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Badenian tuffite lev els within the Carpathian orogenic front
(Gdów–Bochnia area, South ern  Po land): ra dio-iso to pic dat ing

and strati graphic po si tion

Krzysztof  BUKOWSKI, Arjan de LEEUW, Ma³gorzata GONERA, 
Klaudia F. KUIPER, Piotr KRZYWIEC and Danuta PERYT
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orogenic front (Gdów–Bochnia area, South ern Po land): ra dio-iso to pic dat ing and strati graphic po si tion. Geol. Quart., 54 (4): 449–464.
Warszawa.

We pres ent new re sults of in ves ti ga tion of Mid dle Mio cene Badenian tuffite lev els ex posed in South ern Po land within the Gdów
“embayment” area (tuffites from Wiatowice, up per part of the Skawina Beds, foraminiferal biozone IIg) and com pare them with the well
known and ex ten sively de scribed Bochnia Tuffite level at Chodenice near Bochnia (up per part of the Chodenice Beds, foraminiferal
biozone IIIA). The 40Ar/39Ar ages of the glass sep a rates ob tained from these lay ers were de ter mined ap ply ing (stan dard) in cre men tal
heat ing tech niques the Wiatowice and Bochnia tuffites have been dated to be 13.76 ±0.08 Ma, and 13.62 ±0.10 Ma old, re spec tively. 
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INTRODUCTION

The fron tal thrust of the Outer Carpathians in the area
south-east of Kraków clearly re cedes to the south form ing a
“bay” or “embayment” (Fig. 1). Such ge om e try prompted
NiedŸwiedzki (1883–1886) to pro pose that the fron tal orogenic 
thrust did in deed form a bay of the Mio cene sea (named by
NiedŸwiedzki and oth ers the “Gdów embayment”, af ter the
town of Gdów), ex tend ing into the Carpathian ter ri tory. Sub se -
quent stud ies showed, how ever, that the Carpathian Flysch de -
pos its were thrust over the Mio cene foredeep strata fur ther to
the north also in this seg ment of the orogenic wedge, and the
Gdów “embayment” de vel oped as a re sult of the tec tonic re -
con struc tion (up lift and ero sion) of that part of the Carpathians.

The area of the Gdów “embayment” has been well-stud ied:
in to tal, sev eral dozen deep bore holes have been drilled, and
nu mer ous geo phys i cal stud ies (grav ity, mag netic and seis mic)

have also been com pleted, mostly dur ing ex plo ra tion for rock
salt and hy dro car bons. In bore holes lo cated within the Gdów
“embayment”, a thick (up to 1200 m in the Nieznanowice 2
borehole) suc ces sion of ma rine Mio cene strata, de vel oped in
the form of clays and claystones with sand and sand stone
interbeds, were drilled (Moryc, 1976). The Badenian
evaporites, de vel oped in sul phate fa cies (the Krzy¿anowice
For ma tion) or in chlo ride fa cies (the Wieliczka For ma tion) are
known in the ma jor part of the Carpathian Foredeep in Po land
(Garlicki, 1979). Within the Gdów “embayment” these
evaporites are pres ent only lo cally and form iso lated patches of
gyp sum near the sur face in the vil lages of Bodzanów and
Kawki (Fig. 1).

The lack of con tin u ous evaporites units in bore holes as well 
as the dif fer ent li thol ogy and thick ness of the Mio cene de pos its
in the Gdów “embayment” has re sulted in var i ous in ter pre ta -
tions of this area (e.g., Garlicki, 1960; Olewicz, 1964; Poborski
and Jawor, 1987; Po³towicz, 2004). 



Stud ies fo cused on the Gdów “embayment” were stim u -
lated by ex plo ra tion for rock salt de pos its lo cated be tween the
Wieliczka and Bochnia mines, within the £ê¿kowice–Siedlec
area (Garlicki, 1960). The tec tonic model of the orogenic front
in the east ern part of the “embayment” that stems from these
stud ies in cluded up lifted and de formed rock salt de pos its con -
tained within the un dif fer en ti ated Chodenice and Grabowiec
beds, that also con tain tuffite lay ers, with no tec tonic de for ma -
tion within the pre-Mio cene base ment (Garlicki, 1960).  

Po³towicz (1962, see his fig. 4) sug gested  the pres ence of
low an gle re verse faults (thrusts) de tached within the Me so zoic 
base ment, cutting also the Mio cene infill of the Gdów
“embayment”. This infill was sub di vided into the Chodenice
Beds (con tain ing rock salt de pos its) and pres ent within the en -

tire “embayment”, and the over ly ing Grabowiec Beds to the
north of the Carpathian thrust front. 

Alexandrowicz (1965; cf. also Doktor, 1983) dated the
sub-evaporitic suc ces sion pres ent within the en tire Gdów
“embayment” as the Skawina Beds (IIA-D foraminiferal
zones), with the Chodenic and Grabowiec beds (IIIA, B
foraminiferal zones) lo cated above the evaporitic level (e.g.,
£uczkowska, 1958). Such strati graphic zonation was adapted
by Garlicki (1971, fig. 2). Ac cord ing to the re fined model of
Garlicki (1971, fig. 3) the or i gin of the Gdów “embayment”
was as so ci ated with re verse fault ing within the pre-Mio cene
(Meso-Pa leo zoic) base ment. 

Those tec tonic mod els have been sub se quently chal lenged
by other au thors. Ac cord ing to Poborski and Jawor (1987), al -
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Fig. 1. Lo ca tion of the study area



most the en tire infill of the Gdów “embayment” con sists of the
su pra-evaporitic Chodenice Beds, with only a thin and in com -
plete cover of the sub-evaporitic Skawina Beds ly ing di rectly
above the Me so zoic sub stra tum (see Poborski and Jawor, 1987
and their fig. 2). Poborski and Jawor (1987) did not, how ever,
pres ent any strati graphic ev i dence that might have been used to
mod ify pre vi ous strati graphic find ings of Alexandrowicz
(1965) or £uczkowska (1958). Ac cord ing to Po³towicz (1991,
2004), the up per most part (up to 200 m) of the sed i men tary
infill of the Gdów “embayment” con sists of the lower
Badenian Skawina Beds that form an allochthonous thrust slice 
tec toni cally trans ported above a very flat (al most hor i zon tal)
fault to the north. Be neath this slice, the autochthonous infill
con sists of thick up per Badenian Chodenice and Grabowiec
beds and thin lower Badenian Skawina Beds, rest ing on the
Me so zoic sub stra tum. Po³towicz (1991, 2004) did not, how -
ever, like Poborski and Jawor (1987), pro vide any de tailed
strati graphic data that would sup port his struc tural model; he
only quoted ar chive strati graphic re sults of Z. Kirchner from
un iden ti fied in dus try wells. Tak ing this into ac count it seems
that struc tural mod els of fered by Poborski and Jawor (1987)
and Po³towicz (1991, 2004), while sig nif i cantly dif fer ent from
the pre vi ous mod els based on de tailed strati graphic stud ies
(Garlicki, 1960, 1971), are not sup ported by re li able and ver i fi -
able strati graphic data and have to be treated with cau tion.

