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Early Cretaceous intra-plate volcanism in the Pieniny Klippen Belt 
-  a case study of the Velykyi Kamenets’/Vilkhivchyk (Ukraine) 

and the Biała Woda (Poland) sections
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the V elykyi K am enets’/V ilk h ivchyk  (Ukraine) and B iała W oda (Poland) sections. G eol. Quart., 56  (4): 6 2 9 -6 4 8 , doi: 10 .7306/gq .1045

The geo log ica l position and geochem istry o f  the basaltic sill and tu ffs occurring w ith in the Berriasian-?A lbian pelagic lim estones o f  the 
Czorsztyn Succession  are described. The volcanic rock succession  o f  the V elykyi (=  V eliky) K am enets’/V ilk h ivchyk  (= Vulkhovchik, 
V ulhovchik, O lkhivchyk) sites is related to intra-plate submarine volcanism , w hich took  place at the southeastern term ination o f  the 
Pieniny Klippen Belt. This volcan ism  w as probably associated w ith the Early Cretaceous opening o f  the M agura/Fore-M agura basinal 
system , bounded by the Silesian/M arm arosh and C zorsztyn palaeoridges to the north and south respectively. The alkaline volcanic rocks 
from  the V elykyi K am enets’/V ilk h ivchyk  sites are geoch em ically  sim ilar to the basaltic b lock  from  B iała W oda (M ałe Pieniny M ts., P o
land), w hich is an olistolith  a few  metres across w ith in the Jarmuta conglom erates (M aastrichtian/Paleocene). This basaltic b lock  was 
eroded from  the frontal part o f  the Czorsztyn Nappe and w as deposited in the upperm ost part o f  the Grajcarek Succession  at the south
eastern margin o f  the Magura Basin.
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INTRODUCTION

The Pieniny Klippen Belt (PKB) is the main suture zone 
which separates the Central Carpathians from the Outer Flysch 
Carpathians. This very nartow zone can be traced for over 
600 km from the Vienna area in the west to the Poiana Botizei 
(Romania) in the east (Fig. 1A). The PKB successions are built 
up of Lower/Middle Jurassic to Upper Cretaceous mainly pe
lagic deposits succeeded by Maastrichtian/Paleocene conglom
erates and flysch deposits (Birkenmajer, 1977, 1986). Meso
zoic volcanism is poorly expressed in the tectonic evolution of 
the PKB. One of the few outcrops of Me tozoic basalts is 
known from the village of Novoselytsia in the Trans- 
Carpathian region of Ukraine. These exposures have been re
searched by us in 2002-2006. These studies helped to establish 
in detail the geological position of these volcanic rocks and 
their geochemical characteristics. We also conducted a com

parative study of a basaltic rock at Biała Woda near Szcza
wnica (PKB, Potand). Prelimtnary results of this study were 
presented at the CETEG 08 Meeting in Upohlav-Slovakia 
(Krobicki et al., 2008). The present paper contains a detailed 
description of the mineralogical and chemical features of the 
basaltic body from the Velykyi Kamenets’ Quarry, the tuffs 
from the Velykyi Kamenets’ and Vilkhivchyk sections and the 
basaltic olistolith from the Biała Woda valley. We also discuss 
the geotectonic setting of these rocks in the light of other stud
ies dealtng with geochemistry of Late Mesozoic Carpathian 
volcanic rocks.

PREVIOUS STUDIES

Mesozoic mafic volcanic rocks are known from the two lo
calities in the PKB of the Eastern Carpathians (Fig. 1): the
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F ig. 1A  — lo ca tio n  o f  th e  area  stu d ied  in  th e  A lp in e—C arp ath ian —P an n on ian  system ;
B — g eo log ica l sk etch -m ap  o f  th e  SE p art o f  th e  U k ra in ia n  C arp ath ian s an d  a d ja cen t area  (b ased  on  O szczyp k o , 2 004)

A: PKB -  P ieniny K lippen B elt, O U  -  Outher Carpathians, T-T -  Teisseyre-Tornquist Z one;
B: VK B -  V elykyi K am enets’ basalt, VK T -  V elykyi K am enets’ tuffs, VT -  V ilkh ivchyk tuffs

Novoselytsia area in Ukraine (Andrusov, 1945; Lomize, 1968) 
and Poiana Botizei in Romania (Bombita and Savu, 1986; 
Bombita and Pop, 1991). Bombita and Savu (1986) studied the 
pyroclastic rocks associated with the Jurassic sequence in the 
latter locality. Few years later, in the basal portion of this suc
cession, a violet-red pelitic tuff withpumice blocks (Callovian) 
and Oxfordian detrital-turbiditic limestones with “ophiolitic” 
fragments of the Petricea Formation were recognized (Bombita 
et al., 1992). In addition, in the PKB the Mesozoic volcanic se
quences are known from several locahties from the Rakhiv- 
Chyvchyn Ridge, Marmarosh Klippen (Mala and Velyka Uhlia 
streams), and the frontal part of the Porkulets’ Nappe in the 
Trostianets’ Creek and on Petros Mt. (see Krobicki et al., 2005;

Rogoziński and Krobicki, 2006), as well as from the basement 
of the Trans-Carpathian Neogene depression (Lomize, 1968; 
Lashkevitsch et al., 1995; Varitchev, 1997; Medvedev and 
Varitchev, 2000 fide Rehakova et al., 2011). The petrography 
of the volcanic succession has been elaborated in the references 
listed and there are as follows: Trans-Carpathian Depression -  
basalts, picritic tuffs; PKB -  Novoselytsia area: Velykyi 
Kamenets’ -  basalts and Vilkhivchyk Stream -  trachydolerites; 
Vezhany Unit (Uhlia and Zabrid’ near Drahovo) -  diabases, 
blocks of ultramafic rock (lherzolite); Black Flysch Nappe 
(Rakhiv-Chyvchyn) -  basalts, and the Porkulets’ Nappe 
(Trostianets’ and Petros Mt.) -  basalts, andesites, trachytes. All 
these rocks are Early Cretaceous in age.
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The Mesozoic extrusive rocks occurring in the PKB are 
also known from the vicinity of Vienna (Zoologische Garten 
Klippen) as well as the Ybbsitz Klippen in Lower Austria 
(Schnabel, 1992). Recently Spisiak et al. (2008, 2011) de - 
scribed a volcanic body from the Vrsatec (Middle Povazie re
gion of western Slovakia; Fig. 2A). These volcanic rocks occur 
within the Cretaceous strata of the Czorsztyn Succession of the 
PKB and represent mainly a submarine basaltic lava. More
over, basaltic blocks are known from the Jarmuta (Proc) con
glomerate (Maastrichtian-Paleocene) from the PKB (Biała 
Woda, Potand; see Birkenmajer and Wieser, 1990; Birken 
majer and Lorenz, 2008) and Hanigovce (eastern Slovakia, see 
Spisiak and Sykora, 2009) (Fig. 2).

