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The Neo gene sed i men tary suc ces sion of the Orava-Nowy Targ Ba sin di rectly over lies the Cen tral Carpathian Paleogene
Ba sin de pos its, the Magura Unit, and the Pieniny Klippen Belt. It pro vides an ex cel lent geo log i cal re cord that post dates the
main Mesoalpine struc tural and geomorphological pro cesses in the West ern Carpathians. Sedimentological, pet ro graph i cal
and geo chron ol ogi cal in ves ti ga tions have al lowed for the re-ex am i na tion of pyroclastic ma te rial, zir con dat ing, and a dis cus -
sion on the re la tion of the Orava-Nowy Targ Ba sin to the ex hu ma tion of the Tatra Mas sif. The Bystry Stream suc ces sion is
com posed of NNW-in clined fresh wa ter siltstones, sand stones and con glom er ates. A few small, some times dis con tin u ous,
light grey in ter ca la tions of pyroclastic de pos its and a sin gle 1–2 m thick tuffite layer oc cur in the up per part of the suc ces sion.
The tuffite con tains an ad mix ture of or ganic mat ter and siliciclastic grains (e.g., mica), sug gest ing that the vol ca nic ash fall
was ac com pa nied by nor mal de po si tion from weak cur rents. Sed i men ta tion of de pos its of the Bystry Stream suc ces sion took 
place in ter res trial set tings, pre dom i nantly on floodplains and in rivers, in the vi cin ity of a hilly area sup ply ing the ba sin with
eroded ma te rial. The age of the tuffite layer from the Bystry Stream suc ces sion was de ter mined at 11.87 +0.12/–0.24 Ma.
The source of volcanogenic ma te rial in the tuffite was prob a bly vol ca nic ac tiv ity in the In ner Carpathians-Pannonian re gion,
where ef fu sive and volcanoclastic sil ica-rich rocks were be ing pro duced by ex tru sive and ex plo sive ac tiv ity ~12 Ma. Ob -
tained re sult con nects the de vel op ment of the Orava-Nowy Targ Ba sin at ~12 Ma with the late stage of the main ep i sode of
the Tatra Mas sif ex hu ma tion be tween ~22–10 Ma.
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INTRODUCTION

The Orava-Nowy Targ (O-NT) Ba sin (Fig. 1) is filled mostly
with ter res trial and fresh wa ter sed i ments. The age of the on set
of sed i men ta tion in the O-NT Ba sin has been re ferred to the
Badenian (Oszast and Stuchlik, 1977), Late Badenian or
Sarmatian (Cieszkowski, 1995), or sim ply Sarmatian (Wieser,
1985; Nagy et al., 1996). The re li abil ity of these es ti ma tions is
in suf fi cient and the ex act age of the ba sin infill is still poorly con -
strained. The O-NT Ba sin pro vides an ex cel lent geo log i cal re -
cord that post dates the main Mesoalpine struc tural and
geomorphological pro cesses (Golonka et al., 2005; Golonka
and Picha, 2006) in the West ern Carpathians. Con se quently, a
pre cise age de ter mi na tion is cru cial for re gional in ter pre ta tions. 

A few pyroclastic lay ers were iden ti fied both in out crops and
bore holes within the O-NT Ba sin. The most prom i nent of these
oc cur rences is an out crop of a 1–2 m thick tuffite layer in the
Bystry Stream area. This tuffite layer was used by Wieser
(1985) to de ter mine the time of vol ca nic erup tion and pyro -
clastic sed i men ta tion. The age was de ter mined at 8.7 ±0.6 Ma
based on zir cons. How ever, the pa per gave only scanty in for -
ma tion about the ap plied dat ing method. It was later sup ple -
mented by Worobiec (1994) with the in for ma tion that the re sult
pre sented by Wieser (1985) was ob tained by “Charles Naeser
of the U.S. Geo log i cal Sur vey in Den ver us ing the ura nium -
-track method”.

A se ries of floods be tween 2009 and 2010 in the Bystry
Stream area un cov ered the O-NT sed i men tary suc ces sion that
was poorly ac ces si ble for most of the 1990s and 2000s. This
pro vided an ex cel lent op por tu nity to study in de tail the ex posed
sed i ments of the O-NT Ba sin in that re gion and com pare them
to the sed i men tary se quence of the main part of the O-NT Ba -
sin. It also en abled the re-ex am i na tion of pyroclastic ma te rial
and dat ing of zir cons us ing the mod ern tech nique of la ser ab la -
tion-multicollector-in duc tively cou pled plasma-mass spec trom -
e try (LA-MC-ICPMS). The re sults of these investigations are
presented in this paper.

* Corresponding author, e-mail: anna.wysocka@uw.edu.pl

Received: July 28, 2017; accepted: January 17, 2018; first
published online: May 8, 2018



GEOLOGICAL SETTING

The O-NT Ba sin is lo cated in the West ern Carpathians at
the bor der be tween Slovakia and Po land. The O-NT sed i ments
un con form ably over lie the Mesoalpine con sol i dated base ment
com pris ing the Cen tral Carpathian Paleogene Ba sin (CCPB)
and the Pieniny Klippen Belt (PKB) in the south, and the
Magura Nappe in the north (Fig. 1B). The O-NT Ba sin formed
above these three units as a tec toni cally in duced de pres sion
(Roth et al., 1963; Watycha, 1977; Bac-Moszaszwili, 1993;
Baumgart-Kotarba, 1996, 2001; Pomianowski, 2003; Baum -
gart -Kotarba et al., 2004; Struska, 2008; Tokarski et al., 2012,
2016) across the bound ary be tween the In ner and Outer
Carpathians. Most au thors in ter preted this struc ture as a re sult
of the Oligocene-Mio cene ac tiv ity of a re gional-scale strike-slip
fault zone (Kováč and Hók, 1993; Kováč et al., 1998). Pos si ble
move ment could have taken place along the PKB (Pomia -
nowski, 2003) or the Orava Fault (Jankj et al., 1984; Pospíšil,
1990; Bac-Moszaszwili, 1993; Baumgart-Kotarba, 1996, 2001;
Baumgart-Kotarba et al., 2004). Such tec tonic po si tion of the
O-NT Ba sin makes it an ex cel lent geo log i cal marker that post -
dates the late de for ma tion stages of the West ern Carpathians.

De for ma tion of the CCPB oc curred af ter the sed i men ta tion
of the youn gest pre served sed i ments of Late Oligocene/Early
Mio cene age (Ostrysz beds, NN1 zone; Garecka, 2005). Ex ist -
ing stud ies show that an im por tant part of the CCPB suc ces sion 
might have been eroded; there fore this es ti ma tion may not be
very ac cu rate (Anczkiewicz et al., 2005, 2013; Środoń et al.,
2006). The last de for ma tion stages of the south ern most parts of 
the Magura Nappe are dated by the oc cur rence of Lower Mio -
cene sed i ments that are in volved in the nappe for ma tion (up to
~23–18? Ma; Cieszkowski, 1992; Oszczypko et al., 2005;
Kacz marek et al., 2016). How ever, these es ti ma tions alone
can not be used to date the tec tonic pro cesses in the area with -
out the sup port of pre cise dat ing of the O-NT Ba sin infill. 