Early tec tonic mod els of Garlicki (1960, 1971) de picted a
char ac ter is tic ge om e try that, tak ing into ac count the re sults of
seis mic data in ter pre ta tion from the nearby parts of the
orogenic front (Krzywiec and Verges, 2006; Krzywiec et al.,
2007), could be re-in ter preted as hav ing been caused by wedge
tec ton ics: overthickened and de formed sub-evaporitic Mio cene 
de pos its (i.e. lower Badenian Skawina Beds) form ing the ax ial
part of the tri an gle zone, and up lifted rock salt lay ers to gether
with their over bur den of the up per Badenian Chodenice and
Grabowiec beds backthrust to the south (see also be low).

The sub ject of this pa per is to con trib ute to the dis cus sion
on the tec tonic model of the Gdów “embayment” by pre sent ing 
new data, de rived from in ves ti ga tions of tuffite oc cur ring
within the Gdów “embayment” area and in its im me di ate sur -
round ings. Badenian tuffite lev els may be used to cor re late the
Mio cene strata in the Carpathian Foredeep. In this study we
pres ent re sults of new petrographic and micropalaeontological
anal y ses, as well as re sults of ra dio met ric age dat ing of tuffite
lev els oc cur ring in exposures in the Carpathian Foredeep be -
tween Gdów and Bochnia (South ern Po land). These re searches 
have helped to re solve the is sue of the strati graphic suc ces sion
of Mio cene de pos its in the Gdów “embayment”.

GEOLOGICAL SETTING

Tuffite lev els, as prod ucts of in di vid ual sed i men ta tion
events of vol ca nic ashes, were uni formly dis trib uted over a
large area and form con stant ho ri zons of re gional ex tent. Many
Mio cene se quences of the Carpathian Foredeep con tain
pyroclastic interbeds. They in clude tuffites, bentonitized
tuffites, con cen tra tions of vol ca nic glass, authigenic quartz and
biotite. They have been de scribed from the Up per Silesia Coal

Ba sin, near Wieliczka and Bochnia, as well as along the south -
ern mar gin of the Holy Cross Mts. (Alexandrowicz, 1997 and
ref er ences therein). Gen er ally, nine (tf1–tf9) tuffite lev els have
been iden ti fied in the Mio cene sed i ments in the Carpathian
Foredeep (Alexandrowicz, 1997). The old est is found in fresh -
wa ter de pos its of the K³odnica Fm. at Imielin and Przeciszów.
The next five lev els (tf2–tf6) are within the Skawina Beds, one
(tf7) within the Wieliczka Fm., one (tf8) within the Chodenice
Beds and one (tf9) within the Kêdzierzyn Fm. (Krakowiec
Beds; Fig. 2).

In this pa per we pres ent new re sults of in ves ti ga tion of
tuffite lev els that are exposed within the Gdów “embayment”
area (Wiatowice Tuffite) and com pare them with tuffite levels
lo cated out side the Gdów “embayment”, close to the Bochnia
Salt Mine at Chodenice (Bochnia Tuffite; Fig. 1). 

WIATOWICE TUFFITE

The oc cur rence of tuffites around the vil lage of Wiatowice
has been known since the early 20th cen tury. In the 1950s, dur -
ing geo log i cal in ves ti ga tions in that area, a num ber of shal low
bore holes were drilled and, based on these, the ex tent of the
tuffite out crop was de ter mined (Olewicz, 1964). Tuffites were
found along 165 m of the west side of the £ysa Góra Moun tain,
and along 250 m on the east slope of the same moun tain. Pres -
ently, a num ber of those ex po sures have been cov ered with de -
tri tus, and only on the north ern slope of £ysa Góra (in the bot -
tom part of the ra vine ex tend ing from the top to the north-east)
one can find tuffite chips. A small ex plo ra tion pit dug in that
place revealed sev eral lay ers of pyroclastic material, namely:
gran u lar tuffite (ca. 47 cm thick) fol lowed by pelitic tuffite (ca.
24 cm-thick), sand tuffites, banded tuffite and di ag o nally lay -
ered tuffite (ca. 8 cm thick) and then white-banded mud tuffite
(ca. 11 cm-thick, Fig. 3A). In the roof of the bank there were
seen a few-mi nor lay ers (up to 2–3 cm thick) of light grey
pelitic tuffite and granular, rust-weath er ing tuffite, sep a rated by 
lay ers of grey clay of the same thick ness. In the gran u lar tuffites 
there were vis i ble white shards (pre sum ably of glass) and dark
min er als. 

BOCHNIA TUFFITE

The tuffite level in the Chodenice Beds is prob a bly the most 
ex ten sive tuffite ho ri zon within the Carpathian Foredeep, and it 
has been de scribed from many known pro files in that area (e.g., 
Parachoniak, 1954, 1962; Olewicz, 1964; van Couvering et al.,
1981; Alexandrowicz, 1997; Wieser et al., 2000; Dudek and
Bukowski, 2002; Dudek et al., 2004a). Most of ten it is de vel -
oped as a com plex suc ces sion of lithologies that dif fer in their
grain-size dis tri bu tion, and are in places sep a rated by thin clay
in serts. The thick ness of that tuffite may amount to sev eral
metres. In the area be tween Wieliczka and Bochnia that level
was iden ti fied in sev eral ex po sures (Su³ków, Che³m upon
Raba, Moszczenica, Chodenice and Bochnia Salt Mine) and in
nu mer ous bore holes (in clud ing, among oth ers, Wieliczka H-5,
K³aj 2). In the Up per Silesia re gion, that level was de scribed
from, among other places, the Ochojec bore hole (P-20) near the 
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city of Gliwice (Alexandrowicz and Pawlikowski, 1980). It has 
also been re ported from bore holes near Mielec and near
Przemyœl (Parachoniak, 1962). 

