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The Upper Cenomanian mixed siliciclastic-carbonate succession of the High-Tatric Unit was deposited during the initial
stage of basinal closing of the Tatric area, part of the Zliechov (Krizna) Basin (Inner Carpathian domain). As a result of tec-
tonic activity taking place at the northern Veporic margin, pulses of siliciclastic input interrupted marine carbonate sedimen-
tation. The siliciclastic material, part of the Zabijak Formation, has been studied along two sections (Pisana Gully and
Zdziarski Gully) in the Western Tatra Mountains. Microfacies, petrographic and geochemical analyses reveal a variability of
siliciclastic material composed of various types of granitoids and medium- or high-grade metamorphic rocks, with schists
and gneisses. Such interpretation is confirmed by the results of elemental chemical analyses, in which immobile trace ele-
ments, such as REE, Th, Cr, Co, Zr, and Y were used as indices for sediment provenance. The parent rocks sustained mod-
erate to intense chemical weathering, documented by chemical weathering indices (CIA, PIA, CIW, R). The weathering
occurred in a humid climate with relatively high precipitation that caused strong leaching of particles. Chemical indices re-
lated to sorting processes suggest that the recycling of the source material was a minor significance. The siliciclastic input
displays a waning upward tendency in the sections, which can be associated with diminishing of the source area by gradual
inland progradation of a carbonate platform, caused by a global sea level rise during the Late Cenomanian.

Key words: petrography, geochemistry, Upper Cenomanian, Zabijak Formation, High-Tatric Units, Central Western
Carpathians.

INTRODUCTION The final stage of marine sedimentation in the Tatric area,
with deposition of siliciclastic material is a subject of this paper.

The material studied belongs to the autochthonous succession

During the Albian, convergence between the margins of
Gondwana and Laurasia started, resulting in destruction of for-
mer basinal systems belonging to the Penninic Ocean (Voigt et
al., 2008). Carbonate platforms lying on the southern edge of
the Penninic Ocean in the Carpathian domain, including those
on the Tatric area, were covered mainly by calcareous-rich mud
(Vasicek et al., 1994). During the Late Cenomanian, turbidite
sedimentation gradually replaced the hemipelagic calcareous
sedimentation in the Tatric area (Bak and Bak, 2013). It was the
initial stage of the Zliechov (Krizna) Basin closing that lasted
through the Turonian—?Coniacian, resulting in folding and
thrusting of the High- and Sub-Tatric nappes (Jurewicz, 2005
and references therein).
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of the High-Tatric Units (Central Western Carpathians), out-
cropped in the Tatra Mountains (Fig. 1A, B; Passendorfer,
1930, 1978). The aim of this paper is to characterize these sedi-
ments and to detect their provenance based on their petro-
graphic, microfacial and geochemical characteristics.

GEOLOGICAL SETTING

The described siliciclastics coming from mixed calcare-
ousssiliciclastic sediments are the youngest marine sediments
of the Tatric successions. They have been distinguished as the
Pisana Member of the Zabijak Formation, the topmost litho-
stratigraphic unit in the High-Tatric Units (Fig. 2; Lefeld, 1985;
Krajewski, 2003). These sediments are exposed within the
para-autochthonous unit occurring in the Tatra Mountains,
which is part of a tectonic unit called Tatricum. This unit repre-
sents an upper crustal thrust sheet of the Central Western
Carpathians comprising the pre-Alpine crystalline basement
and the Late Paleozoic-Mesozoic sedimentary cover (Plasien-
ka, 1999, 2003).
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Fig. 1A — the Carpathians on the background of simplified geological map of Alpine orogens and their foreland; B — simplified
geological map of the Tatra Mountains with the location of the study area (map after Bac-Moszaszwili et al., 1979);
C - location of the studied sections (black lines) in the Tatra Mountains

Relief map after www.geoportal.gov.pl; GPS coordinates are related to the base (Zabijak Gully)
and the top (Zdziarski Gully) of the sections

Pisana Member (PM)

PM - sequence of marly claystone/|
marlstone/siltstone intervals
with laminated siltstone/fine-
grained sandstone horizons ||

Kamienne Member (KM)

ZABIJAK FORMATION

KM - grey to green marly shale
and limestone

UB - basal conglomeratic, sandy
and silty facies

MB - organodetrital grain- to
packstones and
reefal breccias

ptazkowa Bed \5’
(UB) 7
utowy
Bed (MB

Zelezniak Member (ZM)
Ku Stawku,

Bed (KSB)

KSB - Ku Stawku Bed — mudstone
to foraminiferal wackstone
infilling neptunian dykes

ZM - echinoderm-foraminiferal

limestones with phosphatic
horizons and stromatolite

CRETACEOQOUS

Fig. 2. Lithostratigraphy of the Upper Albian-Cenomanian
sediments (Zabijak Formation) in the Polish part of the
High-Tatric Units, Tatra Mountains (Krajewski, 2003)

Unit studied highlighted in grey

The most characteristic feature of the Pisana Member is
the occurrence of grey thin-bedded, laminated siltstones and
fine-grained sandstones with calcareous cement, which form
four packages, 6—20 m thick (Fig. 3; Krajewski, 2003). The
sedimentary features of these sediments suggest their rhyth-
mic deposition from low-density and low-velocity turbidity cur-
rents in a hemipelagic basinal environment (Krajewski, 2003;
Bak et al., 2016). The total thickness of the Pisana Member is
difficult to measure due to tectonic deformation related to
thrusting processes. According to Krajewski (2003), the maxi-
mum thickness is approximately 170 m, however, tectonic rep-
etitions are very likely.

The age of sediments belonging to the Pisana Member has
been assigned in the study area based on the foraminiferal,
radiolarian and carbon isotopic studies (Bak and Bak, 2013;
Bak et al., 2016) as the Late Cenomanian. Their deposition took
place during global sea level fluctuations that occurred at ca.
95.5 Ma, comparing with the Haq (2014 ) eustatic curve. The up-
per boundary of the Pisana Member is defined along the
overthrust surface of the High- or Subtatric units.

