
cal records o f  the environm ental 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 Żytko et al., 1989); C. De
tailed division of the Silesian and Subsilesian units in the Lanckorona region (after Książkiewicz, 1977)

m anian-T uronian  transition in  the Polish Carpathians were 
presented earlier by  B ąk (2006, 2007a-d). The m ain objec
tives o f  this study is presentation o f  new  data w ith correla
tion to that previous.

GEOLOGICAL SETTING

The Poltsh C arpathitns are part o f  the great arc o f  
m ountains stretchtng for m ore than 1300 km. The Polt sh 
part o f  the O uter Carpathians consists o f  stacked nappes and 
thrust-sheets, such as the Subsilesian, Silesian, Skole, 
D ukla and M agura N appes (Fig. 1; Książkiewicz, 1977).

The presented paper concerns the sediments o f  the Sile
sian N appe, w hich w ere deposited in the Subsilesian-Sile- 
sian Basin (Severinic-M oldavidic sensu  Slączka, 2006) 
from  Late A lbian to Early Turonian (Książkiewicz, 1962). 
The samples repr es ent siliciclastic and hem ipelagic sedi - 
m ents o f  three lithostratigraphic units: turbiditic Lhoty F or
m ation (sensu  G olonka et al., 2008a, previously know n as 
Lgota Beds, e.g. B ieda et al., 1963), Barnasiów ka R adiola
rian Shale Form ation (BRSF; sensu  Bąk et al., 2001) and 
V ariegated Shales.

The section studted is located in  w estern part o f  the 
Silesian Nappe, w ithin the Lanckorona Foothills, about 30 
km  south-w est from  K raków  (Fig. 1). The m ain outcrop is

situated in  the banks o f  a small creek, a right tributary o f  the 
Cedron stream. This section is small and strongly folded. 
The studi ed succession appears in  reverse order and con
tains num erous tectonic hiatuses.

The oldest sediments exposed in the northern part o f  
studied section belong to the Barnasiów ka Radiolarian 
Shale Formation. They are represented by  black and green, 
siliceous shales (Fig. 2E) w ith intercalations o f  bentonites 
and ferrom anganese horizons (up to 5 cm  thick) (Figs 2C, 
D; 5A). The thickness o f  these strata amounts to about 5 m. 
Further, upw ards the succession a com plex o f  red and 
greeni sh grey thin- and m edium -bedded sil iceous shales 
w ith thin intercalations o f  glauconitic sandstones and green
ish cherts is exposed (Fig. 2A, B). This part is about 3.8 m  
thick and belongs to the U pper Cretaceous Variegated 
Shales.

W hen going tow ards the south, upw ard the hill, the old 
quarries o f  the M iddle and U pper Lhoty Form ation occur. 
The M iddle Lhoty Form ation consists m ostly o f  thin-and 
m edium -bedded siliceous dark-grey sandstones. They are 
int erbeded w ith black, grey and spotty, lightly-calcareous 
shales (Fig. 3A -D ). The upper division o f  the Lhoty Form a
tion, nam ed the M ikuszowice Chert M em ber (Szajnocha, 
1884 in  Golonka et al. 2008b; B ieda et al., 1963) is repre
sented by medium- and thick-bedded (about 50 cm) sand
stones w ith blui sh cherts in  the m iddle and upper parts o f  
layers intercalated w ith 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; Barnasiówka 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. The Middle Lhoty Formation; A-D. Thin- and medium-bedded siliceous dark-grey sandstone interbedded with black, grey and 
spotty, low-calcareous shales

MATERIALS AND METHODS

M icrostructures and organic petrological indices in  15 
samples using m icroscopic observation (Nicon ECLIPSE, E 
600 POL; transm itted and reflected light) w ere examined.

The samples w ere studied by X -ray diffraction (XRD) 
both as bulk rocks and in <0.2 qm  fractions separated from 
these rocks. The pelitic fractions <0.2 qm  w ere separated 
using the com plete Jackson (1975) procedure, applied in  o r
der to dissolve carbonates and rem ove organic m att er and 
iron oxi des. They w ere studi ed as oriented prepar at ions, 
sedim ented on glass slides, both  in air- dry and ethylene 
glycol saturated form. A  Philips diffractom eter, equipped 
w ith a Cu lamp, and a m onochrom ator were used.

The identification o f  clay m inerals follow ed the m ethod 
outlined by  M oore and Reynolds (1997). M ixed-layer illite- 
smectite and smectite w ere identified in  glycolated prepara
tions using the positions o f  appropriate pairs o f  basal reflec
tions (Środoń, 1980, 1984; Dudek & Środoń, 1996).