The O-NT Ba sin is a W–E-trending struc ture, 60 km long
and 14 km wide (Figs. 1 and 2). The ba sin can be sub di vided
into two main parts: the Orava Ba sin (west ern) and the Nowy
Targ Ba sin (east ern) (Fig. 2A). The Orava Ba sin is a rhombo -
idal struc ture filled with ~1300 m of ter res trial and fresh wa ter
sed i ments, whereas the Nowy Targ Ba sin is a nar row half -
-graben with de pos its up to 100 m thick. The O-NT Ba sin un der -
went in ten sive sed i men tary pro cesses, in con trast to the sur -
round ing ar eas, which un der went ero sion and served as a
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Fig. 1. Sketch map of Po land, study area marked by box (A) and the Orava-Nowy Targ Ba sin against the back ground
 of ad ja cent units of the West ern Carpathians; traces of se lected map-scale faults and main thrusts are de picted (B)



source area for the ba sin sed i ments. Ac cord ing to data from
bore holes (Czarny Dunajec IG 1, Koniówka IG 1, and Domań -
ski Wierch D-1) and out crops in the west ern part the ba sin, the
infill con sists pre dom i nantly of non- or weakly lithified fine -
-clastics (claystones, clayey siltstones and sand stones) de pos -
ited in river, swamp and lake set tings. They are lo cally in ter ca -
lated with con glom er ates that of ten form al lu vial fan se quences
that are sev eral metres thick (Birkenmajer, 1954, 1978;
Watycha, 1976, 1977; Łoziński et al., 2015). Ad di tion ally, lo cal -
ized oc cur rences of lig nites (Kołcon and Wag ner, 1991; Nagy
et al., 1996), tuffites (Beleš, 1974; Sikora and Wieser, 1974;
Westwalewicz-Mogilska, 1974; Kołcon and Wag ner, 1991) and
fresh wa ter lime stones (Bojanowski et al., 2014; Łoziński et al.,
2015) were ob served.

The study area is lo cated in the south east ern flank of the
Orava Ba sin in the vi cin ity of Miętustwo and Stare Bystre vil -
lages (Fig. 2B). Iso lated out crops of Neo gene de pos its in this
area (first noted by Raciborski, 1892) are lo cated in the Bystry
Stream bed and in the nearby scarp of the Czerwona Góra Hill
(also known as the Srokowskie Bereki Hill). The Neo gene sed i -
men tary suc ces sion (Fig. 3) di rectly over ly ing the CCPB is com -
posed of NNW-in clined fresh wa ter siltstones, sand stones and
con glom er ates of pre sumed Sarmatian age (Birkenmajer,
1979). The con glom er ates are dom i nated by clasts (up to
1.3 m) de rived from the CCPB. Lime stones, radiolarites, and
other ex otic rocks de rived prob a bly from the PKB oc cur
subordinately. A 1–2 m thick four-cy cle tuff-tuffite layer (Sikora
and Wieser, 1974; Fig. 4A) oc curs at the base of the sev -
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Fig. 2. Gen eral view of the Orava-Nowy Targ Ba sin subdived into the Orava and Nowy Targ bas ins
(A) and geo log i cal sketch of the study area (B)



eral-metre-thick con glom er ates. It con tains vitroclasts, mont -
mo ril lo nite, crystaloclasts (quartz, sanidine, oligoclase, bi o tite)
and ac ces sory min er als (zir con, il men ite, mag ne tite and
lamprobolite). De tri tal ma te rial was also re ported and it is rep re -
sented by mica and rounded zir con, gar net, rutile, tour ma line,
al la nite and well-pre served plant rem nants (Sikora and Wieser,
1974; Worobiec, 1994).

The tuffite layer was in ves ti gated also by Westwalewicz -
-Mogilska (1974), who de scribed sharp-edged frag ments of vol -
ca nic glass, quartz, bi o tite and chlorite, as well as de tri tal quartz
and con cen tra tions of coaly mat ter. Ac cord ing to her, the min -
eral ma trix of the rock is dom i nated by hydromica-type ar gil la -
ceous min er als that orig i nated from the weath er ing of vol ca nic
ash and glass. Westwalewicz-Mogilska (1974) as sumed a Late
Plio cene or Plio-Pleis to cene age (based on flora rem nants;
Oszast, 1970; Zastawniak, 1972) of the en tire sed i men tary se -
quence be ing part of the Domański Wierch al lu vial fan.

SAMPLES AND METHODS

Stan dard sedimentological mea sure ments were made
along the Neo gene suc ces sion crop ping out in the Bystry
Stream area (Figs. 2B and 3). Lith o logic data cou pled with ob -
served sed i men tary and diagenetic struc tures were used as the 
ba sis for the def i ni tion of lithofacies types. The ob served
lithofacies as so ci a tions were in ter preted in terms of sed i men -
tary en vi ron ments ac cord ing to Miall (2000, 2006) and a pre vi -
ous study in the south ern part of the Orava Ba sin (Łoziński et
al., 2015).

Sam ples of di verse lithological types were col lected from
the Bystry Stream sec tion for fur ther ex am i na tion. Sand stones 
and siltstones were sub ject to a quan ti ta tive petrographic anal -
y sis of six stan dard un cov ered pol ished thin-sec tions pre -
pared from siliciclastic and tuffite rocks col lected in the out -
crops. Thin-sec tions were stud ied us ing a NIKON Eclipse
E600POL po lar iz ing mi cro scope (Nikon Cor po ra tion, To kyo,
Ja pan). Frame work com po si tion, ma trix, ce ments and po ros -
ity were de scribed us ing the point-count ing method. Size and
round ness of the frame work com po nents were also taken into
ac count, along with types of con tacts be tween the grains.
Sort ing of the frame work com po nents was de ter mined by us -
ing com par i son charts (Longiaru, 1987). Two thin-sec tions of
tuffite were sub se quently coated with car bon and ex am ined
us ing a Cameca SXFiveFE elec tron microprobe (EMP)
equipped with 5 WDS spec trom e ters. Elec tron beam of 15 kV
ac cel er a tion volt age and 10 nA cur rent were used in tak ing
back-scat tered elec tron (BSE) im ages. WDS anal y ses were
con ducted in the same con di tions, but with defocused beam
(to 7 mm) to pre vent the loss of light el e ments in duced by elec -
tron beam. Ka lines were mea sured for F and Mg us ing LTAP;
for Na, Al and Si – TAP; for P, S, Cl, K, Ca, Ti – LPET; for Mn,
Fe – LLIF crys tals. La lines of Zr and Ba were mea sured us ing
LPET and LLIF crys tals. Anal y ses were re cal cu lated us ing the
XPP ma trix cor rec tion al go rithm (Pou chou et al., 1990) and
the fol low ing stan dards: Ca5P3O12F for F and P; Ca5P3O12Cl
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Fig. 3. Tuffite po si tion, lithofacies, and fa cies as so ci a tions on 
a sed i men tary log for the Bystry Stream suc ces sion

B1 to B10 sam ple num ber, de note gravel (g), sand (s), sand stone 
(ss) and tuffite (t); for lithofacies code ex pla na tions see Ta ble 1



New data on the age of the sedimentary infill of the Orava-Nowy Targ Basin – a case study of the Bystry Stream succession 331

Fig. 4. Lithofacies and sed i men tary struc tures typ i cal for the Bystry Stream suc ces sion
 (lithofacies codes are given in boxes)

A – tuffite lay ers (from white and yel low to dark green) rep re sent ing 2 cy cles of de po si tion; each cy cle ends with a 0.5–1 cm
thick layer of very fine vol ca nic ash sed i ment (ar rows); B – com mon mas sive siltstones with calcitic nod ules and rhizocretions; 
C – a wood frag ment pre served in mas sive siltstones; D – 0.5 m thick unique layer of sed i ment ex tremely rich in plant de tri tus,
wood frag ments, as well as muddy intraclasts (ar rows); E – hor i zon tally lam i nated sand stones with fre quent ad mix tures of
plant de tri tus; F – lay ers of trough-bed ded sand stones with cor re spond ing ero sion sur faces; the low er most layer ex hib its or -
ganic mat ter ad mix ture and veg e ta tion traces hav ing a form of rhizocretions (ar rows); G – sand stones in ter ca lated by a
20–30 cm thick in dis tinctly bed ded con glom er ate layer; H – sev eral-metres-thick dis or ga nized con glom er ates; for other ex pla -
na tions see Ta ble 1



for Cl; al bite for Na and Si; orthoclase for Al, K; MgO for Mg; di -
op side for Ca; rhodo nite for Mn; Fe2O3 for Fe; SrBaNb4O12 for
Ba; rutile for Ti, and zir con for Zr.