Micropalaeontological studies show that the sea-floor was
located at upper bathyal depths and the water column was
poorly oxygenated (Bak et al., 2016). The scarcity of marine
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thin laminated siltstone and fine-grained sandstone
with calcareous cement

alternating grey to green marlstones and marly claystones
with mm- to cm-thick siltstone layers

Fig. 3. Lithological logs of the Upper Cenomanian Pisana
Member (Zabijak Formation) at the Zabijak Gully and
Zdziarski Gully sections (High-Tatric Units, Tatra Moun-
tains; after Krajewski, 2003) with the position of samples
and photographs of two subfacies: A — sandstone/ siltsto-
ne/marlstone (sds/slt/mrl) and B — laminated siltstone (slt)

“ — samples for microfacies analysis; * — samples for bulk
chemical analysis

fossils in redeposited material and features of carbonate litho-
clasts suggest very low productivity in the nearshore surface
water, most probably due to a low-density hyposaline cap as
surface runoff from the southern margin of the Zliechov (Krizna)
Basin. In turn, the intrabasinal carbonate microfossils indicate
moderate primary productivity with rare periods of enhanced
upwelling that brought nutrient-rich oceanic water, which
reached the northern edge of the Tatricarea (Bak et al., 2016).

MATERIAL AND METHODS

Two exposures of the Pisana Member were studied in the
Polish part of the Tatra Mountains. Both occur along gullies
(Zabijak Gully and Zdziarski Gully) crossing the Upper
Albian—Cenomanian strata in the Lejowa and Koscieliska drain-
age basins (Fig. 1C). The outcrops of the Pisana Member in the
Zabijak Gully, a tributary of the Lejowa Valley, occur on both
slopes of the gully. The sediments studied represent the youn-
gest part of the Pisana Member, correlated to the Late

Cenomanian interval preceding the Oceanic Anoxic Event 2 sed-
iments (Fig. 3; Bak et al., 2016). The siliciclastics from this sec-
tion contain four thick packages (6—20 m thick) of thin-bedded
(up to 10 cm), laminated siltstone (Fig. 3B) and sandstone layers.
They occur in a sequence of alternating grey to green marlstones
and marly claystones that contain from mm- to cm-thick siltstone
layers (Fig. 3A). Fine-grained thin-bedded (5-10 cm) sandstone
layers are rare; occasionally, thicker beds reach 60 cm. The out-
crops of the Pisana Member are scarce in the Zdziarski Gully,
however, four packages of siltstone and sandstone layers (from
6 to 15 m thick), resistant to weathering and erosion, are well-rec-
ognizable (Fig. 3). Due to similar tectonic position of the Zdziarski
and Pisana sections, and relatively short distances between
them (~1 km), these four thick packages of siltstone and sand-
stone layers may represent the same lithologic horizons (Fig. 3),
as was earlier suggested by Krajewski (2003).

Field sedimentological observations, microscopic analyses
including mineralogy and petrography of layers that contain
siliciclastics, and geochemical analyses were the basis of the
present study.

Analysis of the layers was performed on 23 samples (Fig. 3)
using a Nicon YM-EPI Eclipse E600POL optical microscope.
The microfacies composition of these samples was determined
in 18 thin-sections (Fig. 3) based on visual estimation of per-
centage after Folk (1951) and Terry and Chilingar (1955). The
inventory of mineral components was observed millimetre by
millimetre under light microscope in magnification 80x. Thick-
nesses of laminae, usually poorly separated, vary from 0.2 to
3 mm depending on changes in their lithology. The laminae
were distinguished on the basis of vertical distribution of grains
and classified into three fractions.

The modal mineralogy of the sediment were obtained by
counting at least 700 points with a ZEISS automatic counter in
each thin-section. Rock framework composition (modal analy-
sis) was quantified using the point-counter method described by
Dickinson (1985). In contrast to the Gazzi-Dickinson method
(Ingersoll et al., 1984), minerals >63 um within lithoclasts were
counted as rock-forming minerals of the lithoclast composition
(Decker and Helmold, 1985).

The JEOL 5410 electron microscope equipped with an en-
ergy spectrometer Voyager 3100 (NORAN) was used in micro-
probe chemical analyses of selected rock-forming minerals.
The measurements were carried out using a spot method.

Seven samples of siltstone and sandstone layers (Zab-3, 3a,
6c, 7; Zd-1, 2, 11; Fig. 3) were analysed for the concentration of
major and minor elements at the Bureau Veritas Minerals Labo-
ratories, Vancouver, Canada. Total abundances of the major ox-
ides and several minor elements were analysed by ICP-emission
spectrometry following a lithium metaborate/tetraborate fusion
and dilute nitric acid digestion. Loss on ignition (LOI) was deter-
mined by weight difference after ignition at 1000°C for >2h. Rare
earth and refractory elements were determined by ICP mass
spectrometry after fusion with a mixture of lithium metabora-
te/tetraborate fusion and nitric acid digestion. Moreover, sepa-
rate 0.5 g samples were digested in Aqua Regia and analysed by
ICP mass spectrometry to report the precious and base metals.
Detection limits range from 0.002 to 0.01 wt.% for major oxides,
from 0.1 to 20 ppm for trace elements, and from 0.01 to 0.1 ppm
for the rare earth elements. The CANMET and USGS certified
reference materials were used as monitors of data quality. The
trace element and REE were normalized using chondrite values
(Thompson, 1982), PAAS values and UCC values (Taylor and
McLennan, 1985).

The total calcium carbonate content of seven samples was
measured using the Scheibler method, in which CaCO; content
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is calculated from the volume of emitted carbon dioxide, as a
consequence of reaction of the powdered rock sample (1 g)
with 10% hydrochloric acid. The data have been corrected in re-
lation to air temperature and atmospheric pressure.

The residual rock samples used in petrographic studies,
and microfacies slides are housed at the Institute of Geogra-
phy, Pedagogical University of Cracow (collection of K. Bak).