The am ounts o f  maj or oxides w ere determ ined in 15 
samples using an inductively coupled plasm a -  optical 
emission spectrom etry (ICP-OES). Trace-elem ent were de
term ined by the inductively coupled plasm a -  m ass spec
troscopy (ICP-M S) using a Perkin Elm er Elan 6000 ICP at 
the ACM E A nalytical Laboratories, LTD, in  Vancouver, 
Can ada.

The enrichm ent factors (EF) for maj or and trace ele i 
ments relative to the Post-Archean A ustralian Shale (PAAS, 
Taytor & M cLennan, 1985) w ere used in  the discussion. 
The values o f  enrichm ent factor are calcutated as foltows 
(* according to Taylor & M cLennan (1985):

(element content/Al content) sample /(elem ent content /  
A l content) p a a s*

RESULTS

MINERALOGY AND PETROLOGY

The X RD  patterns o f  w hole-rock analysed samples 
show that, in general, they (Lhoty Formation, BRSF and 
V ariegated Shales) are rich in quartz, associated w ith clay 
minerals, and contain small amounts o f  feldspar. Calcite is 
present in  the Lhoty Form at ion samples and rarer w ithin 
shales o f  the BRSF, absent in  the V ariegated Shales.

U pw ard the succession, from  the M iddle Lhoty Form a
tion through the V ariegated Shales, the quartz content in 
creases. The clay m ineral com posit ion vari es slightly and 
consists m ainly o f  illite and m ixed layers illite/smectite 
(I/S). The content o f  iltitic layers in the I/S range between 
10 and 60%. The Lhoty Fm. siltstones contain the lowest 
amounts o f  smectite, while the clayey shales o f  the BRSF 
are enriched in  it. The highest am ounts o f  smectite occur 
w ithin the volcanoclastic layers in  the BRSF (about 80%). 
K aolinite is the associating clay m ineral in the shales o f  the 
M iddle Lhoty Fm. U pw ard the section, kaolinite content de
creases. It finally disappears in  the low er part o f  the V arie
gated Shales. Chlorite has been recognized in  m inor am ount 
w ithin the M iddle Lhoty Form ation only.

Observations o f  thin-section o f  green-grey shales 
(within both: Lhoty Form ation and BRSF) reveal the wavy- 
and parallel lam ination (Fig. 5D). The ichnofossils are also 
noted (Fig. 5B). The burrow s are enriched in  organic matter, 
w hich is usually astociated  w ith 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 o f  glauconite, quartz, m ica 
and organic detritus (cell-structured macerals, e.g. semifus- 
inite) are dispersed w ithin argillaceous matrix.
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The parallel lam ination occurs w ithin b lack shales 
(within both: Lhoty Form ation and BRSF). It is em phasised 
by  abundant organic m atter (Fig. 5C) represented by a dark, 
am orphous substance and terrestrial detritus (Fig. 5E-H ). 
The samples include very  rare radiolarian tests as the only 
biotic com ponent. Pyrite occurs as very thin framboids and 
crystals. The size o f  both  varies from  5 to 12 pm, where p re
dom inately 8  -  10 pm  in diam eter (Fig. 5E, H).

The m anganiferous horizon, 2 -5  cm  thick occurs 
w ithin the siliceous shales o f  the BRSF. It overlies the pack
age o f  b lack and green clayey shales w ith  bentonite interca
lation. The M n-Fe layer contains m any concentrically zoned 
nodules that are less than 3 cm  in size. The nodules are built 
o f  greenish core and outer black rim  (Fig. 6 A). The thin- 
section im ages exhibit the presence o f  num erous rhombohe- 
dric pseudom orphs (50 pm  in size on average) dispersed 
w ithin silica (cryptocrystalline chalcedony) adm ixed with 
clay m inerals m airix (Fig. 6 B). In the iniernal part o f  the 
nodules, sili ca adopts rhom bohedral shape whereas rhom- 
bohedra o f  the outer crust are infilled by the Fe and Mn 
oxy-hydroxides (Fig. 6 C, E). The pseudom orphs from  the 
ext ernal part o f  the nodules cont ain m assive aggregates o f  
pyrite (Fig. 6 D).