GEOLOGICAL SETTING

TRANS-CARPATHIAN REGION (UKRAINE)

The Pieniny Klippen Belt runs intermittently from the vi
cinity of Uzhgorod inthe west to the Tereblia-Teresva rivers to 
the east of the Ukrainian Carpathians (Fig. 1B). The PKB of the 
Eastern Carpathians is represented by a narrow fragmented belt 
up to 4-5 km in width. A larger concentration of klippen is lo
cated at Perechyn (NE of Uzhhorod), near Svaliava, Prybo- 
rzhavs'ke (= Priborzhavskoye) and Drahovo-Novoselytsia. 
The PKB of the Eastern Carpathians is trangressively overlain

from the south by the Miocene deposits of the Trans- 
Carpathian Ba sin (Fig. 1B). The PKB is initially flatly 
overthrusted onto the Magura Nappe to the NE of Uzhhorod, 
and further to the east on the Petrova-Monastyrets’ thrust sheet 
of the Marmarosh Nappe (see Oszczypko, 2004; Oszczypko et 
al., 2005). The southeastern termination of the PKB is located 
in the village of Poiana Botizei in Romania. The PKB, bounded 
to the NE by the Neogene Volcanic Massif and partly by the 
Botizei Nappe, is flatly overthrusted onto the Wild Flysch Unit 
there (see Aroldi, 2001; Oszczypko et al., 2005).

VELYKYI K A M EN ETS’ QUARRY

The last large exposure of the PKB on Ukrainian territory -  
the Velykyi Kamenets’ Quarry (GPS 48°10’48.9”N, 
3°44’05.4”E), is located near the village of Novoselytsia 
(Fig. 1B). The PKB is up to 3 km wide in this area and is com
posed of two flatly overthrusted thrust sheets (Kruglov in 
Sl^czka et al., 2006). The southern thrust sheet runs through the 
Velykyi Kamenets’ open quarry, which lies on the top of a hill 
between the Vilkhivchyk Stream and the Luzhanka River. This 
quarry is well-known from geological literature (Andrusov, 
1945; Slavin, 1966 fide Rehakova et al., 2011; Lomize, 1968; 
Krobicki et al., 2003, 2005; Lewandowski et al., 2005). Ret 
cently the integrated statigraphy of the Jurassic to Lower Creta
ceous deposits of the Velykyi Kamenets’ section has been de
scribed by Rehakova et al. (2011).

Fig. 2A  — stru ctu ra l sk etch -m ap  o f  th e  P o lish  C arp ath ian s and  th e  a d ja cen t a rea  (b ased  on  O szczyp k o , 2004);  
B — p o s itio n  o f  th e  B ia ła  W o d a  b asa ltic  bod y  in  th e  P K B  (b ased  on  B irk en m ajer , 1979, s im p lified )

BW B -  B iała W oda basalt, H -  H anigovce,V  -  Vrsatec
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According to Rehakova et al. (2011) this NNE (45°/70°) 
dipping succession is about 83 metres thick and displays the 
succession shown in Figure 3. Gresten-type clastic deposits -  
conglomerates and sandstones -  up to 28 m thick occur at the 
base of the succession. They are foll owed by black shales 
with plant fossils and spherosiderites (Aalenian, or Aalenian 
and Toarcian) at the top (Fig. 3I sequence A). Higher up in the 
section occurs a carbonate sequence of the Neresnitsa lime
stones, 41 m thick. This sequence begins with a Bajocian 
crinoidal limestone (Fig. 3I sequence B). The upper boundary 
of the limettone unit is an omistion surface coated with 
ferro-manganese crusts (Krobicki et al., 2003; Lewandowski 
et al., 2005). The overtytng depostts are represented by red 
nodular Bathonian-Upper Tithonian limestones of ammoni-

tico rosso type (Fig. 3I sequence C-E) with intercalations of 
cherty limestones (Oxfordian/Kimeridgian-Fig. 3I sequence 
D). The carbonate sequence is ended with thin-bedded, 
calpionellid-bearing, micritic limettones of Late Tithonian 
and Early Berriasian age (Figs. 3I sequence F and 4A; 
Lewandowski et al., 2005; Rehakova et al., 2011). The lime
stones are penetrated by a thin basaltic intrusion in their up
permost part (Figs. 3I sequence F and 4B, C). It is followed by 
the 6 m thick basaltic piltow lava (Figs. 3I sequence G and 
4D). The basalt is overlain by an 80 cm-thick layer of pelagic 
limestones rich in ammonites, brachiopods and bivalves 
(Rehakova et al., 2011) and foltowtng them is 2 m of dark 
grey submarine pyroclastic flow deposit -  the Velykyi 
Kamenets’ tuffs (Figs. 3I sequence H, I and 4E). Overlying

Fig. 3. G eological profiles o f  the Velykyi K am enets’ section: A—K lithostratigraphic units 
(based on Rehakova et al., 2011 supplem ented) and the Vilkhivchyk sections
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Fig. 4. P h otograp h s o f  th e  section s stu d ied  (V elyk y i K am en ets’ and  V ilk h ivch yk ) and th e  B ia ła  W od a  b asa ltic  b lock

A  -  V elykyi K am enets’ Quarry -  present state; B -  contact zone o f  the basaltic s ill w ith the Berriasian pelagic lim estones; C  -  upperm ost part o f  the 
pelagic lim estones w ith the intrusion o f  the basaltic sill; D  -  fragment o f  p illow  lava from  the top o f  the basaltic body; E -  tu ffs at the top o f  the 
V elykyi K am enets’ section; F -  lim estone breccia overlying the tu ffs w ith clasts o f  basalt (Bs); G  -  exposure o f  the tu ffs in the V ilkh ivchyk sec 
tion; H  -  contact zone betw een cherty lim estones o f  the T issalo Formation and the tu ffs in the V ilkh ivchyk section; I -  B iała W oda basaltic b lock  
within the Jarmuta Formation (M aastrichtian-Paleocene)
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the tuffs are breccia limestones (?equivalent of the 
Walentowa Breccia Member of the Dursztyn Limestone For
mation-nomenclature after Birkenmajer, 1977) whichrepre- 
sent a synsedimentary limestone breccia with basaltic litho- 
clasts (Fig. 4F). Dark shales with lenses of yellowish lime
stone (ca. 20 cm), probably belonging to the lower part the 
Tissalo Formation (?Albian-Cenomanian) are visible at the 
top of this sequence (Fig. 3I sequence J).