RESULTS

MICROFACIES OF SILICICLASTIC-BEARING SEDIMENTS

Siliciclastic material has been studied in beds containing an
admixture of siliciclastic and calcareous grains from very fine
sand up to clay fractions (Fig. 4A). Macroscopically, the rocks are
represented by sandy limestones, calcareous sandstones, marly
siltstones and silty marlstones. According to Folk (1980) classifi-
cation, these sediments belong generally to arenites and mud-
rocks. Arenites represent calcilithites from the litharenite group,
which contain >30% of calcareous grains, and have immature
texture. Mudrocks are represented by siltstones, mudstones and
claystones. Based on their mineral composition, siltstones and
mudstones are of orthoquartzite through calcilithite types, as
they contain predominately quartz grains and up to 60% of cal-
careous grains admixture. Some of the mudstones and clay-

stones are of phyllarenite type, as they contain quartz grains in
the silt fraction and abundant white fine-grained micas.

Siliciclastic grains in arenites as well as in mudrocks consti-
tute the grain framework or they consist of matrix components
(Fig. 4B—D). These are predominately quartz grains, other miner-
als and various types of lithoclasts (Fig. 4D). Their total content is
high in arenites, mudstones and siltstones (up to 60%), but they
display a general trend of decreasing upward the section (Fig. 5).
The content of calcareous grains in siliciclastic-bearing sedi-
ments show an opposite trend, however, their maximum content
in all fractions reach 80% of total amount (Fig. 5).

In arenite laminas, quartz grains are oriented chaotically.
Sharp contacts between arenite and silt laminas are commonly
visible (Fig. 6B). Carbonate sparitic/micritic cement of basal
type is present (Fig. 6C).

Siliciclastic grains contain mostly quartz that may constitute
even up to 90% of a single sample view (Fig. 5). Quartz grains
are both angular and rounded. Rounded quartz grains are less
common in the sandy fraction, but their content is significantly
higher in mudstones and siltstones. The opposite trend is ob-
served for angular quartz, with a much higher content in the
sandy fraction, up to 95%. Mica flakes are also common, up to
40%, especially in siltstones and claystones.

Redeposited calcareous grains are also associated with
terrigenous particles (see also in Bak et al., 2016). These are in
the very fine sandy to silty fractions, usually poorly to moder-
ately rounded. Calcareous grains contain predominately mi-

Fig. 4. Microfacies and components in siltstones and sandstones from the Upper Cenomanian sediments
of the Pisana Member, High-Tatric Units, Tatra Mountains

A — general view, relation and thickness of very fine-grained sandstone (VFS), mudstone (M) and claystone (C), sample Zab2; B
— gradual transition from mudstone to claystone with increasing content of mica flakes (mf) and organic detritus (od), sample
Zab2; C — components of very fine-grained sandstone, sample Zab2/19: rounded quartz (Qr), angular quartz (Qa), calcareous
grains (Cg), and seams of organic matter with pyrite framboids (OM+Py); D — close-up view of sample Zab2/19, showing more de-
tails of detrital grains and high ratio of calcareous to siliciclastic grains, abbreviations as in Figure C
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Fig. 5. Percentage content of main mineral constituents of siliciclastic-bearing Upper Cenomanian
sediments of the Pisana Member, High-Tatric Unit, Tatra Mountains, based on thin-section

analyses of particular laminae representing various fractions

Total percentage content of siliciclastic and calcareous grains — 100%; total percentage content of rounded and
angular quartz grains — 100%; content of lithic grains as percentage of siliciclastic grains; order of samples was
compiled based on the position of thick packages of thin-bedded laminated siltstone in both sections — see Fig-

ure 3
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Fig. 6. Microphotographs of mineral grains and lithoclasts in siltstones and sandstones from the Upper Cenomanian
sediments of the Pisana Member, High-Tatric Unit, Tatra Mountains

A — white mica flakes directionally oriented in silty laminae, sample Zab7; B — sharp contact between silty and sandy laminae, sample Zab4;
C — corroded quartz grains by the carbonate basal cement, sample Zab4/39; D, E — framboidal pyrite in seams of organic matter (D — sample
Zab7, E —sample Zab3a); F — quartz grains (Qtz) displaying normal extinction, sample Zab2/19; G — mosaic quartz grains (Qtz), sample Zd2;
H — plagioclase grain (Pl) with multiple twinning, sample Zab2/19; | — altered orthoclase grain (Or), sample Zab2/19; J — framework with mica
flake (Ms), sample Zab2/19; K — altered biotite (Bt) with sagenitic inner texture, sample Zab2/19; L — chlorite grain (Chl), sample Zab2/19; M —

fibrolite sillimanite grain (Sil), sample Zab2/19

crites and sparites, without biogenic admixture, which com-
prises almost 50% of total amount. Calcareous benthic fora-
minifers as redeposited calcareous grains do not surpass 20%.
Mollusc shells are <1%. Dolomite crystals, sometimes rounded,
occur also as redeposited grains. Their content does not ex-
ceed two percent.

The distribution of angular quartz and calcareous grains
along the section studied is bimodal (Fig. 5).

PETROGRAPHY OF SILICICLASTICS
FROM SILICICLASTIC-BEARING SEDIMENTS

The siliciclastic components from the sediments studied
are dominated by quartz grains in the sand fraction, ranging
from 0.063 mm to 0.21 mm in size. Quartz grains are angular
to rounded in outer outline (Fig. 4C). Rounded quartz prevail in
the fraction <0.2 mm. Their distribution in the Zabijak Gully
section is bimodal (Fig. 5). The angular quartz content is uni-
form along the sections, ranging from 40 to 50%. Most of the
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quartz grains display normal extinction (Fig. 6F) and mosaic
texture (Fig. 6G). Other mineral grains are less common. To-
gether with lithoclasts, their average abundance is 10%, how-
ever, in some samples (Zd1, Zd2, Zab7, Zab4/39), the content
of lithoclasts and minerals, excluding quartz, is up to 23%.
This content reaches the maximum value in sample Zd2, that
is 60% (Fig. 5). Mineral grains and lithoclasts are moderately
sorted and exhibit various rounding classes, from angular
through subangular to subrounded.