Dur ing field work, sieve anal y sis of two gravel sam ples was
made by us ing hand-made equip ment com posed of a spe cially
pre pared set of sieves. Af ter the field sieve anal y sis, sam ples of 
the fine-grained part of the grav els and sev eral sam ples of
sands were col lected and ana lysed in lab o ra tory con di tions.
Based on the sieve anal y sis of four sam ples, the fol low ing pa -
ram e ters of grain-size dis tri bu tion were counted: mean size
(Mz), stan dard de vi a tion (d) and skew ness (Sk). Man ual mea -
sure ments of 300 in di vid ual clasts from the dom i nant grain-size
classes (16–32, 32–64 and 64–128 mm) of each gravel sam ple
al lowed for de scrib ing their round ness and shape, based on the 
vi sual es ti ma tion af ter Pow ers (1953) and man ual mea sure -
ments af ter the meth od ol ogy pro posed by Zingg (1935). The li -
thol ogy of all mea sured clasts was also de scribed.

For U-Pb anal y sis, a to tal of 2.5 kg of ma te rial was col -
lected from the lower, mid dle and up per parts of the tuffite
layer. Each sam ple was gently crushed, sieved, washed us ing
a shak ing ta ble, and dried. Heavy min eral sep a rates were pre -
pared in mag netic and LST plus DIM heavy liq uid sep a ra tions, 
and sub mit ted to the Ar i zona LaserChron Cen ter for U-Pb la -
ser anal y sis. The ma te rial from sep a rates was in cor po rated
into a 1” ep oxy mount along with mul ti ple frag ments of the pri -
mary Sri Lanka (SL) zir con stan dard. The mounts were
sanded down and pol ished, and CL im ag ing was used to pick
ran dom 50 crys tals for age de ter mi na tion. Prior to the iso to pic
anal y sis, the mounts were cleaned in an ul tra sound bath of 1% 
HNO3 and 1% HCL in or der to re move any re sid ual com mon
Pb from the mount sur face.

U-Pb geo chron ol ogy of in di vid ual zir con crys tals was con -
ducted by la ser ab la tion-multicollector-in duc tively cou pled -
-mass spec trom e try (LA-MC-ICPMS) (Gehrels et al., 2006,
2008). The iso to pic anal y ses in volved the ab la tion of zir con us -
ing a Pho ton Ma chines Analyte G2 excimer la ser cou pled with a 
Nu In stru ments HR-MC-ICPMS. He lium car ries the ab lated
ma te rial into the plasma source of the ICPMS, which is
equipped with a flight tube of suf fi cient width for the si mul ta -
neous mea sure ment of the U, Th, and Pb iso topes. The anal y -
ses were con ducted with a 15 mm di am e ter la ser spot us ing an
ac qui si tion rou tine con sist ing of one 12 s in te gra tion on peaks
with the la ser off (for back grounds), twelve 1 s in te gra tions with
the la ser fir ing, and a 30 s de lay to en sure that the pre vi ous
sam ple is purged from the col lec tor block. Far a day de tec tors
with 3 x 1011 W re sis tors mea sure 238U and 232Th, and dis crete
dynode ion coun ters mea sure 208-204Pb, all in a static mode. The 
drill rate was ~1 mm/s, re sult ing in a fi nal ab la tion pit depth of
~12 mm. The er rors in de ter min ing the 206Pb/238U and
206Pb/204Pb ra tios re sult in a fi nal mea sure ment er ror of ~1–2%
(at 2-sigma level) in the 206Pb/238U age for each anal y sis. The
er rors in de ter min ing the 206Pb/207Pb and 206Pb/204Pb ra tios also 
re sult in ~1–2% (at 2-sigma level) un cer tainty in the age for
grains that were older than 900 Ma; how ever, they were sub -
stan tially larger for youn ger grains due to the low in ten sity of the
207Pb sig nal.

The com mon Pb cor rec tion was ac com plished by us ing the
Hg-cor rected 204Pb and as sum ing an ini tial Pb com po si tion
from Stacey and Kramers (1975). Un cer tain ties of 1.5 for
206Pb/204Pb and 0.3 for 207Pb/204Pb were ap plied to these
compositional val ues based on the vari a tion in the Pb iso to pic
com po si tion in mod ern crys tal line rocks. In ter fer ence of 204Hg
with 204Pb was ac counted for the mea sure ment of 202Hg dur ing
la ser ab la tion and sub trac tion of 204Hg ac cord ing to the nat u ral
202Hg/204Hg of 4.35.

The U con cen tra tion and the U/Th ra tio were cal i brated rel a -
tive to the Sri Lanka zir con stan dard and were ac cu rate to
~20%. The pri mary stan dard con sisted of frag ments of a sin gle
large zir con crys tal with a well-cal i brated ID-TIMS age of 563.5
±3.2 Ma (2-sigma). In-run anal y ses of these frag ments were
con ducted ev ery ca. fourth mea sure ment and the re sults were
used to cor rect for the inter-el e ment frac tion ation of Pb/U. For
these par tic u lar anal y ses, the sys tem atic un cer tainty re sult ing
from this cal i bra tion cor rec tion was 1.3% (2-sigma) 206Pb/238U
and 0.8% (2-sigma) 206Pb/207Pb. U and Th con cen tra tions were
cal i brated rel a tive to mea sure ments of the SL, which con tains
~518 ppm U and ~68 ppm Th. The weighted mean, con cordia
plots and the TuffZirc di a gram were pre pared with Isoplot (Lud -
wig, 2008). A to tal of 62 age de ter mi na tions for 50 in di vid ual
crys tals were per formed.

RESULTS

SEDIMENTOLOGY 
OF THE BYSTRY STREAM SUCCESSION 

The stud ied sed i ments rep re sent a range of ter res trial
fine-clastic lithofacies (Ta ble 1) rec og nized also in the pre vi ous
sedimentological stud ies (Łoziński et al., 2015, 2017), and sup -
ple mented by coarse clastic lithofacies of dif fer ent or i gin. The
most com mon lithofacies Fm rep re sents an ap par ently structu -
reless siltstone, lo cally show ing cal car e ous traces of roots (Fig.
4B) and en riched in plant de tri tus and wood frag ments (Fig. 4C,
D). The ap par ent mas sive struc ture may in di cate rapid de po si -
tion or a post-depositional pro cess which dis turbed orig i nal sed -
i men tary fab ric. The bioturbation and wet ting-dry ing cy cles
(Wetzel and Einsele, 1991) of fresh muds ex posed af ter de po si -
tion have been al ready sug gested as the pro cesses which de -
stroyed the orig i nal sed i men tary struc ture of many O-NT sed i -
ments (e.g., Łoziński et al., 2017). This at trib utes lithofacies Fm
to en vi ron ments with ep i sodic sed i men ta tion, fol lowed by pe ri -
ods of subaerial con di tions al low ing for plant veg e ta tion and
sed i ment weath er ing. The spe cific root-re lated fea tures and
sta ble iso to pic com po si tion of authigenic rhodochrosite and sid -
er ite in early diagenetic con cre tions, found in the Oravica River
sec tion, in di cate that the sed i ments were wa ter-logged and ex -
pe ri enced ox y gen-de fi cient con di tions due to a wa ter ta ble rise
shortly af ter de po si tion (Boja nowski et al., 2016).

Lithofacies Fm is ac com pa nied by sandy (Fig. 4E, F) and
sub or di nate peb bly (Fig. 4G) in ter ca la tions of lithofacies Sh, Sp, 
St, and Gh, de pos ited from channelized cur rents. They of ten
con tain plant de tri tus, as well as small wood frag ments, and ex -
hibit dis tinct lami na tions. The hor i zon tally lam i nated sand sto -
nes Sh oc cur also as lat er ally ex ten sive in ter ca la tions within
lithofacies Fm and, in such a case, they might be de pos ited
from sheet-flood weak trac tion cur rents. The coarse-grained,
pre dom i nantly ma trix-sup ported lithofacies Gmm rep re sents a
sed i ment of vis cous sed i ment-grav ity flow of pre sum ably sin gle
depositional events. The sev eral metre thick con glom er ates of
lithofacies Gcm (Fig. 4H) usu ally lack dis tinct bed ding and
imbrication. These large peb ble and cob ble bod ies were prob a -
bly de pos ited from ei ther in ten sive sheet-flood flows with sig nif i -
cant role of sed i ment-grav ity force or non-co he sive clast-rich
de bris flows (Blair and McPherson, 1994). 