In the Velykyi Kamenets’ old quarry, we saw a 6 to 7 m 
thick bed of pyroclastic breccia (rich in clasts up to 15 cm 
across; Fig. 3II) occurring below the pelitic yellow limestones. 
This breccia is probably related to the unit labelled as 6-th by 
Rehakova et al. (2011). According to Krobicki et al. (2003), 
Lewandowski et al. (2005) and Rehakova et al. (2011) the Ju
rassic to Lower Cretaceous deposits of the Kamenets’ Succes
sion show similarity to the Czorsztyn Succession (especially 
the crinoidal limestones) and to the Niedzica Succession 
(cherty limestones = radiolarites?).

block is located directly north of the frontal Czorsztyn Nappe of 
the PKB (Fig. 2). The radiometric age (K-Ar) of this basalt was 
determined as 140 ± 8 Ma, an age which corresponds to the 
boundary between the Jurassic and Cretaceous (Birkenmajer 
and Wieser, 1990). According to these authors the Biała Woda 
basalt may have come from the Andrusov Exotic Ridge as an 
olistolith. More recent radiometric dating by Birkenmajer and 
Pecskay (2000) for both columnar and platy-jointed varieties of 
the basalt gave ages of 110 ± 4.2 Ma and 120.3 ± 4.5 Ma re
spectively, equivalent to the Barremian-Albian interval. The 
basalt has geochemical features of intraplate alkali basalts 
(Birkenmajer and Lorenc, 2008) and geochemically resembles 
two olistoliths in the Proc Formation in eastern Slovakia 
(Spisiak and Sykora, 2009).

MATERIALS AND METHODS

VILKHIVCHYK STREAM  SECTION

The section studied is located in the upper run of the 
Vilkhivchyk Stream, a right-lateral tributary of the Teresva 
River (Fig. 1B). This exposure occurs close to the boundary of 
the PKB and the Trans-Carpathian Neogene Basin. The basal, 
transgressive portion of the Neogene deposits is represented by 
dark marine clays (Tereblia Formation), prominent rhyolitic- 
dacitic Lower Badenian Novoselytsia (Dej) tuffs and the Tere- 
shul conglomerates at the base (Ślączka et al., 2006). Around 
50 metres north of the base of the Novoselytsia tuff the right 
bank of the stream there are north-dipping (overturned) beds of 
cherry-red Puchov-type marls (Upper Cretaceous). The marls 
are foltowed by ca. 10 metres of the north-dipping (15°/60°) 
green marly shales with thin black stripes and thin to me
dium-bedded pelitic, spotted, cherty limestone intercalations. 
These rocks probably belong to the Tissalo Formation 
(Albian-Cenomanian). This formation contacts along a sub-ver
tical boundary with at least 9 metres of dark grey to green tuffs 
with cherry-red bands (Figs. 3III and 4G, H). This boundary 
seems to represent submarine erosive rather than being tectonic 
in character. The next few tens of metres include thick blocks, 
which appear more or less in stratigraphic sequence. There are 
blocks of red nodular limestone of the ammonitico rosso facies, 
red crinoidal limestones with ammonites and finally blocks of 
thick-bedded sandstone with ammonites. This sequence of lay
ers is analogous to the lithostratigraphic sequence of the Velykyi 
Kamenets’ section. After a few tens of metres of no exposure, 
rocks the Upper Cretaceous Puchov-type marls belonging to the 
more northern thrust sheet are visible.

BIA ŁA  W O D A  (M AŁE PIENINY M TS., PO LAND)

A block of basalt a few meters in diameter (Fig. 4I) has long 
been known from the Biała Woda valley (to the east of the vil
lage of Jaworki; Fig. 2; Horwitz and Rabowski, 1929; Kamie
ński, 1931; Birkenmajer, 1958, 1979). This is an olistolith oc
curring within conglomerates of the Jarmuta Formation (Maa- 
strichthian-Paleocene) belonging to the Grajcarek Succession 
(Birkenmajer and Wieser, 1990 and references therein). The

Geochemical whole-rock analyses of five samples of tuff 
from Velykyi Kamenets’ (VKT), four samples of tuff from 
Vilkhivchyk (VT), one sample of basaltic sill from the 
Velykyi Kamenets’ Quarry (VKB) and one sample of the ba
saltic olistolith from Biała Woda (BWB) were analysed for 
geochemical proxides of volcanic activity. Major and trace el
ements were determined by ICP-ES (Inductively Coupled 
Plasma Emission Spectrometry) and ICP-MS (Inductively 
Coupled Plasma Mass Spectrometry) respectively at Acme 
Analytical Laboratories Ltd. in Canada. The chemical compo
sition of the minerals was determined with a wave-dispersion 
(WDS) electron microprobe using the Cameca SX-100 at the 
Geological Survey of the Slovak Republic in Bratislava and in 
the Joint-Institute Analytical Complex for Minerals and Syn
thetic Substances at the Warsaw University. The WDS analy
ses conditions were: 15 kV accelerating voltage and 20 nA 
beam current. Synlhetic and natural mineral standards were 
used for analytical calibration. SEM images were made using 
a scanning electron microscope (SEM) Hitachi S-4700. Clay 
minerals were separated according to the standard method: 
carbonates were removed with the use of an acetate buffer, or
ganic materials with hydrogen peroxide, while iron oxides 
were removed following Jackson’s (1969; see also Moore and 
Reynolds, 1997) procedure. The clay mineral fraction was 
saturated with a 1M solution of NaCl. The minerals were 
identified using X-ray powder diffraction in oriented and ran
dom powder mounts for the <0.2 pm fraction. X-ray diffrac
tion analyses were performed with the use of a Philips X ’Pert 
diffractometer with vertical goniometer PW3020 using CuKa 
radiation. The mounts were scanned from 2 to 64°20. The 
analyses of the oriented slides were performed in air-dry con
ditions, after ethylene-glycol vapour treatment and after 1 h 
heating at 330 and 550°C sequentially. The XRD method was 
also used for identification of the minerals in the tuffs and ba
saltic rocks. The content of CO2  in the tuffs was determined 
according to Scheibler’s method, and was used to eslablish 
the calcite content in the tuffs. Subsequently the LOI 
(CO2-free) value and the major elements in the tuffs were re
calculated to the carbonate-free basis to obtain data compara
ble with basaltic rocks.
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laths (An6-i 8Ab55-60Or22-3 7), Fe-Ti and Ti oxides and euhedral 
and subhedral apatite needles (Fig. 5A). The rare micro- 
phenocrysts of mafic minerals are totally replaced by chlorite 
and calcite with spots of Fe and Ti oxides (Fig. 5B). The locally 
glassy interstices are entirely altered into chlorite with admix
tures of calcite (Fig. 5A, B) and serpentine. Small vesicles filled 
with calcite are typical for this basalt. Fe-Ti oxides display a