Feldspar grains, i.e. plagioclase (Fig. 6H) and orthoclase
(Fig. 6l), flakes of white mica (Fig. 6J), altered biotite with

sagenitic structure (Fig. 6K), chlorite (Fig. 6L), and sillimanite
fibrolite aggregates (Fig. 6M) are very rare. Lithoclasts are
represented by medium-grade metamorphic rocks, including
gneisses (Fig. 7A) and schists (Fig. 7B), hydrothermally al-
tered granites with kaolinitized feldspars (Fig. 7C), cataclastic
granites (Fig. 7D), slates (Fig. 7E), and siderites (Fig. 7F). Ad-
ditionally, grains of heavy minerals have been found in these
sediments, including tourmaline (Fig. 7G), rutile (Fig. 7H) and
zircon (Fig. 71). In laminas of the silt fraction, framboidal pyrite
(oxygenated to various degrees) was observed (Fig. 6D, E).

Fig. 7. Microphotographs of lithoclasts and heavy mineral grains in siltstones and sandstones from the Upper Cenomanian
sediments of the Pisana Member, High-Tatric Unit, Tatra Mountains

A — gneiss lithoclast, sample Zab2/19; B — schist lithoclast, sample Zab2/19; C — hydrothermally altered granite lithoclast, sample Zab2/19;
D - cataclastic granite lithoclast, sample Zab2/19; E — slate (phyllite) lithoclast, sample Zab2/19; F — siderite (Sid) lithoclast, sample Zd1; G —
tourmaline (Tur) grain, sample Zab4/39; H — rutile (Rt) grain, sample Zab4/39; | — zircon (Zrn) grain, sample Zd2
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GEOCHEMISTRY OF SILICICLASTICS
FROM SILICICLASTIC-BEARING SEDIMENTS

MAJOR AND TRACE ELEMENTS

The geochemical composition of the sediments studied is
presented in Appendix 1%, Tables 1 and 2. The siliciclastic-bear-
ing sediments are characterized by low/medium content of SiO,
(33.6-47.7 wt.%, average 39.6 wt.%). It is related to the various
amount of quartz grains in the framework and reflects the differ-
ence between sediments of the silty and sandy fractions. The
content of Al,O3 is higher in the samples in which the enrich-
ment in detrital quartz grains is observed (Zab3a, 6¢c — 14.99
and 13.79 wt.%, respectively). High content of CaO (26.9 and
28.4 wt.%, average 19.34 wt.%) and LOI (26.6 and 26.8 wt.%,
average 20.5 wt.%) is observed in the samples (Zd1, 2) exhibit-
ing distinctly lower content of SiO, (33.92 and 36.49 wt.%, re-
spectively) and high amount of calcite cement (Figs. 6G and 7F,
1). The content of TiO, is relatively low (0.23-0.48 wt.%, aver-
age 0.44 wt.%), however, the samples which are enriched in
the sandy fraction and heavy minerals (e.g., rutile) show enrich-
ment in TiO, (up to 0.66 wt.%).

The major elements including Al,O3, Fe;0s3, TiO, and K,O
are positively correlated with SiO, (Fig. 8A, C-E). These corre-
lations suggest that the distribution of these elements is con-
trolled mainly by the occurrence of detrital minerals including

micas (muscovite and biotite), chlorite and feldspars. Similar
contribution, i.e. from biotite and mica-bearing metamorphic
lithoclasts, is interpreted based on the positive correlations of
KO and TiO, with AlL,O3 (Fig. 8P, Q), and based on the
K,O/Al,O3 ratio (0.15-0.24; Table 2) that is typical of values of
muscovite (Cox et al., 1995).

CaO shows a negative correlation with SiO, (Fig. 8B) that is
related to an influx of various amounts of carbonate cement dur-
ing diagenesis and other major elements (Al,O3, Fe;03, TiO, —
Fig. 8J-L).

The presence of detrital minerals including biotite flakes,
rutile and opaque minerals (e.g., sample Zab3a) is confirmed by
the elevated content of transition metals (Ni, Co Sc, V; Appen-
dix 1). The content of Ga and Rb (19.9 and 141.9 ppm, respec-
tively) in the same sample provides evidence that white mica
flakes and mica-bearing lithoclasts primarily control the abun-
dance of these elements. The high contents of Zr (150.9 ppm),
Hf (4.4 ppm) as well as ZREE +Y (171.6 and 25.5 ppm, respec-
tively) in sample Zab6c reflect the occurrence of heavy miner-
als, such as zircon and apatite. In turn, the highest contents of
Nb (12.8, 13.2 ppm) occur in two samples (Zab6c, 3a), includ-
ing rutile grains. The concentration of LILE (Rb, Ba, Th and U,
without Sr) is markedly higher in the samples enriched in the
siliciclastic fraction (Zab3a, 6c¢, Zd11). The Sr content
(653.7—-695.6 ppm) is high in the samples (Zd 1, 2) enriched in
carbonate cement (CaO — 28.42 and 26.86 wt.%, and LOI —
26.6 and 24.8 wt.%, respectively).