A layer of lithofacies Ch pre dom i nantly con sist ing of plant
de bris and muddy clasts (Fig. 4D) ap pears as a spe cial in ter ca -
la tion within the mas sive siltstones (Fm). Or ganic-rich sed i men -
ta tion could have taken place in a lo cal pond in flu enced by ep i -
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sodic, quickly de ceas ing cur rents. The pyroclastic de po si tion
oc curred as both a few small, some times dis con tin u ous, light
grey in ter ca la tions and one 1–2 m thick tuffite layer (Fig. 4A).
The lat ter was de pos ited in 4 to 5 cy cles (Sikora and Wieser,
1974; Westwalewicz-Mogilska, 1974) sep a rated by more
clayey sed i men ta tion. The tuffite con tains an ad mix ture of or -
ganic mat ter and siliciclastic grains (e.g., mica), sug gest ing that 
the vol ca nic ash fall was ac com pa nied by nor mal de po si tion
from weak cur rents.

The stud ied sec tion is dom i nated by fa cies as so ci a tion (I) of 
mas sive siltstones (Fm) and subordinately hor i zon tally-bed ded
sand stones (Sh) (Ta ble 2). The dis con tin u ous sed i men ta tion of
fine-clastic ma te rial very likely ap peared on wide spread flood -
plains dur ing abun dant clastic sup ply. Ep i sodes of subaerial
sed i ment ex po sure fa voured plant de vel op ment, root and
fauna bioturbation, and sed i ment weath er ing. The ox y gen -
-abun dant con di tions in the top most layer of the sed i ment could 
have led to or ganic mat ter de cay and re sulted in se lec tive pres -
er va tion of plant rem nants, whereas, deeper in the sed i ment
col umn, ox y gen could have been ex hausted. Lo cal ponds and
de pres sions served as ephem eral chan nels dur ing fre quent
floods and were filled with coarser siliciclastic ma te rial (Sh) or
plant de bris (Ch).

The floodplains were cut by rivers rep re sented by fa cies
as so ci a tion (II) of hor i zon tally- and trough cross-bed ded sand -
stones and con glom er ates (Sh, Sp, St, Gh, Gmm) (Ta ble 2).
A prom i nent shift in sed i men ta tion is marked by de po si tion of
thick con glom er ates (Gcm) and sub or di nate sand stones (Sh,
St), and sub se quent van ish ing of the fine-clastic lithofacies
Fm. This is in ter preted as a man i fes ta tion of large al lu vial fan
de po si tion, point ing to the ba sin prox im ity to a hilly or moun -
tain ous area.

GRAVELS

The re sults of sieve anal y sis in grav els al lowed count ing the
pa ram e ters of grain-size dis tri bu tion, such as mean size (Mz)
and stan dard de vi a tion (d). The mean size in di cates that grav -
els from both B4(g) and B10(g) sam ples can be clas si fied as
fine-grained grav els (Mz: –5.16 and –5.29). The stan dard de vi -
a tion val ues (d: 1.38 and 1.99) point to poor sort ing of the de -
pos its. There are three main grain-size classes of the grav els:
16–32 mm, 32–64 mm, and 64–128 mm. The classes com prise 
~80% of all ana lysed sam ples. Gravel clasts from the main
grain-size classes were stud ied ac cord ing to their round ness
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T a  b l e  1

Lithofacies dis tin guished in the Bystry Stream suc ces sion, with their key fea tures and in ter pre ta tion

Fa cies

code
Lithofacies De scrip tion Depositional mech a nism

Gmm
ma trix-sup ported, monomict, 
dis or ga nized con glom er ates

up to 1 m thick; com posed of weath ered clasts of flysch 
sand stone and mudstone with a muddy ma trix co he sive, clay-rich de bris flow

Gcm
clast-sup ported monomict 

con glom er ate

up to 5 m thick; com posed of flysch sand stone and mudstone
clasts, with ad mix ture of quartzitic sand stones (up to 2%),
cherts (up to 2%), muddy intraclasts (up to 5%); sandy or

muddy ma trix; gen er ally dis or ga nized, very rare imbrications

sheet-flood flow or
pseudoplastic de bris flow

Gh
hor i zon tally bed ded 

con glom er ate up to 0.5 m thick; com po si tion of Gcm; sandy ma trix bedload trans port

Sp, St
pla nar and trough

cross-bed ded sand stone
beds up to 0.6 m thick; fine- to coarse-grained, poorly-sorted,

polymict sand stone; plant de tri tus 2D and 3D dune trans port

Sh
hor i zon tally lam i nated 

sand stone

beds up to 0.3 m thick; fine- to coarse-grained, poorly sorted,
polymict sand stone; very com mon plant de tri tus and wood

pieces; hor i zon tal lami na tions with rare rip ple-cross lami na tions
plane-bed trans port

Hs
sand stone-dom i nated

heterolithic de posit
beds up to 0.5 m thick; cy cli cally or ga nized hor i zon tally lam i -

nated sand stones and siltstones; abun dant plant de tri tus
plane-bed trans port al ter nated

by mud-sus pen sion fall out

Fm mas sive siltstone

beds up to 2 m thick; siltstone, sandy siltstone, and clayey
siltstone; gen er ally mas sive, lo cally hor i zon tal lam i na tion;

grey-blue or red; com mon plant de tri tus; rare sid er ite con cre -
tions, and pedogenic struc tures in places

mud-sus pen sion fall out in flu -
enced by weak cur rents; oc ca -

sional pedogenic pro cesses

CL claystone beds up to 0.3 cm; mas sive struc ture; grey or grey-blue sus pen sion fall out de po si tion

Ch
hor i zon tally lam i nated plant 

de bris-rich sed i ment
bed 0.5 m thick; abun dant plant de bris, sub or di nate muddy

clasts up to 0.5 cm
ep i sodic plane-bed trans port

and sus pen sion fall out

T tuffite
~1−2 m thick layer com prised of 4–5 cy cles, as well as small 

1 cm thick of ten fuzzy in ter ca la tions; white or yel low, 
of ten green when wet

vol ca nic ash fall in flu enced 
by weak cur rents

T a  b l e  2

Fa cies as so ci a tions and in ter preted depositional en vi ron ment

As so ci a tion Dom i nant lithofacies Mi nor lithofacies Depositional en vi ron ment

I Fm Sh, Ch, CL, T floodplain

II Gcm, Sh, St Gmm, Fm gravel- or sand-dom i nated flu vial chan nel, pos si bly dis tal al lu vial fan

III Gcm Sh, St gravel-dom i nated flu vial chan nel of prox i mal al lu vial fan



and shape (Fig. 5). The clasts are usu ally sub-rounded (Fig.
5A). Sub-an gu lar and rounded clasts are also com mon. Well -
-rounded and an gu lar clasts were sparsely noted. Tak ing into
ac count the shape, discoidal clasts pre dom i nate (Fig. 5B) in
both sam ples. In the first sam ple B4(g), bladed clasts are also
fre quent, whereas the rod and sphere shapes are rarely pres -
ent. In the sec ond sam ple B10(g), sim i lar quan ti ties of bladed,
rod and sphere shape types are noted.

The gravel clasts were stud ied also with re gard to their li -
thol ogy (Fig. 5C). Quan ti ta tive anal y sis al lowed dis tin guish ing
four lithological types: flysch sand stones and siltstones,
quartzitic sand stones, cherts, and claystones and silty clay -
stones. Both sam ples are com posed al most en tirely of flysch
sand stones and siltstones (Fig. 6A). The B4(g) sam ple con tains 
a small pro por tion of claystones and silty claystones. Based on
mac ro scopic ob ser va tions dur ing field study, the clasts are sim -
i lar to the clayey and silty clayey ma te rial that is typ i cal of the
Neo gene de pos its oc cur ring in the Bystry Stream suc ces sion
and in other ar eas of the O-NT Ba sin. The B10(g) sam ple con -
tains small amounts of quartzitic sand stones and cherts. The
clasts have an extrabasinal or i gin. 