Fig. 5. M icrop h otograp h s o f  th e  stu d ied  rocks

A  -  SEM BSE im age o f  the groundmass o f  the basalt from  the V elykyi K am enets’ Quarry; B -  m icrophenocryst o f  a m afic mineral w holly  replaced by 
calcite, chlorite as w ell as Ti and F e o x id e s in  the basalt from  V elykyi K am enets’ Quarry (X PL -  cross-polarized light); C  -  euhedral apatite crystals and 
Fe-Ti oxides in tu ff from  the V elykyi K am enets’ section  in the matrix com posed o f  clay minerals and calcite (SEM ); D  -  euhedral apatite crystals in tuffs 
from  V ilkh ivchyk in the matrix com posed o f  clay minerals, calcite and Fe-hydroxides (SEM ); E -  SEM BSE  im age o f  the groundm ass o f  the basalt from  
the B iała W oda site; F -  glom erocrysts o f  clinopyroxene replaced b y  calcite, chlorite and Fe oxides in the basalt from  B iała W oda (XPL); Ap -  apatite, 
Cal -  calcite, Chl -  chlorite, Cpx -  clinopyroxene, Fe-Ti ox  -  Fe-T i oxides; Fe ox  -  Fe oxides, Fsp -  feldspars, Ti ox  -  Ti oxides

RESULTS AND DISCUSSION

M INERALOGY

The groundmass of the basalt from the Velykyi Kamenets’ 
Quarry (VKB) is composed predominantly of anorthoclase
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composition close to ulvospinel according to the Deer et al.
(1992) classification (Fig. 6). They have Al2O3 content reach
ing 2.46 wt.%, ZnO and V2O5 up to 0.41 wt.% and MnO ex
ceeding 1.90 wt.% (Table 1). Apatite represents fluorapatite, 
though rare crysials containing equal amounts of OH and F 
were also noted (Table 2). The apatite analysed contains up to 
0.30 wt.% of SiO2, MgO and FeO reaching 0.38 and 0.53 wt.% 
respectively and SrO up to 0.22 wt.%. Traces of La, Ce, Mn 
and Na were also detected.

The tuffs sampled (VKT, VT) are weakly consolidated and 
porous. The >2 pm fraction of the rocks contains the same min
erals as were found in the basaltic sill from Velykyi Kamenets’ 
as well as their alteration products. The primary minerals are rep
resented by apatite (Fig. 5C, D), Fe-Ti oxides (Fig. 5C) andfeld- 
spars, whereas Fe hydroxides (goethite, lepidocrocite), maghe- 
mite and Ti oxides (mainly anatase) belong to alteration products 
of Fe-Ti oxides while illite is after feldspars (Fig. 7). The Fe-Ti 
oxides in the tuffs from the Velykyi Kamenets’ section have a 
composition related to ulvospinel (Fig. 6). The main element 
concentrations in these spinels are similar to those from the sill, 
although Al2O3 (up to 6 wt.%), MgO (up to 3 wt.%) and ZnO (up 
to 0.41 wt.%) values are slightly higher in the tuffs (Table 1).
Numerous crystals of euhedral apatite are typical of these tuffs 
(Fig. 5C, D). They represent the fluorapatite group, although rare

T a b l e  1

Representative analyses o f  Fe-Ti oxides occurring in  the studied rocks (oxides in wt.% )

FeA IA  Fe2T104

M gA IA  2 ■ Ti/(2 ■ Ti + Al + Cr) Mg2Ti04

Fig. 6. Com position o f  the Fe-Ti oxides studied on the 
classification diagram  based on Deer et a l (1992) compared with  

the oxides from other Carpathian Late M esozoic alkali basalts

Grey lin e-fie ld  based on M ikus et al. (2006); black lin es-field s based on 
Spisiak et al. (2011); V K B -  basalt from  the V elykyi K am enets’ Quarry, 
VK T -  V elykyi K am enets’ tuffs, B W B  -  B iała W oda basalt

* -  calculated from  stoichiom etry
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T a b l e  2

Representative analyses o f  apatites occurring in  the rocks studied (oxides in wt.% )

* -  total Fe calculated as FeO

crystals of hydroxylapatite were also noted (Table 2). The apatite 
has a compo sition similar to that from the basaltic sill, with 
amounts of the main elements being nearly at the same levels 
(Table 2). Among clay minerals, the <0.2 pm fraction almost ex
clusively contains illite/smectite (Fig. 8). Only the sample la
belled VT3 includes small amounts of kaolinite and 
chlorite/smectite(?) (Fig. 8). The estimated (according to Moore 
and Reynolds, 1997), illite content varies in a broad range from 
about 70% (VKT1, VKT5, VT3) to 30% (VT3). Illite is repre
sented by the 1Md polytype, identified based on 3.66 and 3.07 
reflections in the diffraction patterns of random powder mounts. 
The high amount of illite indicates advanced diagenetic alter
ations of the tuffs but simultaneously its variability shows that 
the processes were non-uniform. The minerals are cemented 
mainly by calcite with sporadic admixtures of dolomite. The 
tuffs were deposited in a marine environment and are under- and 
overlain by limestone beds. Therefore, the content of carbonates, 
especially calcite, is high but also very irregular and differs be
tween samples. Calcite forms a cement but it is also often con

centrated in spheroidal concretions. Its content, obtained by 
Scheibler’s method, ranges from about 8.5% in the Velykyi 
Kamenets’ section to about 22% in the Vilkhivchyk section.