The studied V ariegated Shales overlying the BRSF are 
repr es ented by sil iceous red and green shales w ith thin- 
bedded sandstones. The shales are clayey, barren o f  deiri- 
tus. The fine-grained intercalations consist o f  quartz, mica, 
feldfpars and glauconite. Some sandstone layers are en - 
riched in Fe-M n oxy-hydroxides.

GEOCHEMISTRY

The relatively low  am ounts o f  the m ajor oxides (Fe2 O 3 

and M nO, M gO, CaO, TiO 2 , N a2 O, K 2 O) have been 
determ ined in the samples studied (Tab. 1). Their amounts 
are low er (occasionally simiiar) than that in  PAAS. Only 
SiO2 contents are w ell above the SiO 2 conten t o f  PAAS 
(62.8 wt. %; Taylor & M cLennan, 1985). The am ount o f  sil
ica in  the seiected samples o f  the BRSF and Variegated 
Shales is higher than in others. The m anganiferous sample 
(LC 4BG), despite its low  SiO 2 content (43.82 wt. %) has a

high SiO 2 (2.83) enrichm ent facior (EF) because o f  low 
Al2 O 3 content (4.66 wt. %).

In the SiO2 vs. A l2 O 3 diagram  (Fig. 7), the studied sam
ples display negative correlation betw een these oxides. The 
m ajority o f  samples show sim ilar SiO2/A l2O 3 ratio (5 in av
erage, w ithout m anganiferous samples). They are located in 
a small field approxim ately along one trend-line. The ex
ception is Fe-M n sample (LC 4BG) that is out o f  general d i
rection due to low content o f  SiO2 and A l2 O 3 .

MnO, P2O5, Y, La, Ce
The distributions o f  these elements are irregular (Tab. 

1; Fig. 8 ). The Lhoty Form ation seem to be more enriched 
in upper part than in low er -  it m ight be connected w ith li- 
thology. The m ost enriched samples from  the U pper Lhoty 
Form ation contain abundant detritus.

In general, itrum  contents vary  beiw een 13.2 and 39 
ppm  in the samples studied, w hereas in  the PAAS it yields 
27 ppm. Therefore, (EF)y  values vary from  0.65 to 5.87. 
The m anganiferous sample (LC 4BG) is the m ost enriched 
in Y. The high Y  concentration w as also noted in  the 
M n-rich sandstone o f  the V ariegated Shales (LC 1).

The La contents differ w ithin narrow  range; they equal 
to 30 ppm  in average, w ith m axim um  in the volcanoclastic 
samples (LC BT). N evertheless, the highest values o f  en
richm ent factor are noted in  the LC 1 and LC 4BG  samples 
(EF are 2.58 and 3.36).

The absoiute contents o f  cerium  are low  w ith a small 
rise in the M n-rich LC 4BG  and ?volcanoclastic (LC BT) 
samples from  the BRSF. The enrichm ent factor variety 
shows sim ilar pattern like La and Y. Their values do not ex
ceed unity, except o f  the LC 4 BG  and LC 1, where EF 
amounts to 3 and 6.37 respectively. W orth to note that ele
vation o f  the EF values in both samples is affected by low 
percentage o f  A l2 O 3 .

The enrichm ent o f  Y, La and Ce corieiates w ith  in 
creasing concenirations o f  M nO and P2 O 5 . The BRSF and 
V ariegated Shales are enriched o f  M nO and P2 O 5 obvi~ 
ously. The highest cont ent o f  oxi des charact eri ses the LC 
4BG and LC 1 sample. The LC 4B and LC 3 samples ex
hibit the m oderate enrichment.
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Fig. 5. Middle part of the Barnasiówka 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, II nicols); C. Microfacies of paral
lel-laminated black siliceous shale including detritic grains (LC 5B sample, TL, II nicols); D. Parallel lamination and passage from green 
to black shales (LC 5G sample, TL, II nicols); E-H. Organic particle -  vitrinite maceral (OM), pyrite (PY; LC 5B sample, RL)

K2O and large ion lithophile trace elements: Rb, Pb
The percentage o f  K2O and Rb varies in  broad extent. 

M ost o f  samples are ju s t below  PAAS. Therefore, the sam 
ples have enr ichm ent factors beiow  unity  (Fig. 9). The 
?volcanoclastic sediments o f  the BRSF contain the highest 
am ounts o f  K2O and Rb and display the strongest similarity 
to PAAS. In contrast, the m anganiferous LC 4BG and LC 1 
samples repiesent the poorest sediment. They seem to be 
relatively enriched in  K 2 O and Rb (EF >1), but it is a result 
o f  low  Al2O3 cont ent. In general, the K2O cont ents corre
late w ith Rb (r2 equals 0.9) and K 2O/Rb ratio is constant -  it 
am ounts to 0.02, like PAAS (Fig. 12).