The nat u ral Bochnia Tuffite ex po sure in Chodenice is lo -
cated in the Chodenice creek slope, and was de scribed in de tail
by Parachoniak (1954) and by Dudek et al. (2004a). Pres ently,
that ex po sure is small (1 ´ 2 m). The tuffite lay ers dip to the

south at the an gle of ca. 60° and the ma jor ity of them rep re sent
light grey or even white, me dium- or fine-grained tuffites
(Fig. 3B). They oc cur in the form of a se ries of lay ers, each of
them a dozen or so centi metres or so thick. Me dium-grained
tuffites are, as a rule, thicker, less dis tinct and more eas ily
break able into loose de bris. Fine-grained tuffites form thin ner
beds, they are harder and of ten lam i nated. In some of the lay ers

452 Krzysztof  Bukowski, Arjan De Leeuw, Ma³gorzata Gonera, Klaudia F. Kuiper, Piotr Krzywiec and Danuta Peryt

Fig. 2. Strati graphic po si tion of the Badenian tuffites

Tuffite beds (tf1) oc cur in the fresh wa ter de pos its of the K³odnica Fm. (Karpatian); tuffite beds (tf9)
oc cur in the Krakowiec clays (Sarmatian); po si tion of the Langhian–Serravallian bound ary

is from Abels et al. (2005)

Fig. 3. Exposures of tuffites

A – the bank of Wiatowice Tuffite, which are of the spe cific blue-grey-white colour ing that is main tained only un der nat u ral hu mid ity 
con di tions (when dried, tuffites be come creamy-white); B – the ex po sure in ves ti gated of the Bochnia Tuffite in Chodenice



one can no tice nor mal gra da tion, from me dium- to very
fine-grained lithologies, which shows the pe ri od ic ity of sed i -
men ta tion of the pyroclastic ma te rial. 

MATERIAL AND METHODS

Three sam ples of tuffite from the Wiatowice lo cal ity were
col lected for petrographic and ra dio met ric age dat ing from the
up per part of the tuffite succession (Fig. 3A). They come from
three lay ers: rust-weath er ing, fine-grained, lam i nated tuffite
(Wt1), light grey, fine-grained tuffite of cha otic struc ture
(WAt2), and light grey silty tuffite with a cha otic struc ture
(Wt3). The small clayey layer within the tuffites and the clayey
layer a few metres be low the tuffite suc ces sion pro vided two
sam ples (Wiatowice 1-2). These sam ples were used for the in -
ves ti ga tion on foraminifera and cal car e ous plank ton.

Sam ples from the nat u ral ex po sure in Chodenice (Fig. 3B)
were col lected from two lay ers of pyroclastic deposits: ChD5,
ChD8 (layer names are ac cord ing to af ter Dudek et al., 2004a)
and three from ad ja cent lay ers of marly clay (Chodenice 1-3).

Chem i cal anal y ses of glass us ing the SEM/EDS
microprobe method were per formed for both tuffite lev els.
SEM/EDS anal y ses were made in the FESEM Lab o ra tory of
the In sti tute of Geo log i cal Sci ences, Jagiellonian Uni ver sity,
us ing a NORAN Van tage spec trom e ter cou pled to a HITACHI
S-4700 scan ning elec tron mi cro scope op er at ing at 15 kV.

Foraminiferal anal y ses have been per formed on spec i mens
ex tracted from the de pos its us ing stan dard pro ce dures. Sed i -
ment was washed over a 100 mm mesh sieve, the res i due dried
and revieved. The foraminifera taxa were iden ti fied by ref er -
ence to the lit er a ture.

Both tuffites from Wiatowice and Chodenice were sam pled 
for 40Ar/39Ar dat ing (sam ples: Wt1, ChD5 weight about 1 kg).
The bulk sam ples were crushed, dis in te grated in a calgon so lu -
tion, washed and sieved over a set of sieves be tween 63 and
250 mm. The res i due was sub se quently sub jected to stan dard
heavy liq uid as well as mag netic min eral sep a ra tion tech niques. 
Al though the most suit able min er als, such as K-feld spar and bi -
o tite were lack ing in both ashes, they did pro vide vol ca nic
glass. The Bochnia Tuffite con tained a large amount in the

frac tion larger than 300 mm, while the Wiatowice Tuffite con -

tained a few par ti cles in the frac tion larger than 160 mm. The
lat ter also con tained some bi o tite crys tals in the frac tion be -

tween 150–200 mm. Un for tu nately, these were in ap pro pri ate
for 40Ar/39Ar dat ing due to weath er ing, as in di cated by yel -
low-stained crys tal edges. The glass sep a rates of both ashes
were hand picked, sub merged in de min er al ized wa ter and put in 
an ul tra sonic bath for 5 min utes. The min eral sep a rates were
then loaded in a 10 mm ID quartz vial to gether with Fish Can -
yon Tuff (FC-2), Drachenfels one (f250-500) and Drachenfels
two (f >500) sanidine. The vial was ir ra di ated in the Or e gon
State Uni ver sity TRIGA re ac tor in the cad mium-shielded
CLICIT fa cil ity for 10 hours. 

Next both sam ples were split into mul ti ple parts. For each
tuffite five parts were loaded into a cop per sam ple-tray be -
tween Drachenfels as well as Fish-Can yon stan dards. The tray
was pre-heated un der vac uum us ing a heat ing stage to re move

un de sir able at mo spheric ar gon. There af ter, sam ples were
placed in the UHV sam ple cham ber, de gassed over night and
were fused us ing a Synrad CO2 la ser in com bi na tion with a
Raylase scanhead as a beam de liv ery and beam dif fuser sys tem. 
Af ter pu ri fi ca tion the re sult ing gas was ana lysed with a Mass
An a lyzer Prod ucts LTD 215-50 no ble gas mass spec trom e ter.
Beam in ten si ties were mea sured in a peak-jump ing mode in 0.5 
mass in ter vals over the mass range 40–35.5 on a Balzers 217
sec ond ary elec tron mul ti plier. Sys tem blanks were mea sured
ev ery three to four steps. Mass dis crim i na tion was mon i tored
by fre quent anal y sis of aliquots of air. The ir ra di a tion pa ram e -
ter J for each un known was de ter mined by in ter po la tion us ing a 
sec ond-or der poly no mial fit ting be tween the in di vid u ally mea -
sured stan dards. 