The groundmass of the Biała Woda basalt (BWB) is com
posed mainly of a fine euhedral or subhedral pyroxene, apatite 
needles, Fe-Ti oxides and plagioclase laths (Fig. 5E). Ti-rich bio
tite was also noted. The altered (into chlorite) glass with locally 
occurring carbonates fill spaces between them (Fig. 5E, F). 
Phenocrysts occurring in the form of single crystals or 
glomerocrysts are scarce. They are mostly completely replaced 
by calcite, chlorite and Fe and Ti oxides. The original composi
tion of the phenocrysts cannot be properly determined, though 
relics of original clinopyroxene phenocrysts are partly preserved 
locally (Fig. 5F). Sporadically olivine(?) totally altered into a 
mixture of chlorite and Fe and Ti oxides may be found. Ba-rich 
K-feldspar developed in a few places, replactng mafic pheno
crysts. Small, scattered vesicles filled with calcite are typical of 
the batalt. Plagioclase reveals mainly an oligoclase-andetine 
composition. The oxides are related to ulvospinel according to
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F ig. 7. R ep resen ta tive  X R D  p attern s o f  th e  >2 pm  fraction  o f  th e  tu ffs  studied

The m ain measured dhkl o f  minerals occurring in the sam ples are given; Ab -  albite, Ant -  anatase, Ap -  apatite, 
Fsp -  alkali feldspar, Gth -  goethite, I/S -  illite/sm ectite, M gh -  m aghem ite, Lpk -  lepidocrocite

the Deer et al. (1992) classification (Fig. 6). In terms of chemis
try, they resemble oxides from the basalt and tuffs of Velykyi 
Kamenets’. The Al2O3 conient reaches 2.30 wt.%, ZnO and 
V2O5 attain 0.67 and 0.41 wt.% reipeciively and the MnO 
amount exceeds 1.90 wt.% (Table 1). Apatite displays a 
fluorapatite composition with oxide amounts very close to 
those described above in the tuffs and the sill, although the 
Biała Woda basalt contains slightly higher amounts of Sr (Ta
ble 2). Pyroxene, occurring in the matrix, is surprisingly not al
tered and is a clinopyroxene rich in Al2O3 (3-9 wt.%) and TiO2 
(2-5 wt.%; Table 3). According to the pyroxene classification 
of Morimoto et al. (1988) it represents diopside (Table 3).

GEOCHEMISTRY

The mineralogical and textural features described in the 
previous section as well as the high LOI level of the rocks stud
ied indicate that they underwent alteration. Therefore, the origi
nal amounts of mobile elements, especially the main elements 
constituting the rock-forming minerals, sensitive to such pro
cesses, are certainly changed. Pyroclastic rocks are particularly 
susceptible to alteration because of their low consolidation and 
higher porosity, than in basalts. To the group of trace elements 
regarded as immobile belong the HFS elements (Ti, Sc, Zr, Hf, 
Nb, Y, Ta) and the REE (e.g., Wedepohl, 1969; Rollinson,
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Fig. 8. Representative XRD patterns o f  the <0.2 pm  fraction  
o f the tuffs studied

a -  air dried, b -  ethylene g lyco l solvated, c -  heated at 330°C , 
d -  heated at 550°C; I/S -  illite/sm ectite, I -  illite, Ant -  anatase, 

Chl/S -  chlorite/sm ectite, K ln -  kaolinite

1993). However, there are many reports that trace elements are 
mobilised during alteration processes (e.g., Winchester and 
Floyd, 1977b; Zielinski, 1982; Summa and Verosub, 1992; van 
der Weijden and van der Weijden, 1995; Christidis, 1998; 
Malpas et al., 2001; Buchl and Gier, 2003), though, as was re
ported by van der Weijden and van der Weijden (1995) the 
changes in REE values are not considered to be significant. 
Moreover, the authors referred emphasized that the mobility of 
elements during alteration processes is extremely complex and 
controlled by several factors. Additionally, van der Weijden

T a b l e  3

R epresentative analyses o f  pyroxenes 
from the Biała W oda basalt (oxides in wt.% )

* -  for explanations see  Table 1

and van der Weijden (1995) noticed inconsistency in the be
haviour of La, Ce, Sm, Eu, Tb and Yb and concluded that con
clusions about REE behaviour cannot be generalized based on 
a single weathering profile.

The high LOI in tuffs (recalculated to a carbonate-free ba
sis; Table 4) suggests advanced alteration of volcanic ash. The 
LOI value is probably controlled mainly by the water and clay 
mineral content in the matrix, though primary clay minerals de
veloping from volcanic ash are considered to retain the original 
REE abundance in the weathered materials (Price et al., 1991 
and references therein). Moreover, the negative Ce-anomaly, 
indicative of deeply weathered materials (Price et al., 1991; 
Malpas et al., 2001), is not visible in the chondrite-normalized 
patterns of the tuffs studied. Some differences in the concentra
tions of elements between the tuffs from Velykyi Kamenets’ 
and those from Vilkhivchyk may be noticed (Table 4) which 
may be a result of element mobility during diagenesis. Alterna
tively, the compositional heterogeneity of the tuffs may reflect 
compositional heterogeneity of the parent magma body.
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T a b l e  4

W hole-rock m ajor and trace elem ent data o f  representative sam ples o f  the Velykyi 
K am enets’ basalt (VKB), tuffs (VKT and VT), and the Biała W oda basalt (BWB)

Therefore, considering the above, ele
ments commonly regarded as mobile were, if 
possible, avoided in the discussion as well in 
the discrimination diagrams, though this 
generated constraints in the interpretation. 
However, the trace elements used for con
structing discrimination diagrams and nor
malized patterns behave mostly coherently, 
indicating that they behaved conservatively 
during alteration.