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

M oreover, corfe-ation beiw een Pb, Cu, V  frequency 
and concentration o f  organic m atier (OM ) and S has been 
recognized (Fig. 10). The samples enriched o f  OM  and/or S 
contain higher am ounts o f  metals.

F e2O3, MgO, and S-related trace elements: Ag, As, Cd, 
Co, Cu, Mo, Ni, Se, V, Zn

The average am ounts o f  M gO are low  in the Lhoty For
m ation and higher in  the upper part o f  the section. W ithin 
the BRSF and V ariegated Shales, the amounts o f  M gO dif
fer beiween 0.8 and 2.56%. The m anganiferous samples 
(LC 4 BG and LC 1) cont ain the low est am ount o f  MgO, 
w hile in  the volcanoclastics (LC BT and LC 5G) percentage 
o f  M gO is the highest. Finally, the enrichm ent factor closes 
to unity in the Lhoty Form ation and slightly passes 1 in  the 
upper part o f  the section (BRSF and V ariegated Shales; Fig. 
10).

The distribution o f  the absolute content and enrichment 
factors for Fe2 O 3 is analogous. The values increase upw ard 
to spike in the m anganiferous sample (EF is 4.8) and de
crease again below  1 in  upper BR SF/V ariegated Shales.

The absolute contents o f  S-related elements vary  along 
the section erratically. The Lhoty Formation samples are 
poor in  S and contain small amounts o f  Ni, Co, Zn, Mo as 
well. Their enrichm ent factor does not exceed unity (Fig. 
10). V anadium  contents are close to these for PAAS. Only 
copper concentrations are higher w ith respect to PAAS.



DIAGENESIS OF SILICICLASTIC AND ORGANIC MATERIAL, OUTER CARPATHIANS 59

Fig. 6. The ferromanganese horizon overiymg the organic-rich facies within the Barnasiówka 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, N i, Cu, Zn and Mo (Se, As, Cd). This formation 
consists o f  O M -rich b lack shales, where trace element 
m ight be trapped by OM  and S. The enrichm ent in Co, Ni, 
(Ag, Cd) was noted in  the m anganiferous sample LC 4BG, 
barren o f  S (Fig. 10). The enrichm ent in Co, Mo, Zn, N i, As, 
Se occurring in the benionite sample (LC BT) correiates 
w ith presence o f  S.

In the V ariegated Shales, contents o f  trace elements and 
S dim inish again. They resem ble samples o f  the Lhoty For
mation.

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

Absolute contents o f  TiO 2 in  the samples studied are 
generally low er than those for PAAS, thus enrichm ent fac
tors for TiO 2 are usually below  unity (Fig. 11). In detail, the 
Lhoty Form ation samples consist o f  higher am ounts o f  TiO 2 

that decrease upw ard the succession. Surprising is the peak 
for LC BT. The m inim al percentage was noted in  the 
m anganiferous samples o f  the BRSF (LC 4BG) and V S (LC 
1). The second one is sandstone im poverished o f  A l2 O 3 , 
thus it shows relatively high EF about 1. The behaviour o f

TiO 2 is sim ilar to N b and Th, and partly correlates w ith  zir
con. The LC 1 sample is exirem ely enriched due to both 
h igh am ount o f  Zr and low  am ount A l2 O 3 .

0  -i----------------------------------------- 1------------------------------------------1

0 100 
S i0 2

Fig. 7. SiO2 vs. Al2O3 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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M ajor and trace elem ent chem istry for the A lb ian-L ow er Turonian sediments from  the Lanckorona area, Silesian N appe
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Element SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO S Th U V Zr Y La Ce
Samples % % % % % % % % % % % ppm ppm ppm ppm ppm ppm ppm