Fol low ing these fu sion ex per i ments, two more sam ple parts 
of each glass sep a rate were loaded in an other cop per tray. Once 
again the tray was pre-heated and the sam ples placed in the
UHV sam ple cham ber and de gassed. This time, how ever, sam -
ples were incrementally heated in or der to ex am ine the ar gon
dis tri bu tion in the glass crys tals. The re sult ing gas was treated
in the same way as in the fu sion ex per i ments.

All 40Ar/39Ar ages have been cal cu lated with the ArArCalc
soft ware (Koppers, 2002) and ap ply ing the de cay con stants of
Steiger and Jäger (1977). The age for the Fish Can yon Tuff
sanidine flux mon i tor used in age cal cu la tions is 28.201
±0.03 My (Kuiper et al., 2008). The age for the Drachenfels
sanidine flux mon i tor is 25.42 ±0.03 My (Kuiper et al., in
prep). Cor rec tion fac tors for neu tron in ter fer ence re ac tions are
2.64 ±0.017 × 10–4 for (36Ar/37Ar)Ca, 6.73 ±0.037 × 10–4 for
(39Ar/37Ar)Ca, 1.211 ±0.003 × 10–2 for (38Ar/39Ar)K and 8.6 ±0.7

× 10–4 for (40Ar/39Ar)K. Er rors are quoted at the 1s level and in -
clude the an a lyt i cal er ror and the er ror in J.

RESULTS

PETROGRAPHIC STUDY

The pre dom i nat ing com po nent in all sam ples of tuffite from 
Wiatowice is vol ca nic glass of the size of shards that sel dom
ex ceed 0.2 mm (Fig. 4). Of ten those are sharp-edged shards of
elon gated, lamellar or bent shapes. The glass is com pletely iso -
tro pic, or dis plays a slight ani so tropy (devitrification). In the
coarse-grained tuffite va ri ety we found vol ca nic glass in the
form of sharp-edged chips of the ob sid ian type (to tally trans -
par ent chips) and of the pum ice type (with voids and ducts)
(Fig. 5A). In ad di tion to glass, also sin gle grains of quartz, bi o -
tite and plagioclase are found. Quartz oc curs most of ten in the
form of tiny grains (up to 0.1 mm). In cer tain places, one can
note the in crease in the share of autogenic quartz in the form of
sharp-edged chips, with the big gest of them reach ing 0.2 mm.
Bi o tite with the lamella size (up to 0.1 mm) may some times be
slightly weath ered (trans formed into ver mic u lite), and dis plays
dis tinct pleochroism (from the brown ish to green ish colours).
Among plagioclases sub jected to SEM/EDS anal y sis, we iden -
ti fied the pres ence of al bite and an de sine, some times twinned,
or of a striped struc ture. Also pres ent in microsections are
bushy con cen tra tions of iron com pounds of rust or dark brown
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colours. All those com po nents are set in a clayey mass, which
forms a kind of a ma trix, of a grey-yel low col our (Wt1), or
colour less (WAt2, Wt3) with a sin gle po lar izer, con tain ing rel -
a tively nu mer ous, non-trans par ent pig ments.

Par tic u lar tuffite va ri et ies dif fer, first of all, in the ra tio of
ma trix share and grain com po nent share. In fine-grained, light
grey tuffites (WAt2) the share of clayey ma trix is clearly lower
than in other tuffites, and par tic u lar grains of min er als are of ten
in con tact with one an other. In turn, in tuffites of aleuritic tex -
ture (Wt3), the share of clayey ma trix is clearly dom i nat ing.
That tuffite va ri ety con tains also much more of partly trans -
formed glass shards and lamellas of weath ered bi o tite. 

Tuffites from Chodenice (Bochnia Tuffite) are char ac ter -
ized by a good pres er va tion of their glass shards (Fig. 5B). As

far as size is con cerned, vitroclasts cor re spond mainly to fine
ash and vol ca nic dust frac tions (usu ally <0.1 mm). Among rel -
a tively few crystaloclasts there dom i nate quartz, po tas sium
feld spar, acid plagioclase (up to 43% An), and bi o tite, as far as
mafites are con cerned. The most rep re sen ta tive ac ces sory min -
er als in terms of quan tity are rutile, zir con, ap a tite, and gar net
(Wieser et al., 2000; Dudek et al., 2004a).

The con tent of SiO2 in glass from Wiatowice Tuffite was
76.73–77.84%, and that in Bochnia Tuffite was 79.96–80.45%
(Ta ble 1). The dif fer ent con tent of Na2O in glass from
Wiatowice Tuffite 2.55–3.96% and 2.26–2.98% in Bochnia
Tuffite was noted (sim i lar ob ser va tions on the con tent of Na2O
did Kamieñski and Gliñska, 1966). The K/Ca ra tio for
Wiatowice is around 2.6, while it is 3.3 for the Bochnia Tuffite. 
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Fig. 4. Mi cro scopic im age of tuffite from Wiatowice 

A – sharp-edged shards of glass are set in an abun dant ma trix; vis i ble in the cen tre is an elon gated, idiomorphic quartz grain, 
plane po lar ized light; B – the same prep a ra tion, iso tro pic glass shards (black), crossed polars

Fig. 5. Mi cro scopic im age of tuffites sub jected to SEM anal y sis

A – tuffite from Wiatowice; photo shows two va ri et ies of glass: the pum ice-type and the ob sid ian-type glass; in the bot tom left cor ner two 
pale mica lamellae are vis i ble; B – tuffite from Chodenice, photo shows sharp-edged glass shards



BIOSTRATIGRAPHIC STUDY

Sed i ments from Wiatowice (sam ples Wiatowice 1-2) con -
tain foraminifers, ostracods, and frag ments of mol lusc shells.
There are also rare frag ments of sponge and sea ur chin spines,
as well as car bon ate thalli of green al gae (Acicularia). Cal car e -
ous nannofossils are scarce and poorly pre served. Only a few
spec i mens of Reticulofenestra pseudoumbilica, R. haqii, R.
minuta, Coccolithus pelagicus, Umbilicosphaera jafarii and
Syracosphaera pulchra could be iden ti fied. Scarce
Reticulofenestra umbilica, Dictyococcites bisectus and
Emiliania formosa rep re sent re worked com po nent of the
oryctocoenose. Dom i nat ing among foraminifers are the fol -
low ing: Valvulineria complanata, Bulimina elongata, Am mo -
nia beccarii (Figs. 6 and 7). 