Table 1

Chemical indices of the Upper Cenomanian sediments of the Pisana Member, High-Tatric Unit, Tatra Mountains

Chemical indices | Zab3 | Zab3a | Zab6c | Zab7 zd1 zd2 zd11 "\(‘r’]ezra%e
Th/Co 0.68 0.80 0.78 0.59 0.52 0.53 0.83 0.68
La/Sc 2.90 217 2.48 2.23 2.10 2.24 2.35 2.35
Th/Sc 0.81 0.78 0.81 0.76 0.64 0.70 0.84 0.76
Zr/sc 18.0 8.3 10.8 10.8 14.0 14.7 10.2 12.4
Th/Cr 0.06 0.12 0.10 0.12 0.03 0.05 0.10 0.08
Th/U 2.3 3.9 3.0 3.0 2.7 25 23 2.8
La/Th 3.56 2.79 3.04 2.92 3.28 3.20 2.82 3.09
zrisc 18.03 9.29 1078 | 10.83 | 14.08 | 1468 | 10.25 12.56
Fe;04/Kz0 3.42 1,61 2.01 2.15 5.32 4.23 1.75 2.93
K2O/AI,0; 0.17 0.22 0.21 0.20 0.15 0.16 0.24 0.19
ALOY/TIO, 18.08 | 2271 | 2155 | 2088 | 1613 | 1813 | 22.60 20.01
SREE 1028 | 1586 | 1716 | 1209 | 1259 53.8 62.1 113.7
(EWEU)on 0.73 0.57 0.60 0.63 0.93 0.81 0.62 0.70
(EUW/EU)pans 1.14 0.89 0.96 0.98 1.48 1.24 0.98 1.10
(EW/EU*)uce 1.14 0.89 0.96 0.98 1.48 1.24 0.98 1.10
(LalYb)en 7.38 8.55 8.48 7.11 7.04 6.23 7.89 7.51
(La/Sm)e, 3.04 3.91 3.47 3.46 2.72 2.61 3.78 3.28
(Gd/Yb)en 1.83 1.47 1.48 1.49 1.93 1.91 1.45 1.65
ClA 67 76 74 69 66 68 72 70
PIA 73 89 85 76 71 73 84 79
ciw 76 91 88 79 74 76 87 82
f{s{gtz'&boa) 6.2 3.0 3.4 4.0 9.1 8.4 3.1 5.3
CaCOs [%] 28 15 22 18 31 33 20 23.9

Eu anomaly = Eu-normalized/Eu* where Eu*= (Sm-normalized+Pr-normalized/2), normalized to chondrite (ch), to
Post-Archean Australian Shale (PAAS), to Upper Continental Crust (UCC)

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

Average ratios of REE indices, Eu anomaly and total REE content in the Upper Cenomanian
sediments of the Pisana Member, High-Tatric Unit, Tatra Mountains compared
with averages in sands from modern tectonic environments

(LalY)en (La/Sm)cn (Gd/Yb)en Eu/Eu* >REE
Passive margin1 9.80 3.67 1.40 0.74 107.0
Back-arc basin' 6.50 2.95 1.30 0.79 83.6
Fore-arc basin' 2.93 1.82 1.12 0.89 55.9
Fore-arc basin? 9.11 5.77 1.61 0.73 134.0

UCC ratios from: ' — McLennan (2001) and 2 — Mazur et al. (2010); shaded areas reflect similar values

of indices; for other explanations see Table 1
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Fig. 8. Correlation diagrams between major, trace, and REE elements in relation to SiO,, CaO, Al,O3,
and Zr from the upper Cenomanian siltstones and sandstones of the Pisana Member,
High-Tatric Unit, Tatra Mountains
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The positive correlations of Ba and Rb with SiO; (Fig. 8F, G),
as well as Zr with Yb and Hf (Fig. 8R, S) show their association
with heavy minerals occurring in the silty and sandy fractions of
the siliciclastic sediments. Enrichment in zircon and apatite is re-
sponsible for a negative correlation of Ba with CaO (Fig. 8N, O).
Among transitional elements, a positive correlation with CaO is
exhibited only by Sr (Fig. 8M), indicating that Ca nad Sr were
probably originally added with carbonate and/or feldspar. The
significant enrichments of Th, Zr, U, Nb and a high Al,O; content
(up to 15 wt.%) are related to the occurrence of white mica (mus-
covite and/or illite) and heavy minerals (tourmaline, zircon and
rutile) (cf. Bhatia and Crook, 1986).

The low content of Zn (121 ppm) and Cu (104.1 ppm) in
sample Zab7 may reflect traces of ore-bearing mineralisation in
the siliciclastic rocks. Small amount of TOT/S (up to 0.3 wt.%)
suggests the occurrence of unaltered pyrite framboids, which
was confirmed by mineralogical observations (Fig. 6D, E).

Chondrite-normalized patterns of trace elements (Fig. 9A)
show depletion of Nb, Ta, P and Ti elements, whereas Rb, Th,
K, La, Ce, Nd, Sm, Zr, Hf, Tb contents are elevated, compared
to the chondrite values. Sris depleted in quartz-rich sediments.

PAAS-normalized patterns of trace elements (Fig. 9B) ex-
hibit depletion of Co, V, Rb, Ba, Zr, Y, Hf, Th, U and Sc element.
The sediments studied are markedly enriched in Sr and Nb with
respect to those of PAAS. Sr is significantly enriched in carbon-
ate-rich sediments.

UCC-normalized patterns of trace elements (Fig. 9C) reveal
depletion in Ba, Nb, Zr and Ti and enrichment in Rb, Th, U, V,
La, Ce, Nd, Hf, and Sm. Only two samples of quartz-rich sedi-
ments (Zab 3a, 6¢) are depleted in Sr. This indicates that Sr
may be associated with calcite from the cement.

RARE EARTH ELEMENTS (REE)

The concentration of REEs is given in Appendix 1.
Chondrite-normalized REE patterns are shown in Figure 9D
and Table 2, and compared with the Post Archean Australian
Shale (Fig. 9E and Table 1) as well as the Upper Continental
Crust-normalized (Fig. 9E and Table 1) patterns (Taylor and
McLennan, 1985).

In general, the REE are concentrated in fine fractions of the
sediments studied (silt or clay according to Cullers et al., 1987,
1988) being accommodated in most phyllosilicates (micas),
which are enriched in Al and Fe. Taking into account absolute
concentration of REE (XREE), a large variation between
quartz-rich (XREE = 120.9-171.6 ppm) and carbonate-rich sedi-
ments (XREE = 53.8-62.1 ppm) is observed. Chondrite-normal-
ized REE patterns appear similar (Fig. 9D), characterized by
LREE enrichment [(Lan/Smn)., = 2.61-3.91] and flat pattern of
HREE [(Gdn/Ybn)., = 1.45—-1.93] with negative anomalies of Eu
[(Eu/EU*)e, = 0.57-0.93]. The samples exhibit moderate fraction-
ation of REE (LREE/HREE) [(Lan/Ybn)., = 6.23-8.55].