SANDS AND SANDSTONES

Mi cro scopic grain-size anal y sis of the stud ied de pos its al -
lowed dis tin guish ing mudstones, siltstones and silty sand -
stones (clas si fi ca tion ac cord ing to Picard, 1971). Sand stones,
clas si fied by us ing a com pi la tion of sev eral petrographic clas si -
fi ca tions (McBride, 1963; Dott, 1964; Folk et al., 1970; Pettijohn
et al., 1972; Wil liams et al., 1982), can be de scribed as sublithic
wacke (Fig. 6B, C), lithic feldswacke (Fig. 6B, D) and lithwacke
(Fig. 6B, E, F).

Quartz and lithic clasts pre dom i nate among the frame work
com po nents (Ta ble 3 and Fig. 6B). Quartz is mostly mono -
crystalline, al though polycrystalline grains are also pres ent
(Figs. 6C, D and 7A–C). The lithics are rep re sented by frag -
ments of crys tal line rocks (Figs. 6C, E, F and 7F), as well as
sed i men tary rocks (siltstones, mudstones, mudshales, clayey
clasts and lime stones) (Figs. 6E, F and 7A, B). Feld spars were
also noted (Ta ble 3 and Fig. 6C, D). Micas are rep re sented
mostly by mus co vite (Ta ble 3 and Fig. 6C, D), but bi o tite is pres -
ent as well. Heavy min er als, or ganic mat ter and opaque min er -
als were found only in trace amounts (Ta ble 3).
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Fig. 5.  Char ac ter is tics of grav els in the most fre quent grain-size classes

A – round ness of clasts on the ba sis of grain im ages for es ti mat ing the round ness of sed i men tary par ti cles af ter Pow ers (1953): a
– an gu lar, sa – sub-an gu lar, sr – sub-rounded, r – rounded, wr – well-rounded; B – clas si fi ca tion of shapes of gravel clasts on the
ba sis of Zingg’s di a gram (1935): d – disc, b – bladed, r – rod, s – sphere; C – quan ti ta tive anal y sis of gravel clast li thol ogy: fs –
flysch sand stones and siltstones, qs – quartzitic sand stones, c – cherts, f – claystones and silty claystones; sam ple lo ca tion – see
Fig ure 3



The frame work grains are gen er ally sub-an gu lar and an gu -
lar, sparsely sub-rounded. Lack of con tacts and point con tacts
be tween the grains were most com monly ob served. Long and
concavo-con vex con tacts were noted very rarely. The de pos its
are poorly and very poorly sorted.

The ma trix con sists of de tri tal grains and is widely pres ent in 
the sand stones (Ta ble 3). Diagenetic min er als such as clay
min er als, car bon ates, iron ox ides and hy drox ides were also
found. The amount of pore spaces is vari able and inter gra nu lar
po ros ity pre dom i nates (Ta ble 3 and Fig. 6E).
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Fig. 6. Gravely and sandy lithofacies from the study area

A – ex am ples of lithic clasts from the most com mon size classes; the lithics are dom i nated by sand stones and siltstones de rived
from the CCPB and the Magura Unit; B – petrographic clas si fi ca tion of the stud ied sand stones (com piled and mod i fied from:
McBride, 1963; Dott, 1964; Folk et al., 1970; Pettijohn et al., 1972; Wil liams et al., 1982); the sand stones are com posed of >10%
of ma trix, there fore they are called wackes; C – poorly sorted sublithic wackes com posed of quartz (Q), lithic clasts (e.g., crys tal -
line rocks frag ments – LTc), feld spars (F)  and micas (Msc); D – poorly sorted lithic feldswackes (Q – quartz, F – feld spars, Msc –
mus co vite); E, F – very poorly sorted lithwackes dom i nated by lithic clasts of sed i men tary (LTs) and crys tal line (LTc) rocks; inter -
gra nu lar po ros ity (p) marked by blue ep oxy is the most com mon in the sand stones; C, D, F – crossed po lar ized light, E – plane po -
lar ized light



The re sults of mi cro scopic anal y sis, such as the pres ence
of high amounts of ma trix, small amounts of pri mary pore
spaces, low de gree of grain round ness, and poor or very poor
sort ing of the frame work com po nents, point to tex tural im ma tu -
rity of the stud ied de pos its. More over, the most fre quent types
of grain con tacts show only a very low ef fect of com pac tion. Ef -
fects of other more ad vanced diagenetic pro cesses (dis so lu -
tion, ce men ta tion or recrystallization) were not ob served in the
ex am ined sam ples. The an a lysed de pos its are petro graphi cally 
sub-ma ture, which is marked by the high con tent of lithic clasts
and a rel a tively high amount of feldspars (up to ~10%). 

The de scrip tion of the stud ied sandy de pos its is sup ple -
mented by sieve anal y sis of two sand sam ples, B1(s) and
B3(s). Ac cord ing to the mean grain-size (Mz: 1.34 and 2.33),
the sands can be clas si fied as me dium- and fine-grained. The
de pos its are poorly sorted, which is ex pressed by the stan dard
de vi a tion val ues (d: 1.6 and 1.27). The skew ness val ues (Sk:
0.36 and 0.12) point to high and very high par tic i pa tion of finer
grain-size classes. The re sults al low con clud ing that the de pos -
its were trans ported in a high-en ergy sed i men tary en vi ron ment
and/or the trans port dis tance was rel a tively short.

TUFFITE PETROGRAPHY 

The rock is com posed of pyroclastic and siliciclastic ma te -
rial (Fig. 7). It is poorly sorted, and grains of dif fer ent sizes,
rang ing from clay to sand, are ran domly mixed form ing a ho mo -
ge neous tex ture. The main com po nent is mostly un al tered vol -
ca nic glass (Ta ble 3), which is trans par ent and iso tro pic. Slight
al ter ation to clay min er als is rarely ob served. The coarser sand- 
and silt-sized grains fre quently ex hibit a char ac ter is tic Y-,
X-shaped and curved mor phol ogy and are not com pacted, al -
though their ex ter nal sur face is com monly cor roded (Fig. 8).
They rep re sent very well-pre served glass shards (Figs. 7C–E
and 8). Some larger vitroclasts ex hibit a ve sic u lar tex ture (Figs.
7F and 8B). The thick ness of the glass shards and the cur va -
ture of their ex ter nal sur faces in di cate that they orig i nated from
the frag men ta tion of strongly ve sic u lar ma te rial prior to erup -
tion. Be sides vitroclasts, crystaloclasts also oc cur, al though in

small quan ti ties. They are quartz and al kali feld spar grains that
bear no traces of abra sion. Quartz crystaloclasts are of ten elon -
gated, very an gu lar and some times show ther mal cracks and
cor ro sion embayments. These fea tures are typ i cal for quartz in
vol ca nic rocks. Al kali feld spar crystaloclasts are less com mon
than quartz. They are sub- to euhedral, have a tab u lar, elon -
gated habit and some times show sim ple twinning. El e men tal
com po si tion of glass shards stud ied with EMP in 25 points in
two thin sec tions is in vari able. They con tain on av er age 76.4%
of SiO2 (sd = 0.49%), 11.9% of Al2O3 (sd = 0.08%), 2.8% of K2O
(sd = 0.50%), 2.7% of Na2O (sd = 0.29%), 1.0% of FeO (sd =
0.05%), 0.6% of CaO (sd = 0.03%) and in sig nif i cant amounts
(on av er age <0.1%) of MgO, MnO, BaO, TiO2, ZrO2, P2O5, F
and Cl. To tals are on av er age 95.8% (sd = 0.66%) with the re -
main ing part be ing prob a bly chiefly wa ter.