Dilution of the pyroclastic material with 
terrigenous matter is another problem in 
consideration of the tuffs. Nevertheless, de
livery of clastic maierial at the time of tuff 
deposition seems to have been limited since 
the tuffs were deposited in marine environ
ment characterized by pelagic limestones 
(hence high calcite conient; see Table 4). 
Marly deposits appear higher, above the tuff 
horizons (see Fig. 3). Besides, among the 
clay minerals in the tuffs, mainly 
illite/smectite with 1Md illite are present. 
This suggests that the clay minerals in tuffs 
are of diagenetic, not detrital, origin. Addi
tionally, the >2 pm fraction contains the 
same minerals (apatite, Fe-Ti oxides, feld
spars) as the basaltic body and their alien 
ation products (maghemite, Ti oxides, Fe hy
droxides; Fig. 7). Moreover, the presence of 
detrital quartz was not detected.

The chemical composition of the tuffs 
studied is similar to that of both basalts and is 
characterized by low SiO2 contents (43 wt.% 
in VKB, about 40-43 wt.% in tuffs, and 
43 wt.% in BWB; which amount co^ecu- 
tively to: 47, 45-48 and 47 wt.% after recal
culation to LOI-free basis), amounts of TiO2 
exceeding 3 wt.% in almost all cases and P2O5 
(1.61-3.59 wt.% for tuffs, 1.32 for VKB and 
0.9 wt.% for BWB) (Table 4). The BWB has 
a higher conient of MgO (over 9 wt.%) than 
was measured in the other rocks, perhaps the 
result of clinopyroxene in the basalt.

The Zr/TiO2 and Nb/Y ratios indiiate 
that the tuffs studi ed are alkali basalts in 
composition, the Biała Woda basalt as 
basanite/nephelinite, while the baialt from 
the Velykyi Kamenets’ Quarry represents a 
composition intermediate between those two 
compositions (Fig. 9). All the rocks studied

<-------------------------

* -  total Fe reported as Fe2 O 3 ; ** -  chondrite norm al
ized values according to M cD onough and Sun (1995) 
norm alization values major elem ents in [wt.%] and 
LOI in tuffs recalculated to carbonate free basis; trace 
el e ments in ppm
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Fig. 9. C la ssifica tio n  o f  th e  v o lca n ic  rock s stu d ied  in  th e  d iagram  
based  on  im m o b ile  e lem en ts (a fter  W in c h ester  and  F loyd , 1977a)

VT -  V ilkh ivchyk tuffs, V K B  -  basalt from  the V elykyi K am enets’ 
Quarry, VK T -  V elykyi K am enets’ tuffs, B W B  -  B iała W oda basalt, 

bsn/nph -  basanite/nephelinite

correspond to within-plate alkali basalts and/or to within-plate 
tholeiites (Fig. 10; Wood, 1980; Meschede, 1986).

The rocks studied are enriched in LREE relative to HREE 
(chondrite-normalized LaN/YbN values are 15.1-20.9 for tuffs, 
18.5 for VKB and 23.3 for BWB; Table 4). Europium anoma
lies are absent (1.09 > Eu/Eu* > 1) in all samples studied (Fig. 
11A). The chondrite-normalized REE patterns for tuffs as well 
as for both basalts have steeply-sloping patterns typical of 
ocean island basalts (OIB) (Fig. 11A). The tectono-magmatic 
setting is supported by high values of the Nb/Th ratio 
(12.45-16.55 in tuffs, 13.45 for VKB and 
10.75 for BWB) and low La/Nb (0.51-0.92 for 
tuffs, 0.76 for VKB and 0.65 for BWB) (Table 
4) which are compatible with those for basalts 
of OIB character (Sun and McDonough, 1989;
Weaver, 1991; Allegre et al., 1995; and refer
ences therein).

The absence of negative Nb and Ta anoma
lies in relation to chondrite (Fig. 12), the La/Nb 
< 0.9 (Sun and McDonough, 1989) and the 
Th/La lower or close to the 0.12 (Th/La value of 
chondrite and primitive mantle; Sun and 
McDonough, 1989; Table 4) imply that the ba
saltic melts were not influenced by a crustal 
component. This is supported by the absence of 
Ta and Nb anomalies in relation to the remain
ing incompatible elements values in the primor
dial mantle-normalized patterns (Fig. 13A).

The rocks analysed show a main and trace 
element composition suggesting that their 
mantle source had a HIMU (high U/Pb mantle) 
signature (Fig. 14). Despite the fact that the 
points in the diagrams constructed according 
to K/Nb vs Zr/Nb and K/Nb vs La/Nb plot into 
fields partially overlapping with EMII (en

riched mantle type-II) in other diagrams, the distinction is 
clearly visible (Fig. 14). The Zr/Nb, La/Nb, Th/Nb and Th/La 
values (Table 4) are consistent with those noted for St. Helena 
and Cook-Austral Istands -  the OIB bastts detved from 
sources having HIMU composition (see Weaver, 1991 and ref
erences therein). This is consistent with the hypothesis of this 
magma source for the rocks studied. The enrichment of LREE 
relative to HREE, and thus relatvely high chondrite-normal
ized La/Yb values in the rocks studied, suggest garnet as a re
sidual phase in the mantle source (Langmuir et al., 1977; Frey 
et al., 1978). Nevertheless, without more detailed data obtained 
from fresh rocks, this idea is speculative.