In di vid u als be long ing to those three taxa con sti tute in to tal
45.7% of the as sem blage. The accesory taxa in clude
Globigerina bulloides (5.1%), Bolivina dilatata (6.5%),
Bulimina gibba (4.5%), Cibicides pseudoungerianus (6.5%),
Astrononion perfossum (6.5%), Elphidium macellum (4.3%),
E. crispum (4.3%). Fol low ing taxa are pre sented as sin gle or
rare spec i mens: Haplophragmoides sp., Dendrophrya sp.,
Miliammina sp., Lenticulina inornata, Lagena clavata,
Globorotalia praescitula, Globigerina druryi, Globigerinoides
quadrilobatus, Turborotalita quinqueloba, Sagrinella lobata,
Uvigerina aculeata, Reusella spinulosa, Virgulinella pertusa,
Caucasina schischkinskayae, Nonion com mune, Elphidium
fichtelianum. This third group of foraminifers con sti tutes
16.7% of the as sem blage. 

Sam ples from Chodenice (Chodenice 1-3) do not con tain
foraminifers nei ther cal car e ous nannoplankton but in stead they 
con tain radio lar ians and frag ments of sponge spicules. In di vid -
u als of the sub-or der of the Spumellaria rep re sent the
Radiolaria. The most nu mer ous are the Liosphaeridae (forms
of ball-shaped skel e tons) and the Spongodiscidae (forms of
discoidal skel e tons). Rare spec i mens of the Euchitoniidae
(forms of three-armed skel e tons) are also pres ent. 

RADIOMETRIC DATING

The re sults of ra diometric dat ing are sum ma rized in Ta -
ble 2, and the full an a lyt i cal data for the fu sion ex per i ments are
given in Ap pen dix A.

Both tuffites ap peared to be het er o ge neous in age in the sin -
gle fu sion ex per i ments. How ever, we at trib ute this to dif fer en -
tial al ter ation of the outer parts of the glass crys tals. There fore,
we have per formed de tailed in cre men tal heat ing ex per i ments
with two rep li cas for each tuffite. Full an a lyt i cal data for the in -
cre men tal heat ing ex per i ments are given in Ap pen dix B. The
re sults of the in cre men tal heat ing ex per i ments are dis played as
age spec tra di a grams (Fig. 8). Steps yield ing less than 1% of the 
to tal 39ArK were dis carded. 
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T a  b l e  1

EDS chem i cal anal y ses of glass, sam ples from the Wiatowice and Chodenice tuffites

Com po nent
[%]

Chodenice/Glass Wiatowice/Glass

Cht8-1a Cht8-1b Cht8-1c Cht8-2b CHD8 WAt2-1b WAt2-1c WAt2-2a WAt2-2b WAt2-2c Wt1-1b Wt1-1c Wt1-1d

SiO2 80.37 80.45 79.96 80.10 80.34 77.24 77.79 77.22 77.49 76.92 76.81 77.84 76.73

Na2O   2.49    2.26    2.98   2.80   2.01   2.76   2.55   3.11   3.17   2.89   3.37   2.85   3.96

Al2O3 11.45 11.71 11.59 11.58 12.15 12.87 12.98 12.69 12.73 13.03 12.86 12.99 12.99

K2O  3.51   3.41  3.44   3.43   2.89   3.53   3.55   3.61   3.81   3.49   3.64   3.01   5.26

CaO  1.00   0.96  1.02   0.81   0.98   1.56   1.48   1.61   1.16   1.37   1.35   1.40   0.79

Fe2O3  1.19   1.21  1.01   1.29   1.63   1.95   1.66   1.75   1.63   2.31   1.97   1.91   0.27

To tal 100.00

Re sults of one sam ple, n. CHD8, is af ter Dudek et al. (2004a)

Fig. 6. Cu mu la tive per cent age chart of foraminifera 
in sam ple from Wiatowice

For ex pla na tion to the ac ces sory and rare pan els see the text



For the Wiatowice Tuffite, the first step was ex cluded be -
cause of its low 40Ar* con tent. We then in cluded all con sec u tive 
steps over lap ping at the 2 sigma level un til MSWD > stu dent’s
t-test. The steps in cluded in the pla teau on av er age have
63.14% ra dio genic ar gon. 

This yielded pla teau ages of 13.77 ±0.08 Ma (MSWD 0.66) 
and 13.74 ±0.09 Ma (MSWD 1.99, both 1 sigma an a lyt i cal er -
rors). The 40Ar/36Ar in verse isochron in ter cepts were re spec -
tively 298 ±6 and 311 ±6. This last in ter cept val ues does in di -
cate a mi nor amount of ex cess ar gon. Com bi na tion of both ex -
per i ments yields a weighted mean pla teau age of 13.76
±0.08 Ma (1 sigma an a lyt i cal er ror) rep re sent ing the crys tal li -
za tion age of the glass frac tion of the Wiatowice Tuffite.

For the Bochnia Tuffite, we in cluded con sec u tive steps
over lap ping at the 2 sigma level. Vi sual in spec tion of the pla -
teau for ex per i ments 239 and 241 made us ex clude steps C and
D for the for mer and D for the lat ter as well. Steps in cluded in

the pla teau on av er age have 32.19% ra dio genic ar gon, sig nif i -
cantly less than for the Wiatowice Tuffite. This re sults in larger
un cer tain ties in the age of the Bochnia Tuffite. 