The siliciclastic ma te rial com prises mono- and poly -
crystalline quartz, of ten with wavy ex tinc tion, al kali feld spars,
plagioclase, mus co vite and clay min er als. Mud clasts com -
posed of clay min er als and silt-sized quartz are also pres ent as
lithic clasts. They rep re sent sed i ments that prob a bly ex pe ri -
enced intrabasinal redeposition, be cause they show an in ter nal
cha otic ar range ment of the platy min er als in di cat ing that they
did not un dergo sig nif i cant me chan i cal com pac tion. Silt-sized
zir con grains were also found, but they are too small to de ter -
mine whether they are ge net i cally re lated to the pyroclastic or
siliciclastic ma te rial un der the po lar iz ing mi cro scope. The silici -
clastic grains are mixed with pyroclastic ma te rial and have sim i -
lar grain sizes and sort ing. How ever, un like the pyroclasts, they
have more iso met ric shapes, ex hibit mod er ate round ing, and
apparently experienced some mechanical reworking during
transport.

U-Pb GEOCHRONOLOGY

The main goal of the U-Pb anal y sis was to es tab lish the age
of vol ca nic ash de po si tion. From 62 age de ter mi na tions for 50
crys tals, one was ex cluded due to >10% 1s un cer tainty of the
206Pb/238U age. A to tal of 13 grains from 49 dated yield Neo gene 
ages (~27%) (Ta ble 4 and Fig. 9). Other crys tals have sig nif i -
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T a  b l e  3

Petrographic char ac ter is tics of the Neo gene rocks oc cur ring in the Bystry Stream suc ces sion

Qm – monocrystalline quartz with: Qmnu – non-un du la tory ex tinc tion, Qmu – un du la tory ex tinc tion, Qp – polycrystalline quartz, con tain ing:
Qp2-3 – 2 or 3 crys tals per grain, Qp>3 – more than 3 crys tals per grain; lithic clasts of: LTma – mag matic rocks, LTme – meta mor phic rocks, 
LTc – to tal crys tal line rocks frag ments, LTs – sed i men tary rocks; sam ple lo ca tion – see Fig ure 3



cantly older U-Pb ages, which vary from 255 to 873 Ma, with 2
crys tals yield ing ages >1 Ga. Among these scat tered re sults, a
group of 19 crys tals (~39% of all grains) with ages be tween 255
±2 Ma and 378 ±13 Ma can be dis tin guished. These re sults are
not dis cussed fur ther in this pa per.

In 13 Neo gene crys tals, a to tal of 19 LA-ICP-MS anal y ses
were per formed, at a max i mum of two per zir con grain. In 6
cases, ad di tional anal y ses were con ducted on the ab lat ing
crys tal edge, whereas the cen tre of the crys tal was the tar get for 
all 13 grains. The crys tals yield 206Pb/238U ages be tween 11.43
±0.35 Ma and 13.47 ±0.49 Ma. An a lyt i cal un cer tain ties (1s) on
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Fig. 7. Pho to mi cro graphs show ing the tex ture and com po si tion of the stud ied tuffaceous de pos its

Pyroclastic and siliciclastic grains are em bed ded in a ma trix com posed of fine glass and clay min er als; vitroclasts ex hibit vari able
mor phol ogy; some are very well-pre served glass shards (gs) with a ve sic u lar tex ture; F – feld spars; hm – heavy  min er als,  LTc –
lithic clasts of crys tal line rocks,  LTnn – non-rec og niz able lithic clasts, LTs – lithic clasts of sed i men tary rocks, m – ma trix, Q –
quartz, v – vitroclasts, A and B is the same area ob served un der plane po lar ized and cross po lar ized light, re spec tively; B–F –
crossed po lar ized light



in di vid ual age de ter mi na tions are be tween 0.5 to 4%, ~2% on
the av er age. The dif fer ence in the U-Pb ages be tween the crys -
tal’s edge and core is <0.25 Ma in four, and <0.5 Ma in two
grains. These dif fer ences are within or just be yond the 1s level
un cer tainty of the age de ter mi na tion.

The fi nal age of the vol ca nic ash de po si tion was de ter mined 
us ing two dif fer ent ap proaches. First, the age was cal cu lated
based on the weighted mean di a gram of 16 youn gest age de -
ter mi na tions (2s level un cer tainty) us ing the rou tines in Isoplot
(Lud wig, 2008). This ap proach yielded an age of the tuffite layer 
at 11.89 ±0.15 Ma (Fig. 9A). Three ex cluded ages from 2 grains 
were as sumed to come from xeno crysts. The youn gest ages
were not trimmed from the dataset for the age cal cu la tion be -
cause of the small dif fer ence in the core and edge age de ter mi -
na tion and thus most prob a bly small Pb loss.

The sec ond ap proach was based on the TuffZirc al go rithm
(Lud wig and Mundil, 2002) also pro vided in Isoplot. This al go -
rithm was spe cif i cally de signed to avoid bias in the man ual data
set trim ming dur ing age cal cu la tion. For this ap proach, all 19
age de ter mi na tions were used. The al go rithm pointed to 15
ages as be ing a co her ent group, with the fi nal age of the vol ca -

nic ash de po si tion at 11.87 +0.12/–0.24 Ma (Fig. 9B). One age
was ex cluded due to the high 2s level un cer tainty and 3 ages
were ex cluded as prob a ble xeno crysts or af fected by a lon ger
magma-res i dence time.

DISCUSSION

The stud ied tuffite layer con sti tutes an ex cel lent op por tu nity
for the pre cise dat ing of the ba sin infill. How ever, the re la tion of
the Bystry Stream suc ces sion to the main part of the ba sin
(from Námestovo to Chochołów and Czarny Dunajec vil lages,
Fig. 2A) re mains un clear. The stud ied sed i men tary suc ces sion
is lo cated at the south east ern flank of the Orava Ba sin, and is
sep a rated from the main part of the ba sin by the Qua ter nary
val ley of Bystry and Cichy streams (Fig. 2B; Birkenmajer,
1979). This area was af fected by tec tonic ac tiv ity man i fested by
frac tures, faults, and trav er tine oc cur rences (Tokarski and
Zuchiewicz, 1998; Kukulak, 1999; Struska, 2008), as well as
con tem po rary earth quakes (Baumgart-Kotarba, 2001; Guterch
et al., 2005). This ac tiv ity was re lated to the Orava strike-slip
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Fig. 8. BSE im ages of tuffite

Most of the frame work grains are glass shards ex hib it ing dif fer ent de grees of diagenetic cor ro sion on their ex ter -
nal sur faces (ar rows in di cat ing black ar eas are filled with ep oxy resin); quartz grains (Q) are char ac ter ized by a
sim i lar BSE in ten sity to that of vol ca nic glass, but they do not ex hibit diagenetic cor ro sion; note ve sic u lar tex ture
of some vitroclasts, es pe cially in the cen tre of B

Fig. 9A – di a gram of in di vid ual 206Pb/208U ages ob tained in zir con grains from the Bystry tuffite layer cor re spond ing to the cal cu -
lated weighted mean age (dashed line); B – TuffZirc al go rithm di a gram; light grey band shows the in ferred age and un cer tainty of
syngenetic zir cons; black boxes are er ror bars for ar gu ably syngenetic zir cons, grey boxes are er ror bars for zir cons likely to be
xenocrystic or to have ex pe ri enced a lon ger magma-res i dence time; white box in di cates anal y sis ig nored due to an an oma lously
high er ror



fault sys tem con sti tut ing the east ern bound ary of the main part
of the ba sin (Bac-Moszaszwili, 1993; Baumgart-Kotarba, 1996;
Kukulak, 1999). This sug gests that the study area is lo cated
close to or within the Orava Fault Zone. Thus, it is im por tant to
no tice that it could have been de vel oped to some ex tent dif fer -
ently from the main part of the ba sin. 

Con sid er ing a lithostratigraphic di vi sion based on gas tro -
pod shells (Woźny, 1976; Watycha, 1976), the Neo gene of the
Bystry Stream was as signed to the Koniówka Beds that crop
out near Koniówka vil lage. The sed i men tary suc ces sion of the
Bystry Stream was con sid ered by many au thors to be a part of
the Domański Wierch large al lu vial fan (Birkenmajer, 1954;
Sikora and Wieser, 1974), as sug gested by the com mon pres -
ence of sev eral metre-thick con glom er ates.