Despite variable concentrations of REE, their distribution
patterns are similar to PAAS and UCC. The PAAS- and UCC-
normalized REE values (Fig. 9E, F and Table 1) show a flat
LREE pattern [(Lan/Smn)paas = 0.61-0.91 and (Lan/Smn)ycc =
0.63-0.94] and slightly enhanced HREE values [(Gdn/Ybn)paas
= 1.08-1.44 and (Gdn/Ybn)ycc = 1.04—1.38] with positive Eu
anomalies for carbonate-rich sediments (Eu/Eu*)pans =
1.24—-1.48 and (Lan/Ybn)ycc = 0.67-0.92]. The samples display
a weak fractionation of REE [(Lan/Ybn)paas = 0.68-0.93 and
(Lan/Ybn)ycc = 0.67-0.92].

The REE, similarly as Y show a positive correlation with
SiO; (Fig. 8H, 1) providing evidence that they could be associ-
ated with the occurrence of detritic micas and feldspars in the

framework. In turn, a negative correlation of REE with CaO (Fig.
8N, O) may correspond to their enrichment in heavy minerals
(zircon, apatite).

DISCUSSION

Siliciclastic-bearing sediments are relatively rare in the Upper
Cenomanian sequence of the Pisana Member. Their total thick-
ness is difficult to estimate due to possible tectonic repetitions,
but it may contain less than one fifth of the studied succession.
This material is present in laminae and thin layers in the silty and
very fine-grained (up to 0.21 mm) arenite fractions, being associ-
ated with carbonate grains, carbonate and siliciclastic matrix, and
calcite cement. Mineral grains and lithoclasts are moderately
sorted and exhibit various rounding classes, from angular
through subangular to subrounded. Fraction reduction of quartz
grains in the samples studied, which range from very fine sand
up to silt, may be affected by transport (Folk, 1980). Exclusively
small grains that are present in the sediments indicate long trans-
port but also deposition from a weaker current than those that
could carry coarser grains — absent in the studied sediments.
Grain sphericity, visible in more than 40% of quartz grains in the
samples is interpreted as the feature related to the source area
and may indicate both long-lasted abrasion in that source area,
and long river transport on the land.

PARENT ROCKS COMPOSITION

The sediments studied indicate enhanced mineralogical
maturity and stability that is suggested based on their low value
of the Fe,03/K,0 ratio (2.93 on average; Table 1). This ratio is
related to an occurrence of minerals rich in potassium (e.g.,
white micas, hydromicas and K-feldspars) and with a low con-
tent of iron-bearing minerals like biotites and chlorites.

The framework of the siliciclastic sediments is dominated by
quartz grains. lts optical features (mosaic and normal extinc-
tions) show that the quartz grains are derived from felsic igne-
ous and metamorphic rocks. Terrigenous-derived oxides (SiO,
and TiO,) show a strong positive correlation with Al,O3 (Fig. 8A,
Q), pointing to a conclusion that siliceous organisms were insig-
nificant in the accumulation of silica at the sea floor.

The quartz grains are accompanied by grains of feldspars,
micas, chlorite, silimanite and rare lithoclasts (Figs. 5-7).
Sillimanite fibrolite aggregates, found in these sediments, could
originate from medium- or high-grade metamorphic rocks
(gneisses and schists). Such schists and gneisses have been
described among others from the Variscan granitoids in the Cen-
tral Western Carpathians (e.g., Kreutz, 1930; Burchart, 1970;
Skupinski, 1975; Poller et al., 2000; Janak et al., 2001). Part of
them could represent hydrothermal altered granites, based on
the presence of hydrothermally altered biotite (sagenitic biotite) in
the samples studied (Fig. 6K). Pebbles of such magmatic rocks
are known from various sections in the Tatric and Fatric tec-
tonic-facies units (Misik et al., 1981).

The occurrence of igneous and metamorphic rocks in the
source area is also suggested by chemical indices of the sedi-
ments. The Al,O3/TiO, ratio ranges from 16.1 to 22.7 in the
samples, the values typical of intermediate and felsic rocks
(Hayashi et al., 1997). This provenance is confirmed by a low
amount of TiO; (0.44 wt.% on average; Appendix 1), lower than
in the PAAS (Taylor and McLennan, 1985) that is characteristic
of more evolved (felsic) rocks.
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Fig. 9. Trace element and REE spider diagrams of the Upper Cenomanian siltstones and sandstones
from the Pisana Member, High-Tatric Unit, Tatra Mountains

A, D — chondrite-normalized patterns (normalization data after Thompson, 1982); B, E — PAAS-normalized patterns
(normalization data after Taylor and MclLennan, 1985); C, F — UCC-normalized patterns
(normalization data after Taylor and McLennan, 1985)

The ratios between relatively immobile trace elements, in-
cluding La/Sc, Th/Sc, Th/Co and Th/Cr, are also considered suit-
able indicators of parent rock provenance (e.g., Wronkiewicz and
Condie, 1990; Cox et al., 1995; Cullers, 1995; Cai et al., 2011; Ali
etal., 2014). This is supported by the fact that La, Th and Hf are
enriched in felsic rocks, whereas Co, Cr, and Sc are more con-
centrated in mafic rocks. In the present study, these ratios (Table
1) are not significantly different from those of the MCS or PAAS,
suggested to have been derived from granitoid sources (Taylor
and McLennan, 1985; Cullers, 1994, 2000, 2002). In the discrim-
ination diagrams (after Floyd and Leveridge, 1987) that show re-
lations between immobile trace elements and trace elements
characteristic of felsic rocks (Fig. 10A, B), the sediments studied
generally plot in the field of felsic or silicic rocks. Similar origin of
terrigenous material is suggested by the U/Th ratio (2.8 on aver-

age; Table 1) that is close to values of felsic rocks (Larsen and
Gottfried, 1960), and significantly lower with respect to sedimen-
tary rocks (Bhatia and Taylor, 1981).