This yielded pla teau ages for the Bochnia Tuffite of 13.61
±0.13 Ma (MSWD 0.26) and 13.64 ±0.12 Ma (MSWD 1.02,
both 1 sigma an a lyt i cal er rors). The 40Ar/36Ar in verse isochron
in ter cepts were re spec tively 300 ±4 and 301 ±7. The in ter cept
val ues do not show sig nif i cant amounts of ex cess ar gon. There -
fore we con cluded that the weighted mean pla teau age of 13.62
±0.10 Ma (1 sigma an a lyt i cal er ror) rep re sents the crys tal li za -
tion age of the glass frac tion of the Bochnia Tuffite.

DISCUSSION

Fi nal de ter mi na tion of the full num ber of tuffite lev els
(ho ri zons) in the Carpathian Foredeep has not yet been com -
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Fig. 7. Micro fauna from Wiatowice (A) and Chodenice (B)

A – foraminiferida: 1 – Valvulineria complanata, 2 – Bulimina elongata, 3 – Am mo nia beccarii; B – radiolaria: 4 – Liosphaeridae, 
5 – Spongodiscidae, 6 – Euchitoniidae; S – sponge spicule, Q – pyroclastic quartz

T a  b l e  2

Sum mary of the 40Ar/39Ar re sults

Sam ple Min eral J-value
Frac tion 

[mm]
Pla teau age

[Ma] MSWD N
40Ar*

[%]

39ArK
[%] K/Ca To tal fu sion

age [Ma]
Isochron
age [Ma]

In verse
isochron
in ter cept

Wiatowice
Tuffite glass 0.002685 >160 13.76 ±0.08 1.3  34(15) 63.14 80.89 2.566 13.79 ±0.07 13.48 ±0.13 306.0 ±4.2

Bochnia 
Tuffite glass 0.002686 >300 13.62 ±0.10 0.62 22(15) 32.19 73.4 3.28  13.99 ±0.10 13.17 ±0.31 300.3 ±3.1

MSWD – Mean Square Weighted De vi a tion; N – the to tal num ber of rep e ti tions in the sin gle fu sion ex per i ments and the to tal num ber of steps in the in cre -
men tal heat ing ex per i ments; in brack ets is the num ber of ex per i ments used to cal cu late the weighted mean or peak prob a bil ity den sity age; 39ArK – the per -
cent age of 39ArK re leased by pla teau steps; 40Ar* – the ra dio genic amount of  40Ar; to tal fu sion and isochron ages and in verse isochron in ter cepts are given
for ref er ence; er rors are given at 95 per cent con fi dence level; MSWD, 40Ar* [%], 39Ark [%], K/Ca, isochron age [Ma] and in verse isochron in ter cept were
de ter mined based on the ex per i ments se lected for cal cu la tion of the weighted mean age



pleted, and us ing the list (num ber ing) of those lev els pre -
sented by Alexandrowicz (1997; Fig. 2) one can state now
that (Wiatowice Tuffite – equiv a lent tf6), has been dated at
13.76 ±0.08 Ma, while Bochnia Tuffite (equiv a lent tf8) is
13.62 ±0.10 Ma. 

Re cently, 40Ar/39Ar dat ing of two tuffite lev els be low and
within the Badenian salts in Wieliczka Salt Mine (WT-1 and
WT-3 – equiv a lent t7 af ter Alexandrowicz, 1997) has been
com pleted in the same lab o ra tory. The re sults ob tained in di cate 
that de po si tion of evaporites within the Carpathian Foredeep
started shortly af ter 13.81 ±0.076 Ma and ended af ter 13.60
±0.071 Ma (de Leeuw et al., 2010). The 40Ar/39Ar dat ing was
car ried out on hornblende and bi o tite sep a rated from these lay -

ers. The in con sis tency of re sults pre sented in this ar ti cle,
slightly dif fer ent then the dates pub lished by the same team (de
Leeuw et al., 2010), can be ex plained by the dif fer ent min er als
used; the age cal cu la tion re sults co in cide within er ror. 

The  ages ob tained for the Wiatowice and Bochnia tuffites
rep re sent rea son able es ti mates of their true crys tal li sa tion ages.
How ever, the anal y ses were per formed on glass shards.
Hydration re sult ing in mo bil ity of K and/or Ar in glass, and re -
coil ar ti facts pro duced by neu tron ir ra di a tion, can se verely af -
fect most glass shards from vol ca nic ashes (Mor gan et al.,
2009). These dates are thus not as re li able as 40Ar/39Ar ages ac -
quired from po tas sium feld spar, bi o tite or hornblende frac tions, 
which should be taken into ac count in fur ther in ter pre ta tion. 
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Fig. 8. In cre men tal heat ing spec trum for the Chodenice and Wiatowice glass sep a rates

The cho sen age pla teaus and cor re spond ing weighted mean ages are in di cated
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The as sem blage of foraminifers from Wiatowice rep re sents 
biozone IIg (char ac ter is tic of the up per part of the Skawina
Beds) and micro fauna (radiolaria) from Chodenice biozone
IIIA, char ac ter is tic of the up per part of the Chodenice Beds
(Barwicz-Piskorz, 1996, 1997; Fig. 2). Ra dio met ric dat ing
con firmed by stud ies of micro fauna clearly shows that the sed i -
men tary infill of the Gdów “embayment” con sists of the lower
Badenian Skawina Beds.

The foraminiferal as sem blage zones (Alexandrowicz,
1963) be long to the canon of biostratigraphy of ma rine sed i -
ments of the Carpathian Foredeep. They pro vide a very func -
tional tool in the pe riph eral part of the cen tral Paratethys since
their strati graphic se quence is very con sis tent in that area, and
the ex tent of vari abil ity within spe cific biozones does not ham -
per their lat eral cor re la tion. Those fea tures and trends of
changes in the tax o nomic com po si tion sug gest that as sem blage 
biozones of the Badenian mir rored global rather than lo cal and
re gional palaeogeographic con di tions (Gonera, 2001). Based
on the anal y sis of sta ble iso topes and com pre hen sive palaeo -
eco logi cal re search it has been shown that those biozones re -
flect cli mate changes (Durakiewicz et al., 1997), that may be
cor re lated with the global cool ing phases Mi-3 and Mi-4 (sensu 
Miller et al., 1991a, b; Gonera, 2001; Bicchi et al., 2003;
Gonera et al., 2003). Re sults of the age anal y sis of tuffites from
Wiatowice and Chodenice sup port the first of the above-men -
tioned cool ing phases, but not the sec ond of them. These con -
clu sions are con sis tent with newly ac quired 40Ar/39Ar ages (de
Leeuw et al., 2010) and older 40Ar/39Ar ages (Dudek et al.,
2004b). They in di cate that the Badenian evaporites were trig -
gered by the world wide cool ing event Mi3b (e.g., Abels et al.,
2005; see also: Gonera et al.,  2000; Gonera, 2001; Oszczypko
et al.,  2006; de Leeuw et al.,  2010).