REGIONAL COM PARISON A N D  CONSIDERATIONS

The Mesozoic alkaline volcanism of central Europe was re
lated to the opening of the Penninic Rift and was connected 
with northern and southern marginal parts of the sedtmentary 
basins surrounding the spreading centres. The volcanic bodies 
are widely dispersed and nowadays placed in several tectonic 
units of the Alpine-Carpathian-Pannonian realm. There are 
many reports dealing with the Cretaceous alkaline volcanic 
rocks from the Central and Outer Carpathians (e.g., Mahmood, 
1973; Kudëlaskova, 1982; Narçbski, 1990; Dostal and Owen, 
1998; Hovorka et al., 1999 and references therein; Ivan et al., 
1999; Spisiak et al., 2011). The volcanic and related rocks pre
dominantly occur in the form of small portions of submarine 
lava, meagre subsurface bodtes such as sills and veins or less 
frequently as eftusive or volcanic rocks. The rocks geochet 
mically betong to a teschenite-picrite association in the Outer 
Western Carpathians (e.g., Mahmood, 1973; Kudëlaskova, 
1982; Narçbski, 1990; Dostal and Owen, 1998) or display com
positions of alkali basalts and basanite/nephelinite in the Cen-

Hf/3 Y Zr/4

Fig. 10. D iscr im in ation  d iagram s fo r  th e  tu ffs  stu d ied  and  basalts

T h -H f/3 -T a  (A  -  N -type M ORB basalts, B  -  E-type M ORB basalts, C -  w ithin-plate alkali 
basalts, D  -  volcanic-arc basalts; W ood, 1980); Z r /4 -2 N b -Y  (A 1 -  w ithin-plate alkali basalts, 
A11 -  w ithin-plate alkali basalts and w ithin-plate tholeiites, B  -  E-type M ORB basalts, C -  
w ithin-plate tholeiites and volcanic-arc basalts, D  -  N -type M ORB and volcanic-arc basalts; 
M eschede, 1986); explanations o f  sym bols in Figure 9



642 Nestor O szczypko, Dorota Salata and M ichał Krobicki

tral Western Carpathians (Hovorka et al., 1999; Ivan et al., 
1999). The same alkali type of volcanism represents the re
cently described melanephelinitic body found in the Puchov 
segment of the PKB in Slovakia (Vrsatec Klippen area; Spisiak 
et al., 2011).

The Late Mesozoic volcanic rocks are characterized by a 
typically low content of silica (40-52 wt.% of SiO2 LOI free) 
and increased contents of TiO2 (up to 3.9 wt.%) and P2O5 
reachrng 3 wt.%. The most frequently described minerals are 
pyroxene (Ti-augite, aegirine, diopside), amphibole, olivine, 
Ti-biotite, K-feldspar, analcime, plagioclase, apatite and Fe-Ti 
oxides (Hovorka and Spisiak, 1993; Dostal and Owen, 1998; 
Hovorka et al., 1999; Ivan et al., 1999; Mikus et al., 2006; 
Spisiak et al., 2011). The clinopyroxene, displaying a diopsidic 
composition, is variably enriched in TiO2 (exceeding 5 wt.%) 
and Al2O3 (up to 10 wt.%) (Hovorka and Spisiak, 1993; Dostal 
and Owen, 1998; Hovorka et al., 1999; Mikus et al., 2006; 
Spisiak et al., 2011), while the spinels display a composition re
lated to ulvospinel (see Fig. 6; Mikus et al., 2006; Spisiak et al.,
2011). The rocks are featured by LREE enrichment accompa
nied by fractionated heavy REE which is reflected in 
steeply-slop-ng and smooth chondrite and man-le-normal-zed 
patterns respectively (Figs. 11B, C and 13B, C). The geochemi
cal characters of the rocks indicate that they are related to ocean 
is-and alkali basalts of intra-plate type with HIMU-derived 
magma type of possibly garnet-peridotite composition (Dostal

Fig. 11. Chondrite-norm alized REE patterns

A -  tu ffs studied and basalts; B -  Cretaceous volcanic rocks o f  the Central 
W estern Carpathians and the Vrsatec area (PKB); C -  M oravian volcanic  
rocks; chondrite norm alization factors after M cD onough and Sun (1995); 
data for com parative diagrams com piled from: CW C -  H ovorka et al. 
(1999); Vrsatec -  Spisiak et al. (2011); M oravian volcanic rocks -  D ostal 
and O w en (1998); average values o f  ocean island basalts (O IB) after Sun 
and M cD onough (1989); for other explanations see Figure 9

Fig. 12. Chondrite-norm alized trace element 
concentrations in the rocks studied

Norm alization according to Thom pson (1982); 
for other explanations see  Figure 9



Early Cretaceous intra-plate volcanism  in the Pieniny Klippen Belt. 643

Fig. 13. P r im itive  m a n tle -n orm alized  p attern s

A  -  tuffs studied and basalts; B -  cretaceous volcanic rocks o f  the Cen
tral W estern Carpathians and the Vrsatec area (PKB); C  -  Moravian  
volcanic rocks; for other explanations see Figure 9

and Owen, 1998; Ivan et al., 1999; Hovorka et al., 1999; 
Spisiak et al., 2011).

The basaltic sill studied, the tuffs and the Biała Woda basalt 
seem to represent the same Late Mesozoic volcanic events that 
took place in the Central Western and Outer Western Carpa
thians and beiong to the same Cretaceous alkaiine province. 
This is supported by:

-  mineralogical resemblance and chemical composition 
of the minerals,

-  similar silica, phosphorus and titanium contents,
-  REE patterns and proportions of incompatible elements. 
The Outer and Central Carpathians’ alkaline volcanic rocks

as well as those described in this paper show features of ocean

island alkali basalts without crustal contamination and have 
features of HIMU-derived magma type.

Continental and oceanic intraplate alkali basalts may be as
sociated with hot spots, intra-plate stress and extension causing 
lithospheric thinning and rifting (e.g., Wilson, 1993 and refer
ences therein). There are two main models explaining the Late 
Mesozoic volcanic activity in marginal parts of the Penninic 
oceanic basins. The alkaline volcanism in rifted areas of Cen
tral Europe may be re-ated to “hot mantle fingers” supplied 
from an asthenospheric reservoir existing under Europe at least 
since the Early Cretaceous (Harangi et al., 2003), though these 
authors did not exclude a stretching model. The mantle fingers 
are be-ieved to repre -ent peripheral branches of hot man-le 
plumes responsible for open-ng of the North-At-an-ic Basin 
(e.g., Oyarzun et al., 1997; Wilson, 1997). However, recently 
Spisiak et al. (2011) proposed an extensional model to explain 
volcanic ac-iv-ty in the Cen-ral Western and Outer Western 
Carpathians. The model shows that the Carpathian alkaline vol
canic bodies, developed along passive continental margins en
circling the Penninic rifts, evolved mainly due to mantle 
upwelling under the stretched lithosphere. Accord-ng to this 
model, magma intruded to the surface us-ng deep tensional 
fractures developed in marginal parts of the peripheral basins.