LCL 1 64.84 12.58 3.26 1.3 4.08 0.22 2.7 0.64 0.09 0.03 <0.01 10.1 3.1 120 125.9 16.3 28.6 45.8

LC L 2 69.8 14.2 2.65 1.07 0.93 0.2 2.37 0.54 0.06 0.01 <0.01 11.4 2 101 83.9 13.2 23.9 46

LCL 3 69.84 14.59 2.56 1.14 0.72 0.21 2.42 0.57 0.05 0.02 0.01 11.3 2.1 97 98.3 14.8 25 51.7

LC 7 64 18 3.2 1.23 0.5 0.3 3.4 0.71 0.07 0.03 0.03 13.2 2.4 119 122.6 16.7 28 57.5

LC 6 66.17 16.3 3.9 1.3 0.5 0.3 3.03 0.6 0.08 0.04 0.01 13.2 1.9 114 99.9 17.1 24.5 52.7

LC 5B 70.48 11.52 3.41 1.75 0.73 0.23 2.46 0.42 0.13 0.04 0.43 8.6 3.1 196 61.9 23.8 24.4 59.1

LC 5G 60.8 16.56 5.07 2.56 0.78 0.28 3.63 0.59 0.1 0.04 0.47 13.1 4 175 82.9 21.1 31.4 73.7

LC 5M 67.4 12.26 4.75 1.79 0.49 0.23 2.7 0.45 0.13 0.03 1.25 10 4 263 66.9 24.4 27.5 64.6

LC 4BG 43.82 4.66 7.67 0.72 0.28 0.08 1.41 0.15 0.21 26.6 0.01 3.3 2.9 134 25.6 39 31.4 125.3

LC 4B 65.4 13.54 4.75 1.99 0.71 0.21 3.22 0.5 0.18 0.27 0.01 11.5 2.4 705 71.3 33.7 34.9 74.2

LC BT 55.23 19.9 5.04 2.5 0.77 0.28 4.05 0.78 0.09 0.05 0.31 16.5 4.8 207 108.4 26.3 39.2 87.4

LC 3G 68.23 11.01 2.53 1.57 3.22 0.18 2.39 0.44 0.09 0.13 0.01 8.6 1.8 78 80.1 19.8 27.2 64.6

LC 3B 69.54 12.9 3.35 1.89 0.8 0.24 2.83 0.51 0.09 0.07 0.01 8.7 1.8 137 73.5 20 26.5 60.8

LC 2B 69.49 12.74 2.91 1.77 0.78 0.22 2.64 0.52 0.07 0.08 0.01 10.1 1.7 93 77.6 14.8 25.7 49.5

LC 1 83.06 5.59 2.96 0.82 0.68 0.56 1.04 0.31 0.21 0.7 0.01 8.6 2.4 42 262.7 35 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 ppm ppm ppm ppm ppm ppm ppm ppm

LCL 1 313.8 10.4 12.8 13.6 109.1 313.8 0.4 55.2 14.5 45 33.1 4.7 0.1 <0.1 <0.5 90

LC L 2 244.5 6.6 17.1 10.9 94.2 244.5 0.4 100.2 20.3 42 20 3.7 <0.1 <0.1 0.5 70

LCL 3 241.3 6.2 16.7 11.1 97.4 241.3 0.2 100 17.2 44 18.5 1.7 <0.1 0.1 <0.5 70

LC 7 364.7 6.4 3.7 14.7 142.2 364.7 0.1 52.2 18.2 36 19.8 32 0.1 0.1 <0.5 82

LC 6 259.3 11.4 19.8 14.1 119.6 259.3 0.2 129.5 25.2 62 50.8 5.1 0.9 0.1 <0.5 82

LC 5B 275.6 12.4 17.7 7.7 101.7 275.6 1.7 151.9 20 240 52.8 10.1 2 0.8 4 100

LC 5G 293.7 24.7 24.7 12.3 160.7 293.7 0.4 92 24.1 193 89.7 16.9 0.6 <0.1 1.3 90

LC 5M 316.1 18.1 19 9.2 122.8 316.1 10.6 182 25.8 1346 59.6 28.4 4.3 1.2 12.7 110

LC 4BG 3098.9 91.7 31.2 2.7 65.2 3098.9 12.6 290.1 53.8 663 238.3 8.7 4.2 14.5 0.8 30

LC 4B 343.1 20.1 19 10.1 130.9 343.1 0.3 818.8 123 35 46.9 0.8 0.1 0.3 1 110

LC BT 321.5 25.5 23 16.8 168.9 321.5 1.9 123.2 25.2 448 147.5 16.4 0.9 <0.1 6.2 110

LC 3G 316 11 16.9 10.1 117.4 316 <0.1 95.2 10 58 31.9 2.4 <0.1 <0.1 <0.5 70

LC 3B 255.3 20.9 14.8 9 106.5 255.3 <0.1 113.9 22.9 86 36.7 2.7 0.1 0.3 <0.5 80

LC 2B 290.8 22.2 16.2 10.5 111.8 290.8 0.1 57.2 13.8 49 34.8 8.5 <0.1 <0.1 <0.5 70

LC 1 306.8 8.3 7.2 5.7 43.6 306.8 0.9 14.9 10.5 32 23.5 2.2 0.1 <0.1 <0.5 40
<0.1 or <0.5 -  below detection limit

The G a pattern is more irregular (Fig. 11). The highest 
enr ichm ent (EF=6.34) is m eaiured in the m anganiferous 
shale, whereas the rest o f  samples display enrichm ent factor 
ju s t above 1.