Ad di tion ally, the Neo gene of the Domański Wierch Hill was
drilled (Urbaniak, 1960; the bore hole was 228 m deep), pro vid -
ing data for palaecological and palynological stud ies. The age
de duced from flora rem nants is con sid ered to be Mid dle Mio -
cene (Łańcucka-Środoniowa, 1965), Plio cene-Pleis to cene
(Oszast, 1970), or Plio cene (Zastawniak, 1972; Oszast, 1973).
Flora rem nants of the Bystry Stream suc ces sion in ves ti gated
by Worobiec (1994) re vealed a rel a tively poor as sem blage of
plant taxa; how ever, all spe cies found there oc cur also within
the Domański Wierch Hill suc ces sion. Ac cord ing to Worobiec
(1994), no con clu sions can be drawn on this ba sis about the
strati graphic re la tion be tween these two se quences. 

As sum ing the Plio cene-Pleis to cene age of the Domański
Wierch Hill se quence, sup ported by most au thors, and the
Sarmatian age of the tuffite within the Bystry Stream suc ces sion,
the lat ter ap pears to be a much lower part of the ba sin se quence. 
The con tact be tween the tuffite and over ly ing con glom er ates is
very likely ero sional, and the hi a tus may be sig nif i cant. The ob -
tained age of the tuffite may be un doubt edly re ferred only to the
pre dom i nantly fine-grained sed i men tary se quence be neath the
tuffite (Fig. 3). Con se quently, the up per most part of the stud ied

suc ces sion, above the ero sional sur face (Fig. 3), may be a con -
tin u a tion of the much youn ger Domański Wierch al lu vial fan. At
this young stage of ba sin de vel op ment the ero sion of sur round -
ing ar eas ap peared to be come much more in ten sive.

Nev er the less, the ob tained age of the tuffite marks the geo -
log i cal time when the main stage of Mesoalpine base ment con -
sol i da tion was al ready com pleted. The Cen tral Carpathian
Paleogene and the nearby Pieniny Klippen Belt be gan to be ex -
humed and eroded, al though the ter rain re lief could have still
been mod er ate (Castelluccio et al., 2016). The ob tained age
marks also the time when the clastic sed i men ta tion in ter res trial
and fresh wa ter en vi ron ments pre vailed.

More over, tex tural im ma tu rity of the sandy fa cies and min -
er al og i cal sub-ma tu rity of their frame work com po si tion link the
sources of the de pos its to ar eas lo cated rel a tively close to the
ba sin. Li thol ogy of the gravel clasts is dom i nated by a group of
flysch clasts and, along with the NW-trend of trans port di rec tion, 
points to the CCPB source area. Other lithologies of extra -
basinal clasts com pris ing only a mi nor part of the grav els may
be linked with the PKB.

The U-Pb zir con age of the tuffite layer ob tained in this study 
(11.87 +0.12/–0.24 Ma, Sarmatian in age ac cord ing to Cen tral
Paratethys stra tig ra phy in Piller et al., 2007) cor re sponds to the
tim ing of mag matic ac tiv ity in the Carpathian-Pannonian re gion. 
The near est mag matic rocks of this age, dated at 11.2 ±0.2 to
12.1 ±0.3 Ma by Anczkiewicz and Anczkiewicz (2016) us ing the
same U-Pb method, oc cur around Szczawnica, some 30–50
km east of the Bystry Stream. These rocks are calc-al ka line
ande sites that ap pear as small in tru sions within the Magura
Nappe to the north of the PKB. They are prob a bly not the
source of erup tion that led to the de po si tion of the ex am ined
tuffite, be cause they are not fel sic, as the SiO2 con tent ranges
from 52 to 63% and quartz pheno crysts are ab sent (Pin et al.,
2004; Trua et al., 2006; Nejbert et al., 2012), whilst the tuffite is
rich in glass shards and quartz crystaloclasts. 
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T a  b l e  4

U-Pb re sults and ap par ent ages and er rors for Neo gene zir con grains from the Bystry tuffite layer

Anal y sis
Con cen tra tions Iso tope

ra tios Ap par ent ages [Ma]

U [ppm] U/Th 207Pb/235U 1s [%]
206Pb/238U 1s [%] Rho 206Pb/238U 1s

1B-2 1155 0.8 0.01239 1.7 0.00194 0.5 0.30 12.48 0.06

1B-3 917 1.7 0.01244 3.4 0.00193 1.6 0.46 12.41 0.19

1B-5 648 1.0 0.01114 2.9 0.00185 1.6 0.54 11.90 0.19

1B-10 285 1.5 0.00988 6.2 0.00178 3.1 0.50 11.43 0.35

1B-12C 531 1.1 0.01074 2.8 0.00180 2.0 0.71 11.62 0.23

1B-12R 446 1.2 0.01016 2.3 0.00184 1.7 0.75 11.87 0.21

1B-16C 4222 2.5 0.01370 3.2 0.00185 0.5 0.16 11.92 0.06

1B-16R 1134 1.1 0.01131 3.1 0.00182 0.9 0.31 11.72 0.11

1B-18C 10011 2.6 0.01961 14.3 0.00201 4.0 0.28 12.93 0.52

1B-18R 1147 1.6 0.01357 4.8 0.00208 3.6 0.77 13.37 0.49

1B-26C 667 2.7 0.01265 17.9 0.00179 2.3 0.13 11.53 0.26

1B-26R 955 1.2 0.01119 2.1 0.00181 1.7 0.80 11.64 0.19

1B-27 1200 1.1 0.01173 2.5 0.00182 1.8 0.73 11.73 0.21

1B-29R 909 2.1 0.01089 3.0 0.00179 2.3 0.78 11.50 0.26

1B-29C 7233 3.4 0.01250 4.1 0.00186 3.7 0.89 11.99 0.44

1B-35 785 1.3 0.01171 3.8 0.00191 2.7 0.70 12.32 0.33

1B-43C 9427 1.8 0.01514 12.6 0.00188 8.2 0.65 12.08 0.98

1B-43R 1887 1.7 0.01233 2.0 0.00187 0.8 0.40 12.05 0.09

1B-50 1822 3.1 0.01333 12.5 0.00184 2.3 0.19 11.87 0.28



The tuffite orig i nated from a fall out de po si tion of vol ca nic ash
that mixed with the lo cal siliciclastic sed i ments. The abun dance
and shape of glass par ti cles sug gest that the volcanogenic ma te -
rial was de rived from an ex plo sive erup tion of vis cous and vol a -
tile-rich melt. The tex ture of the pyroclastic ma te rial and the pres -
er va tion of the glass shards sug gest that vol ca nic ash was trans -
ported over a rel a tively short dis tance and had al ready cooled
dur ing fall out de po si tion, as it is not ther mally welded. The abun -
dance of quartz crystaloclasts and the el e men tal com po si tion of
the glass shards with high sil ica con tent ~76% and sig nif i cant
amounts of Al2O3 (~12%), K2O (~3%), Na2O (~3%) and wa ter
(<4%) con firm that the source was fel sic and vol a tile-rich. The
near est fel sic erup tive cen tres ~12 Ma oc cur in the In ner
Carpathians-Pannonian re gion (Pécskay et al., 2006), e.g. in
cen tral Slovakia >100 km south and south-west of the Bystry
Stream. They pro duced an ex tru sive dacite to rhy o lite dome and
flow com plexes that were ac com pa nied with their ex plo sive
coun ter parts as thick ash-flow and fall out pyroclastic de pos its
(Pécskay et al., 2006 and ref er ences therein). We as sume that
these erup tive cen tres are the most prob a ble source of
volcanogenic ma te rial in the ex am ined tuffite.