The re sults ob tained sup port in ter pre ta tions of the geo log i -
cal struc ture of the Gdów “embayment” area and in its im me di -
ate sur round ings pub lished by Garlicki (1960), Alexandrowicz
(1965) and Doktor (1983). The ear li est geo log i cal stud ies of
the fron tal Carpathian orogenic wedge have been fo cused on
the Wieliczka and Bochnia ar eas, where rock salt has been
mined for many cen tu ries (cf. Poborski, 1965, with ref er ences
therein). Nu mer ous struc tural mod els have been pro posed for
the fron tal Carpathians, and al most all of them re lied on clas si -
cal con cepts of fore land-verg ing thrust-and-fold struc tural
mod els (see Oszczypko et al., 2006 for de tailed over view and
fur ther ref er ences). Re cently, a model of wedge tec ton ics and
tri an gle zones was used in or der to ex plain the struc ture of the
Carpathian front im aged on seis mic data from the
Wojnicz–Tarnów area (Krzywiec et al., 2004). Fur ther more, it
was sug gested, us ing pub lished geo log i cal cross-sec tions from
the Wieliczka area (To³wiñski, 1956), that in the Wieliczka part 
of the Carpathian front wedge tec ton ics also played an im por -
tant role, and that en tire Wieliczka Salt Mine – one of the clas -
si cal ar eas of compressional salt tec ton ics (cf. Jack son, 1995) –
is lo cated in the core of the tri an gle zone formed dur ing the last
stages of com pres sion within the Carpathian orogenic wedge
(Krzywiec and Verg¾s, 2007).

The struc ture of the Carpathian orogenic front in the vi cin -
ity of two lo cal i ties where tuffite lev els have been sam pled is
shown on two seis mic pro files (Fig. 9). Pro file 1 (Fig. 9A) is lo -
cated in the cen tral part of the Gdów “embayment” (Fig. 1),
within which two ma jor zones of re verse fault ing within the
sub-Mio cene sub stra tum, also af fect ing the Mio cene infill,
have been iden ti fied. Within the orogenic front, evaporites
have been up lifted and backthrust to gether with the over ly ing
up per Badenian Chodenice and Grabowiec beds. The sed i men -
tary infill of the Gdów “embayment” con sists of up lifted and
partly faulted and folded lower Badenian Skawina Beds.
Tuffite lev els sam pled at the Wiatowice lo cal ity be long to this
tec tonic unit. The en tire struc ture, ob served on seis mic data,
may be clas si fied as a tri an gle zone, sim i lar to that oc cur ring in
the Wojnicz area ca. 40 km to the east (Krzywiec et al., 2004)
and – pos si bly – also in the Wieliczka area (Krzywiec and
Verg¾s, 2007). 

Pro file 2 (Fig. 9B) is lo cated out side the Gdów
“embayment”, close to the Bochnia Salt Mine (Fig. 1). On this
pro file, thick-skinned re verse fault ing within the Meso-Pa leo -
zoic base ment is also vis i ble, and it co in cides with up lifted and
backthrust evaporites. The tri an gle zone filled by the lower
Badenian Skawina Beds, pen e trated by the Królówka 1 bore -
hole, has been overriden by a youn ger in-se quence thrust of the
flysch Carpathian nappes, in front of which the so-called
Bochnia Fold has formed, that in cludes both folded flysch suc -
ces sion as well as foredeep Mio cene de pos its. It should be
stressed here that the in ter pre ta tion of the Bochnia folds shown
on Fig ure 9B should be re garded as ten ta tive, be cause the qual -
ity of avail able seis mic data was to low to pre cisely im age the
com plex fold-and thrust struc tures of this area. The pro posed
model is an ap prox i ma tion based to a large de gree on pub lished 
cross-sec tions from the Bochnia Salt Mine (Poborski, 1952;
Garlicki, 1968). The orogenic thrust front along this pro file
should be placed in the vi cin ity of the Puszcza 7 bore hole, rel a -
tively far from the tri an gle zone with the de formed evaporitic
suc ces sion. Compressional de for ma tion vis i ble in the vi cin ity
of Puszcza 7  bore hole is equiv a lent to the fron tal de for ma tion
of the Biadoliny slice in the vi cin ity of Wojnicz–Tarnów
(Krzywiec, 2001; Krzywiec et al., 2004). 

CONCLUSIONS

Rel a tively small but im por tant vari a tions in the chem i cal
com po si tion of two sam pled tuffite lev els have been dis tin -
guished. The re sults  shown a rel a tively small vari a tion in the
sil ica con tent of glass orig i nat ing from the same level, how ever
clearly dif fer ing from that of glass orig i nat ing from an other
level (about 80% SiO2 in the case of the Bochnia Tuffite and
about 77% in the case of the Wiatowice Tuffite). These lev els
var ied in the con tent of so dium in the glass (av er age 2.63%
Na2O in the in the case of the Bochnia Tuffite and 3.06% in the
case of the Wiatowice Tuffite). Dif fer ences were also no ticed
in the rate of glass de vel op ment. The Wiatowice Tuffite has a
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high pro por tion of pum ice-type glass, which is al most ab sent
from the Bochnia Tuffite. 