The REE patterns of the parent rocks are preserved in
clastics showing differences in fractionation of REE and Eu
anomaly values (Taylor and McLennan, 1985; Hanson, 1989;
McLennan, 1989). The mafic rocks have low XLREE/HREE
ratios with little or no Eu anomalies, whereas felsic rocks usually
contain higher ZLREE/ZHREE ratios and negative Eu anoma-
lies (e.g., Cullers and Graf, 1984; Cullers, 1994). The sediments
studied exhibit moderate fractionation of REE (LREE/HREE)
[(Lan/Ybn)., = 6.23-8.55], similar to that of PAAS, enhanced by
the LREE enrichment and almost flat HREE (Fig. 9D). They
also display a moderate negative (Eu/Eu*)c, anomaly (Table 1).
These data also support felsic parent rocks for the sediments.



930

Anna Wolska, Krzysztof Bak and Marta Bak

Summing up, all these petrographic data and chemical indi-
ces show that the sediments are derived from moderately frac-
tionated felsic igneous rocks and their metamorphic counter-
parts (gneisses and shists).

WEATHERING AND RECYCLING PROCESSES

Relationships between alkali and alkaline earth elements are
used in the interpretation of chemical weathering history of the
sediments (Nesbitt and Young, 1982, 1984). This involves the
degradation of feldspars that leads to the loss of Ca, Na and K.
The intensity of chemical weathering could be measured by us-
ing various indices: the Chemical Index of Alteration (CIA), ac-
cording to Nesbitt and Young (1982), the Plagioclase Index of Al-
teration (PIA) after Fedo et al. (1995), the Chemical Index of
Weathering (CIW) after Harnois (1988), and the Ruxton ratio (R)
after Ruxton (1968).
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The CIA expresses the degree weathering of feldspars to
clays, defined as CIA = [Al,O3/(Al,O3 + CaO* + NayO + K;0)]
%100, where the CaO* refers to CaO in silicates only. The PIA
expresses weathering of plagioclase to clays, defined as PIA =
[(Al,O3 — K;O)/(Al,03 + CaO* + NayO — K,0)] x100. The CIW,
named as the potassium-free index, is defined as CIW =
[Al,04/(Al,05 + CaO + Nay0O)] x100. The R is a very simply in-
dex given by the SiO,/Al,O; ratio, assuming that Al,O3 remains
immobile during weathering, so that changes in R reflect silica
loss as a proxy for total element loss. Unfortunately, the rela-
tively high amounts of carbonates in the samples, confirmed by
Scheibler analyses in the Zabijak Gully section (CaCOj; ranges
from 15 to 28%; Table 1) create the problems in application of
the weathering indices, related to separation of Ca that may
come from both carbonates and silicates. Nevertheless, we cal-
culated the values of CaO* by assuming that the concentration
of this oxide is equal to that of Na,O, as proposed by McLennan
(1993) and Bock et al. (1998). The calculated values of weath-
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Fig. 10. Discrimination diagrams of the Upper
Cenomanian siltstones and sandstones from the
Pisana Member, High-Tatric Unit, Tatra Mountains

A — Th/Sc versus Zr/Sc diagram after MclLennan et al.
(1993); B — discriminant function 1-2 diagram after Roser
and Korsch (1988); C — plot of La/Th versus Hf after Floyd
and Leveridge (1987); D — Th/U versus Th diagram after
McLennan et al. (1993); E—Th/Co versus La/Sc diagram af-
ter Cullers (2002)
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ering indices are relatively high (Table 1): CIA = 70% on aver-
age, PIA =79% on average, CIW = 81% on average, and the R
= 5.3 on average, indicating moderate to intense chemical
weathering processes of rocks at the source area.

The Zr/Sc ratio is an indicator of zircon abundance (e.g.,
McLennan etal., 1993), and thus itis considered as a good indi-
cator of sediment recycling. This ratio is relatively low in the
sediments studied, ranging between 9.27 and 18.03 (Table 1).
In turn, a positive correlation between Th/Sc and Zr/Sc corre-
sponds to non-recycled sediments, while a more rapid increase
in Zr/Sc (zircon enrichment) than in Th/Sc is typical of recycled
sediments (McLennan et al., 1993). The data presented on Fig-
ure 10C show relatively high Th/Sc (0.76 on average) and low
Zr/Sc ratios (12.56 on average) in the sediments studied, which
is interpreted as a minor (or lack of) sediment recycling and
sorting expressed by zircon enrichments. Furthermore, a low
amount of TiO, (0.44 wt.% on average; Appendix 1) and low
amount of REE (113.7 ppm on average; Table 2) compared to
UCC values (146 ppm; McLennan, 1989) do not confirm enrich-
ment in heavy minerals.

Microfacies analyses show segregation of minerals in the
studied material, depending on the fraction. Fine and very fine
sandstones are rich in quartz and lithic grains, while mudrocks
are exclusively rich in micas (Figs. 4B and 6J). Mica flakes are
usually easily winnowed from arenites or they are hydraulically
sorted (e.g., Folk, 1980), and originate mostly during weather-
ing processes. Thus, the abundant micas in fine-grained sedi-
ments may indicate stronger winnowing of light, small particles

La

A - oceanic island arc B
B — continental island arc
C — active continental margin

D — passive margin

during a period of more arid climate in land environments. Suc-
cessive transport of redeposited material for a long distance
took place in a low-energy environment. Such environments
are deltas or sluggish rivers which deposited fluvial sands or
deltaic sediments far from the source area (Folk, 1980). Farther
dislocation of fine sediments took place on the shelf due to sea-
sonal water circulation, like in modern marine environments.
Among the examples of such environment is the San Pedro
Shelf along the California Coast (e.g., Drake and Cacchione,
1985), where weak tide-generated bottom currents maintain
material in the silt and clay fractions in suspension above the
bottom and transport it offshore toward the outer shelf. This ma-
terial may be settled during periods of declining current velocity
under the threshold value during periods of seasonal water cir-
culation change. The weak currents can transport silt and clay
material, while the sand fraction was moved during strong storm
events (e.g., Ferre et al., 2005).