The Early Cretaceous volcanism at the northern edge of the 
Pieniny Klippen Belt was probably related to the opening of the 
Magura Basin, al-hough this theory is still under discussion 
(Oszczypko and Oszczypko-Clowes, 2009). Traditionally an 
Early/Middle Jurassic age, coeval with opening of the 
Ligurian-Penninic Ocean, has been accepted (see Birkenmajer, 
1986; Oszczypko, 1992, 1999; Golonka et al., 2000, 2003). Ac
cording to this concept, the Magura deep-sea basin was sepa
rated by the European Shelf and submerged con-inen-al(?) 
Czorsztyn (Oravicum) Ridge from the north and south respec
tively (Oszczypko, 1999). Alternatively, Plasienka (2003) sug
gested a Late Jurassic-Early Cretaceous opening of the Magura 
Basin, accompanied by thermal uplift of the Czorsztyn Ridge, 
and post-rift thermal subsidence of the Magura Basin, resulting 
in the uniform deposition of pelagic and hemipelagic shales (?) 
below the CCD (see Oszczypko and Oszczypko-Clowes, 
2009). The same point of view is represented by Schmid et al. 
(2008) who link opening of the Magura Basin with the Late Ju
rassic-Early Cretaceous opening of the oceanic Valais-Rheno- 
danubian (North Penninic) Basin. In the light of this concept, 
the Czorsztyn Rigde (Oravicum) that occupied a more internal 
position with respect to the Magura Basin may be regarded as 
an equivalent of the continental Briangonnais-Hochstegen do
main that was flanked to the south by the oceanic Ligurian-Pie- 
mont-Vahicum-Krichevo-Szolnok-Sava domain (see Dec
ker, 1990; Schmid et al., 2004, 2008).

Duri ng the Late Jurassic to Early Cretaceous, deep-water, 
condensed deposits of a radiolarite/carbonate sequence occu
pied the Magura Basin (Fig. 15; see also Oszczypko et al.,
2012). Around the Late Jurassic-Early Cre-aceous boundary 
the southern periphery of the Magura and the Czorsztyn sedi
mentary areas was affected by extensive Neo-Cimmerian grav
itational faulting (Birkenmajer, 1986, 1988) and the formation 
of synsedimentary breccia (Golonka et al., 2003). Because of 
these tectonic movements, the major part of the Czorsztyn sedi
mentary area was uplifted and eroded from the Berriasian up to
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Fig. 14. G eoch em ica l d iagram s ch aracter iz in g  m an tle  r eservo irs  for  th e  rock s studied

The fields for HIM U, EMI and EMII are based on data com piled by C ook et al. (2005); 
for explanations see Figure 9

the Aptian/Albian boundary (Birkenmajer, 1986, 1988; 
Golonka et al., 2003). The Neo-Cimmerian movements might 
have been manifested by the beginning of sedimentation of 
flysch deposits of the Szlachtowa Formation in the southern 
part of the Magura Basin at the Aptian/Albian boundary 
(Oszczypko et al., 2012). These turbiditic deposits were sup
plied by clastic material derived from the erosion of an uplifted 
part of the Czorsztyn sedimentary area. During the Ceno- 
manian and Turonian the post-volcanic thermal subsidence 
caused a gradual deepening of the Magura Basin which re - 
sulted in the Turonian deepening of the Magura Basin beneath 
the local CCD. The Neo-Cimmerian extensional tectonics were 
accompanied by local intra-plate volcanism (Krobicki et al., 
2008; Birkenmajer and Lorenz, 2008; Spisiak et al., 2011). Ac
cording to Birkenmajer and Lorenc (2008) the basaltic 
olistolith from Biała Woda is evidence of alkaline volcanism 
connected with tensional faulting enabling mantle magma to 
intrude to the surface. These authors suggest that the volcanic 
events terminated due to subduction processes initiated during 
the Aptian-Albian at the southern borders of the Pieniny 
Klippen Belt Basin.

It is characteristic that the manifestations of volcanism in 
the PKB are marked at the western and eastern terminations of 
the belt: Western Carpathian Transfer Zone (WCTZ, see Picha 
et al., 2006) or Vienna Transform Fault and Maramuresh 
Transform Fault. At the beginning of the Campanian the south
ern part of the Magura Basin, under the influence of compres
sion in the Pieniny Klippen Belt, had been shallowing (Fig. 15). 
Further shallowing of the basin and upiift and erosion of the 
PKB resulted in deposition of conglomerates and conglomer

atic sanditones of the Jarmuta Formation (Maastrichtian to 
Paleocene, see Birkenmajer, 1977). The coarse maien^ and 
rock blocks (olistoliths) were derived mainly from the erosion 
of the PKB and the exotic Andrusov Ridge (Krobicki and 
Olszewska, 2005). The basaltic block of Biała Woda was in
corporated into the clastic material together with carbonate 
clasts (Fig. 15). The present-day tectonic position of the volca
nic rocks described is a consequence of the Eocene escape of 
the Alcapa microplate against the Tisza microplate and the 
Miocene rotation of these microplates (Ustaszewski et al., 
2008; Oszczypko and Oszczypko-Clowes, 2009).

CONCLUSIONS

The Velykyi Kamenets’ basalt, tuffs from Velykyi 
Kamenets’ and Vilkhivchyk as well as the Biała Woda basaltic 
olistolith represent the same tectonomagmatic type of volcai 
nism. This intrusive-effusive sequence probably developed 
during one Early Cretaceous volcanic phase, which took place 
in submarine conditions. The time of the volcanic event can be 
approximately estimated as not older than Berriasian and not 
younger than Albian. The period of volcanic activity in the 
PKB in Ukraine (Velykyi Kamenets’) and Poland (Biała 
Woda) was roughly the same, a little older than that which took 
place in the Vah valley (Slovakia).

The rocks studied are featured by geochemical factors typi
cal of ocean island alkali basalts of intraplate character without 
crustal contamination. Their parent magma probably derived
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from a HIMU reservoir type. In terms of mineral composition 
and geochemistry, the rocks studied correspond well to other 
Cretaceous volcanic rocks reported from the Central and Outer 
Western Carpathians. The rocks studied, occurring in the west
ern Ukraine, most probably belong to the Cretaceous 
Carpathian alkaline province. The volcanic processes seem to 
have been connected with deep tensional faults developed in 
marginal parts of the peripheral basins surrounding the 
Penninic spreading centres.
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