Tec tonic im pli ca tions of the ob tained age are lim ited by sev -
eral dif fer ent fac tors that need to be con sid ered. The main tec -
tonic struc tures in volved in the ba sin de vel op ment in the in ves -
ti gated area are the W–E-trending fault be tween the CCPB and
the PKB and the ~SW–NE-trending sinistral strike-slip Orava
Fault (Baugmart-Kotarba, 2001). The lat ter to the south is most
prob a bly con nected to the Choč-Prosečné-Krowiarki Fault that
bounds the Tatra Mas sif from the west (Baugmart-Kotarba,
2001; Sperner et al., 2002; Králiková et al., 2014). Tec tonic
sub si dence of the Orava Ba sin started prior to the tuffite de po si -
tion, but it is not pos si ble to es ti mate the be gin ning of the pro -
cess based on the pre sented re sults only. The sub si dence was
al ready at a stage that al lowed ac cu mu la tion of tens of metres
of sed i ments in the in ves ti gated area. On the other hand, the
an a lyzed pro file is lo cated within or close to the tec tonic zone
re spon si ble for the ba sin de vel op ment, so it might ac cu mu late
sed i ments in re sponse to even very early stages of fault move -
ment. Tak ing into ac count a very high depositional rate as so ci -
ated with strike-slip fault-re lated bas ins (e.g., Crowell and Link,
1982; Nilsen and Sylvester, 1995; Wysocka and Świercze -
wska, 2003) we can con sider ~13–12 Ma as a prob a ble age of
the ba sin ini ti a tion and thus of the tec tonic ac tiv ity of the two
above-men tioned faults in the study area.

There are few other tec tonic pro cesses that were dated us -
ing geo- or thermochronology in the area that can be com pared
to the re sults pre sented herein. The above-men tioned vol ca nic
ac tiv ity dated at 11.2 ±0.2 to 12.1 ±0.3 Ma by Anczkiewicz and
Anczkiewicz (2016) was re lated to post-collisional lithospheric
ex ten sion in the West ern Carpathians and stretch ing of the
over rid ing plate due to a subduction roll-back ef fect (Konečný et 
al., 2002, Kováč et al., 2017). The as cent of magma (as so ci -
ated with the andesites) and tec tonic sub si dence (as so ci ated
with de po si tion in the O-NT Ba sin) were both pref er en tially pro -
moted in the tec toni cally la bile and strongly frac tured su ture
zone of the PKB at a sim i lar pe riod of time.

The tim ing of cool ing of the CCPB sed i ments near the in -
ves ti gated por tion of the O-NT Ba sin was dated us ing ap a tite
ura nium-he lium (AHe) and ap a tite fis sion track (AFT) thermo -
chronological meth ods. AHe re sults from the sur face sam ple
(~5 km SE of the Bystry area) points to 13.4 ±2.2 Ma as a cool -
ing tem per a ture from ~60–50°C (Andreucci et al., 2013). About
10 km east of the Bystry area, the AFT cool ing age (cool ing
from ~110°C) of the sur face CCPB sam ple close to the PKB is
es ti mated at 12.0 ±1.7 Ma (Anczkiewicz et al., 2013). This data
sug gests that the vi cin ity of the O-NT Ba sin was ex posed to on -

go ing ex hu ma tion pro cess prior to or at the time of ba sin ini ti a -
tion. How ever, it is im por tant to note that both re sults are based
on sin gle sam ples (other sam ples from the sur veys are not lo -
cated in the vi cin ity of the Bystry Stream area). Also AFT and
AHe anal y sis of the flysch-like sed i ments are prob lem atic due
to of ten low qual ity of the in put ma te rial (Andreucci et al., 2013).

More re li able thermochronological data and mod el ling
come from the Tatra Mas sif. Sev eral in de pend ent mod ern sur -
veys based al to gether on >50 sam ples pointed to a time in ter val 
from ~22  to ~10 Ma as the main ep i sode of Neo gene ex hu ma -
tion and the re lated fault ac tiv ity in the Tatra Mas sif (Králiková et 
al., 2014; Anczkiewicz et al., 2015; Śmigielski et al., 2016). At
the time of sed i men ta tion of in ves ti gated tuffite (~12 Ma), the
faults that bound the Tatra Mas sif from the west (Choč -
-Prosečné-Krowiarki Fault) and from the east (Ružbachy Fault)
acted most prob a bly as strike-slip sinistral faults and sub-Tatra
Fault as a re verse struc ture (Sperner et al., 2002; Králiková et
al., 2014; Śmigielski et al., 2016). The ~12 Ma age of the tuffite
in the Bystry Stream area fits well into these re sults and the fol -
low ing tec tonic in ter pre ta tion. Both the Tatra Mas sif ex hu ma -
tion and the sub si dence in the Orava area can be re lated to the
pro cesses typ i cal of the evo lu tion of strike-slip fault zones and
re sult from the ac com mo da tion of fault dis place ment dur ing the
same time un der the same re mote stress field (Kim et al.,
2004). This might be con sid ered re gard less of the po ten tial di -
rect con nec tion be tween the Choč-Prosečné-Krowiarki and
Orava faults.

The ques tion re mains if the Tatra Mas sif ex hu ma tion and
fol low ing de vel op ment of the O-NT Ba sin re cords prop a ga tion
of the same ma jor strike-slip fault zone from the SW to the NE.
Fur ther de vel op ment of the O-NT Ba sin af ter ~12 Ma was most
prob a bly in flu enced by the changes in the stress field and ex tru -
sion of the West ern Carpathian crustal wedge to ward the NE
(Kováč et al., 2017). With out an other pre cise dat ing, pref er a bly
ei ther from the top of the O-NT Ba sin pro file or from the bot tom
of the al lu vial fan, it is not pos si ble to es ti mate the de po si tion
rate or bring new con clu sions to the hy poth e sis on the fur ther
evo lu tion of the O-NT Ba sin and sur round ing ar eas (Králiková
et al., 2014; Tokarski et al., 2016).

CONCLUSIONS

– The sed i men ta tion of the Bystry Stream suc ces sion took
place in ter res trial set tings, pre dom i nantly on floodplains and in
rivers, in the vi cin ity of a hilly area (mostly CCPB, but also PKB)
sup ply ing the ba sin with eroded material.

– The change of sed i men tary en vi ron ments re corded more
prom i nent ter rain mor phol ogy within the youn ger de pos its, in -
ferred from the on com ing of a large al lu vial fan. This may in di -
cate a change in the struc tural frame work of the ba sin of un cer -
tain age. As sum ing the con ti nu ity of the top most part of the
stud ied se quence with the Domański Wierch Cone strata, this
could have hap pened dur ing the Late Mio cene-Plio cene.

– The age of the tuffite layer within the Bystry Stream suc -
ces sion was de ter mined at 11.87 +0.12/–0.24 Ma. The ob -
tained Sarmatian age of the basal part of the sed i men tary infill
marks the ap prox i mate on set of sed i men ta tion within the O-NT
Ba sin and ac tiv ity of the Orava Fault in the in ves ti gated area.

– The source of volcanogenic ma te rial in the tuffite was
prob a bly vol ca nic ac tiv ity in the In ner Carpathians-Pannonian
re gion, where ef fu sive and volcanoclastic sil ica-rich rocks were
be ing pro duced by ex tru sive and ex plo sive ac tiv ity ~12 Ma. The 
ma te rial was ex truded by an ex plo sive erup tion and trans ferred
>100 km to the north and north-east via aeolian transport. 
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– The co in ci dence of mag matic ac tiv ity and strong tec tonic
sub si dence ~12 Ma along the PKB in the Pol ish-Slovakian
cross-bor der area, which rep re sents a tec toni cally ac tive and
strongly frac tured su ture zone, sug gests that both pro cesses
could have been in duced in a sim i lar tectonic setting 

– Re corded tim ing of the tec tonic ac tiv ity in the O-NT Ba sin
at ~12 Ma fits well into the model of ex hu ma tion of the Tatra
Mas sif, con strained by the thermochronological and tec tonic
data. Sub si dence in the O-NT Ba sin and ex hu ma tion in the
Tatra Mas sif can be re lated to the pro cesses typ i cal of the evo -
lu tion of ar eas along ac tive strike-slip fault zones that can oc cur
at the same time un der the same re mote stress field.
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