TECTONIC SETTING

The major and trace element chemical compositions of sedi-
mentary rocks can be used to discriminate tectonic settings of
sedimentary basins (Bhatia and Crook, 1986; Roser and Korsch,
1986, 1988; McLennan et al., 1993). Based on the binary dis-
crimination diagram of Roser and Korsch (1986), the parent
rocks of the sediments studied are derived from “immature conti-
nental margin magmatic arc” (Fig. 10D). As illustrated in the trian-
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Fig. 11. Ternary and rectangular diagrams of trace elements from the Upper
Cenomanian siltstones and sandstones in the Pisana Member, High-Tatric Unit,
Tatra Mountains diagrams after Bhatia and Crook (1986)
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gular diagram La/Th-Sc (Fig. 11A), proposed by Bhatia and
Crook (1986), the sediments are plotted in the field related to
“continental island arc”. Furthemore, in the Th—Sc—Zr/10 ternary
diagram (Fig. 11B) of tectonic setting discrimination (Bhatia and
Crook, 1986), all of the data are plotted inside the field corre-
sponding to “active continental margin”. Similar tectonic discrimi-
nation is suggested on the Th—-Co-Zr/10 triangular diagram (Fig.
11C), where all samples plot inside the “active continental mar-
gin” field (Bhatia and Crook, 1986).

The sediments display a low Th/U ratio and low U abun-
dance (Table 1 and Appendix 1), which is characteristic of mod-
ern sediments originated from depleted mantle sources of arc
provenance in active margin settings (Fig. 10E), as was sug-
gested by Mc Lennan et al. (1993). The average ratios of REE
indices (Eu anomaly and XREE; Table 2) in the sediments are
typical of averages in sands from modern continental arc basins
(McLennan, 2001).

CONCLUSIONS

The petrographic and chemical compositions of the Upper
Cenomanian siliciclastic sediments of the Pisana Member
(Zabijak Formation) in the Tatric area show variability of silici-
clatic material supplied to the Zliechov (Krizna) marine basin. In
the source area, this material was transported by rivers flowing
through the crystalline massifs, built of felsic rocks, most proba-
bly containing various types of granitoids and low-, medium- or
high-grade metamorphic rocks (schists and gneisses). Such in-

Petrographic composition of clastics:

quartz with normal extinction and mosaic texture,
feldspars, white mica, altered biotite, chlorite, sillimanite,
heavy minerals (tourmaline, rutile, zircon)

Lithoclasts: gneisses, schists, granites, slates, siderites

Chemical features of clastics:
— medium silica content (33—47%), without biogenic silica
— low Fe,0,/K,0 ratio — enhanced mineralogical maturity
— Al,O,/TiO, ratio related to intermediate and felsic rocks
— La/Sc, Th/Sc, Th/Co and Th/Cr ratios — typical of
granitoid sources
— LREE enrichment and flat HREE with negative Eu/Eu*
anomalies — similar to that of PAAS
/

terpretation is based on petrographic analysis and have been
confirmed by the chemistry and geochemical characteristics,
where trace elements, especially the immobile elements, such
as REE, Th, Cr, Co, Zr, and Y, were used as the indices for sed-
iment provenance.

Geochemical weathering indices (CIA, PIA, CIW, R) sug-
gest that the material transported to the marine environment
was moderately or even intensely chemically altered. Mineral
grains and lithoclasts in the distal marine facies (Pisana Mem-
ber) are moderately sorted, and the grains exhibit various
rounding classes. Geochemical indices related to sorting pro-
cesses (low Zr/Sc ratio, low amount of TiO, and REE) con-
firmed the microscopic observations, excluding the enrichment
in heavy minerals (zircon, tourmaline, rutile; Fig. 7G—l), thus the
recycling of this material has a minor significance.

The small differences in chemical composition of the sedi-
ments are related to their fractions, thus they result from sorting
processes during their transport and deposition at the basin floor.
The type and the fractions of grains, and general maturity of
siliciclastic-bearing sediments may indicate their derivation and
long distance from source areas. Microfacies analyses showing
fraction-dependent segregation of minerals in the studied mate-
rial suggest transport of redeposited material over a long dis-
tance in a low-energy environment. First, it was a transport in del-
tas of sluggish rivers, followed by farther dislocation of fine sedi-
ments on the shelf, related to seasonal water circulation. The
transport of this fine-grained particles was also likely in diluted
turbidites, as was suggested earlier by Krajewski (2003). In such
sense, this siliciclastic material has a “synorogenic” character,
representing the distal facies of diluted turbidites (Fig. 12) coming

Moderate to intensive weathering:
— recycled chlorite, muscovite, illite
— source rock variations, minor admixture of zircon

Tectonic activity of the source area:
confirmed by chemical indices of clastic material including
discrimination diagrams (La/Th-Hf , Th—-Sc-Zr/10, Th—Co-Zr/10,

Th/U-U) and values of REE indices
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from the shelf edge of the active northern Veporic margin, where
the Tatric—Fatric basement, including various Lower Cretaceous
carbonate sediments at the top, was underthrusted below the
Veporic basement (e.g., Michalik, 2007; Prokesova et al., 2012;
Plasienka, 2012). The proximal facies are represented by the
Poruba Formation that consists of thicker clastic material con-
taining bodies of exotic-bearing conglomerates (Misik et al.,
1981; Hausler et al., 1993).

The low siliciclastic input observed upward the section might
be associated with diminishing of the source area composed of
felsic and metamorphic rocks and with stepwise inland
progradation of a carbonate platform, caused by a sea level rise
during the Late Cenomanian (Bak et al., 2016). The upward-de-
creasing content of siliciclastic grains may also indicate a climate

influence, and a change from a humid climate with higher precipi-
tation and stronger leaching of particles to a more arid climate
with stronger winnowing of light, small mica flakes.
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