DISCUSSION
PROVENANCE OF THE MINERAL 

AND ORGANIC DETRITUS

The m ost important probiem  is to separate the deiriial 
m aierial from  the products o f  diagenesis and organic sup
ply. The shales in  the turbidite succession (Lhoty Form a
tion) coniain a relatively small am ount o f  organic m atier

representing m ainly land-originated vitrinite macerals. 
G lauconite and quartz grains are the second m ost frequent 
and unquestionable type o f  redeposited material. The sort
ing and addition o f  biogenic silica m ay significantly affect 
the SiO 2 /A l2 O 3 ratio, w hich is used as provenance interpre
tation (Roster & Grapes, 1990). A  value o f  Si/Al raiio o f 
about 3 is considered to be an average ratio for terrigenous 
sediments. V alues greater than 3 are thought to be due to an 
“excess” silica supply, probably o f  biogenic origin (Arthur 
& Premoli-Silva, 1982). Except o f  ?bentonite (LC BT sam 
ple), the studied samples display values o f  Si/Al ratio higher 
than 3. Exirem ely high ratio w as estim ated for siliceous 
LC 1 sample o f  the V ariegated Shales and M n-rich LC 4 BG
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Fig. 8. PAAS-normalised concentrations of SiO2 , MnO, P2O5 , 
Y, La, Ce in the studied samples. Dashed line correiponds to 
PAAS (Taylor & McLennan, 1985)

Fig. 9. PAAS-normalised concentrations of K2O 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 m ay be the effect o f 
predom inance o f  biogenic silica, diluted by terrigenous par
ticles as was eariier suggested by Bąk (2007a, b) for the 
BRSF in the Silesian, Subsilesian and Skole units. The pres
ence o f  siliceous tests and detritic quartz in the studied 
samples w as confirm ed by thin section observation.

Basing on the absolute contents, the silica is associated 
w ith the highest am ounts o f  TiO 2 , Nb, Th and Zr. The con
centrations o f  TiO 2 , Zr, N b, Th and Ga, considered to be im 
mobile elements, vary m ostly as a function o f  biogenic d ilu
tion in  marine sedim ents and thus are inierpreted to be 
largely detrital (Plank & Langm uir, 1998).

W ith respect to PAAS, the studi ed m at erial is poor in 
TiO 2 , N b and Zr. Two samples only (LC 6 , LC 1) are en
riched in  TiO 2 , N b and Zr that correlate w ith enhanced fre
quency o f  detrital quartz. The am ounts o f  Th and G a in  the 
studied samples are sim ilar to PAAS. Additionally, the 
m anganiferous LC 4BG  sample is exirem ely enriched in 
Ga. M ost o f  samples display enrichm ent factor ju s t above 1, 
testifying to the small supply o f  detrital material.

A ccording to B ąk (2007b), an increase in fine detriial 
input to the Carpathian basin occurred during latest Ceno- 
manian. It is m arked by  positive ex iu riions o f  Al/(Al+ 
Fe+M n) and Rb/Al profiles (M achhlour et al.,1994; 
W ehausen & Brumsack, 1998). The fluvial input w as dom i
nating, while the aeolian input m ight have been negligible, 
as expressed by the low ratio o f  T i/A l (W ehausen & Brum- 
sack, 1998). The share o f  land-derived siliciclastic material 
was fairly constant during the Cenom anian-Turonian Boun 
-dary (CTB) interval.

P lank and Langm uir (1998) have show ed strong corre
lation betw een trace elements, including alkalis (K, Rb) and
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Fig. 10. PAAS-normalised concentrations of Fe2O3 , 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 predom inantly due to con
tinental input. Contributions from  volcanic sources can be 
estim ated using the K 2 O/Rb ratio (Fig. 12). Low  K 2O/Rb 
ratios are typ ical o f  w eathered sources (M cLennan et al., 
1990), w hereas high K 2 O/Rb ratios are characteristic o f 
sediments rich in  volcanoclastics or sediments that have 
been aliered due to K  m etasom atism  (Plank & Languir, 
1998). The investigated samples have the K 2 O/Rb ratio 
sim iiar 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 o f  the studied samples can be 
tested using the Y /N i and Cr/V  elemental ratios, w hich are 
used to identify m afic sources (Hiscott, 1984). The studied 
samples are very sim iiar to PAAS (Fig. 13). However, a 
m afic-ultram afic contribution can be excluded. Andreozzi 
et al. (1997) have proposed a diagram  basing on the con
tents o f  some transition m etals (V, Ni, Cr) and imm obile el
ements (Zr and Ti) to discrim inate a possible volcanoclastic 
or terrigenous contribution. The samples investigated plot 
w ithin the terrigenous field (Fig. 14).

These data correspond w ith earlier paradigm  that silici- 
clastic particles were supplied to the O uter Carpathian bas
ins from  the European Platform  (e.g., W ieser, 1948; Burtan 
et al., 1984; Bąk, 2007 b).

The high content o f  silica m ay indicate relative increase 
in organic productivity in  the latest C enom anian-earliest 
Turonian times. The num erous radiolarian-rich layers p rob
ably reflect upw elling circulation at the m argin o f  the Car
pathian Basin (Bąk, 2006, 2007 a, b). The abundance o f  
radiol ari ans is linked to the m arine organic m atter enrich
ment.

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

minite. The source m aierial o f  bitum inite is predom inantly 
phytoplanctonic and bacierial. To low er exient the bitum i
nite is derived from  zooplankion, cyanobacteria and other 
organic m aterial (International Com mittee for Coal Petrol
ogy, ICCP, 1993; Tyson, 1995).

The changed proportion o f  land to m arine organic m at
ter was directly resulted by eustatic sea level rise, w ith m ax
im um  in the eariiest Turonian (Jacquin et al., 1998). This 
event has caused a decrease in supply o f  siliciclastic m ate
rial to the Tethyan m arginal basins and could prom ote in
creased nutrient supply to surface waters that w ould have 
supported increased productivity in epicontinental seas and 
m arginal deep basins (cf. Bąk, 2007c).

The black shales o f  the BRSF display high concentra
tion o f  Cd, Zn, V, Mo, Ag, As. A n explanation o f  this phe
nome non could be marine-origin o f  the organic matier. 
B iophile elements are abs orbed by organi sms and scav
enged to sedim ent by organic matter. Cd, A g and Se corre
late w ith nutrient elements in  sea-water and can accumulate 
in the sedim ent prim arily bound to organic carbon 
(N dung’u  et al., 2001; Bruland, 1980). The b lack shales o f 
the Bonarelli-equivalent level analysed by B ąk (2007 a, b, 
c) reveal high values o f  the A s/A l ratio. The author postu
lated that part o f  organic m atier could be o f  algae-deriva- 
tion. Arsenic is absorbed by  plankionic organism s (mainly 
by algae) and accum ul ated w ithin organic m atter (France- 
sconi & Edmonds, 1998 in Bąk, 2007 c).

Cd and A g as sulphide-form ing m etals can form  the sta
ble sulphides (Jacobs et al., 1985). The studied samples are 
S enr iched as well. It is possible, that S-reiated trace-ele- 
m ents could be incorporated into sedim ent during precipita
tion o f  sulphides.

The m ineral com position o f  the studied clay m aterial is 
correlative w ith other Cretaceous samples. Robert and 
Cham ley (1982) suggest that the clay-m ineral com position 
o f  the Cretaceous oceanic sediments is rather a function o f 
the prim ary source input. These authors came to the conclu
sion that illite and chlorite w ere 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 o f  intense physical erosion, w hilst smectite 
m ight evidence climatic condition or volcanic activity suit
able for neoform ation o f  clay m inerals (Chamley, 1989). In 
Spain, the Early Cretaceous succession are rich in  kaolinite 
and illite. H igh am ount o f  kaolinite suggests that the deposit 
was formed under warm, w et condition favourable to chem 
ical w athering o f  acidic rocks. Towards the top, the amount 
o f  smectite increases gradually. The increase in  smectite 
indicates influence o f  the Cenom anian 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 m ineral com position o f  the investigated samples 
suggests that the Lhoty Form ation is enriched in  illite and 
kaolinite, probably terrigenous-derived, w hereas the shales 
o f  the BRSF consist m ainly o f  sm ectite-rich phases. M ineral 
com position o f  the bentonites in  the CTB inierval succes
sion has been studied by Koszarski et al. (1962), Burtan & 
Turnau-M oraw ska (1978), and Bąk (2006). They exhibit 
analogous peirology and deicribe the same igneous pro
vinces.

H offm an and Hower (1979) have proposed smectite 
percentage in illite-sm ectite in  shales to be a palaeogeother- 
mometer. They concluded the onset o f  illitisation at 60°C, 
therefore high share o f  smectite in the investigated illite -  
smectite m ight indicate a low-tem perature diagenesis.

DIAGENESIS

The diagenetic processes have affected the sediment 
studied. They are evidenced by  alteration o f  organic matter, 
as w ell as geochem ical (relation betw een REE, Mn, P2 O 5 ) 
and m ineralogical (pyrite and clay minerals, ferrom anga
nese nodules) imprints.

D uring diagenesis, the bitum inite m aterial becom es thin 
banded or fine grained and increasingly vitrinite-like (meta- 
bitum inite after Teichm üller & Ottenjann, 1977 and micri- 
nite afier ICCP, 1993). The m etabitum inite m ight be more 
accur ate for the characterization o f  the coalification resi - 
dues o f  bitum inite. Such m acerals w ere interpreted by 
Stasiuk (1993) as products o f  degradation and m icrobial al
ternation o f  marine organic matier, both w ithin the waier 
colum n and the sediment.

The high REE concentrations m ight be a com bined ef
fect o f  the occurrence o f  M n-oxyhydroxides (M nO-rich 
sediments scavenge Ce4+) and fish debris (high P2 O 5 sedi
ments inherit negative Ce anom aiies) in  the areas o f  slow 
peiagic sedim eniation (Plank & Langm uir, 1998; Reynard 
et al., 1999). N one o f  the above processes have affected the 
analysed sediment. Consequently, REE were redistributed 
in sediments during diagenesis (Rasmussen, 1996; Rasm us
sen et al., 1998; Lev et al., 1998, 1999) and this overprint is 
rel ated w ith the presence o f  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 M nO depleted but enriched in  REE, P2 O 5 and S.

D iagenetic ori gin o f  the ferrom anganese nodules was 
presented by B ąk (2006, 2007a-d). Some chem ical indices 
o f  the Fe-M n layers w ere studied in detail in the representa
tive sections o f  the Subsilesian and Skole nappes. The first 
Fe-M n layer displays features o f  hydrogenous to diagenetic 
sediment, while the second one has feaiures o f  hydroiher- 
m al deposit (Bąk, 2007 c, d).

Pyrite in the internal part o f  rhom boedric pseudo
m orphs occurs as massive, irregular aggregates. Large octa
hedral crystals (average 2 0  pm  in diameter) appear w ithin 
the light-coloured samples. They precipitated in  sediments 
underlying oxic w ater colum n (diagenetic; W ignall & N ew 
ton, 1998). Conirary to thin fram boidal (up to 10 pm  in 
diameter) pyrite w ithin the b lack shales. Fram boids that are 
on the average smaller and less variable in size was formed

in the euxinic w aier colum n (syngenetic; Raiswell & Ber
ner, 1985; W ignall & N ewton, 1998).

CON CLU SIONS

The m ajor and trace element geochem istry o f  the silici- 
clastic and hem ipelagic sedim ents o f  three lithostratigraphic 
units: Lhoty Form ation, Barnasiów ka Radiolarian Shale 
Formation and V ari egated Shales from  Lanckorona area, 
Polish O uter Carpathians suggests a largely continental 
source. A  biogenic siiiceous source is recognised for the 
portion o f  the Lhoty Form ation and the BRSF o f  the studied 
succession. The input o f  m arine organic m atter into deposits 
o f  the m iddle part o f  BRSF is very  im portant as well. There
fore, it can be concluded that the supply o f  m aterial to the 
clay- rich layers o f  the Lhoty Formation, BRSF and V arie
gated Shales sam pled in the Lanckorona area are m ainly de
rived from  tw o maj or inputs. The first is a dom inant terri
genous fine-grained com ponent, having affinity  w ith the 
average upper continental crust. The second com ponent o f 
the source is a m arine-derived biogenic m aterial (silica and 
organic substances -  m etabituminite).

The studied sedim ent w as diagenetic ally altered. The 
following data are evidencing these conclusions: coalifi- 
cation o f  bitum inite, low-tem peraiure illitisation o f  sm ec
tite, precipitation o f  secondary m inerals such as phosphates 
and sulphides, form ation o f  ferrom anganese nodules.
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