The 40Ar/39Ar ages of the glass sep a rates ob tained from
these lay ers were de ter mined ap ply ing (stan dard) in cre men tal
heat ing tech niques. The 40Ar/39Ar re sults showed that the
Wiatowice Tuffite is older than the Bochnia Tuffite. Tuffite
lev els sam pled in the Wiatowice area be long to the
pre-evaporitic suc ces sion and tuffite lev els sam pled in the
Chodenice area be long to the post-evaporitic suc ces sion. These 
re sults sup port ages based on foraminiferal micro fauna and cal -
car e ous nannoplankton. Such a strati graphic po si tion ex plain
that within the “Gdów embayment” Mio cene com pres sion led
to lo cal ized in ver sion of early nor mal faults, re spon si ble for the 

for ma tion of small lo cal ba sins filled by lower Badenian
siliciclastic deposits. 
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APPENDIX A

Full an a lyt i cal data for the Chodenice and Wiatowice sin gle fu sion ex per i ments

Wiatowice Tuffite glass frac tion

Sin gle fu sion 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) Age
[Ma] ±1s

40Ar(r)
[%]

39Ar(k)

[%]
K/Ca ±1s

09M0167C  7.00 W 0.004114 0.195065 0.002047 1.198406 3.332914 13.42 ±0.07  73.26  21.70 2.642 ±0.063

09M0167D  7.00 W 0.002995 0.187409 0.002647 1.116440 3.210008 13.88 ±0.07  78.37  20.22 2.562 ±0.058

09M0167J  7.00 W 0.006779 0.236856 0.003049 1.434212 4.131308 13.90 ±0.08  67.33  25.97 2.604 ±0.059

09M0167A  7.00 W 0.003929 0.136512 0.001746 0.799505 2.311358 13.95 ±0.10  66.55  14.48 2.518 ±0.058

09M0167B  7.00 W 0.002345 0.163479 0.002187 0.973802 2.900191 14.37 ±0.08  80.70  17.63 2.561 ±0.059

Chodenice Tuffite glass frac tion

Sin gle fu sion 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) Age
[Ma] ±1s

40Ar(r)
[%]

39Ar(k)
[%] K/Ca ±1s

09M0168A  7.00 W 0.008780 0.133552 0.003144 1.042152 2.933312 13.59 ±0.12  53.06  16.27 3.355 ±0.077

09M0168B  7.00 W 0.004179 0.124103 0.002950 0.975685 2.732975 13.52 ±0.07  68.86  15.23 3.381 ±0.080

09M0168C  7.00 W 0.017369 0.150513 0.002918 1.117896 3.205017 13.84 ±0.18  38.44  17.45 3.194 ±0.075

09M0168E  7.00 W  0.05114 0.244193 0.004634 1.863516 5.276333 13.67 ±0.17  25.87  29.09 3.281 ±0.074

09M0168F  7.00 W 0.034424 0.182491 0.003790 1.407021 4.280761 14.68 ±0.21  29.62  21.96 3.315 ±0.076
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APPENDIX B

Full an a lyt i cal data for the Chodenice and Wiatowice in cre men tal heat ing ex per i ments

Chodenice Tuffite, glass frac tion

In cre men tal

heat ing
* 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r)

Age
[Ma]

±1s
40Ar(r)

[%]

39Ar(k)
[%]

K/Ca ±1s

09M0239B 12.50 W 0.013793 0.046449 0.000997 0.361300 1.343879 17.93 ±0.50  24.79   2.19 3.345 ±0.118

09M0239C 15.50 W 0.011331 0.109927 0.001875 0.828638 2.456599 14.31 ±0.20  42.31   5.02 3.241 ±0.109

09M0239D 18.50 W 0.033383 0.150758 0.002430 1.157404 3.383310 14.11 ±0.36  25.54   7.02 3.301 ±0.114

09M0239E 22.00 W x 0.038582 0.206935 0.003861 1.617752 4.575538 13.65 ±0.29  28.64   9.81 3.362 ±0.116

09M0239F 26.00 W x 0.037287 0.199559 0.003531 1.532416 4.319667 13.61 ±0.31  28.16   9.29 3.302 ±0.118

09M0239G 30.00 W x 0.011140 0.121645 0.002224 0.902550 2.509084 13.42 ±0.19  43.25   5.47 3.190 ±0.124

09M0239H 34.00 W x 0.016356 0.085339 0.001347 0.625214 1.786280 13.79 ±0.36  26.98   3.79 3.150 ±0.117

09M0239I 38.00 W x 0.014802 0.061028 0.001060 0.459023 1.313642 13.81 ±0.45  23.09   2.78 3.234 ±0.124

09M0239J 44.00 W x 0.007416 0.048650 0.000838 0.361994 1.025970 13.68 ±0.36  31.88   2.19 3.200 ±0.121

09M0239K 50.00 W 0.006505 0.034504 0.000499 0.215925 0.669533 14.96 ±0.56  25.83   1.31 2.691 ±0.129

09M0239L 60.00 W x 0.005446 0.030219 0.000559 0.231188 0.660777 13.80 ±0.33  29.11   1.40 3.290 ±0.154

09M0239M 75.00 W x 0.002439 0.023145 0.000458 0.171342 0.482119 13.58 ±0.35  40.08   1.04 3.183 ±0.182

09M0241B 12.50 W 0.018223 0.044996 0.000645 0.336174 1.387265 19.88 ±0.71  20.48   2.04 3.213 ±0.118

09M0241C 15.50 W 0.013641 0.094071 0.001764 0.723794 2.188791 14.59 ±0.25  35.19   4.39 3.308 ±0.116

09M0241D 18.50 W 0.006574 0.098934 0.001890 0.763889 2.183907 13.80 ±0.14  52.91   4.63 3.320 ±0.115

09M0241E 22.00 W x 0.027115 0.173332 0.002954 1.347033 3.850345 13.80 ±0.27  32.45   8.17 3.342 ±0.117

09M0241F 26.00 W x 0.042639 0.238935 0.003991 1.859526 5.274735 13.69 ±0.27  29.51  11.27 3.347 ±0.119

09M0241G 30.00 W x 0.020075 0.143099 0.002501 1.108488 3.082470 13.42 ±0.24  34.19   6.72 3.331 ±0.123

09M0241H 34.00 W x 0.015270 0.115254 0.002325 0.891499 2.448977 13.26 ±0.23  35.18   5.41 3.326 ±0.122

09M0241I 38.00 W x 0.007895 0.061614 0.001198 0.489156 1.396007 13.78 ±0.23  37.43   2.97 3.414 ±0.130

09M0241M 75.00 W x 0.009171 0.041926 0.000575 0.322282 0.938494 14.05 ±0.40  25.72   1.95 3.305 ±0.142

09M0241O  9.50 W x 0.003093 0.025026 0.000438 0.187367 0.540444 13.92 ±0.31  37.15   1.14 3.219 ±0.151

In for ma tion on anal y sis Re sults 40Ar(r)/39Ar(k) ±1s
Age
[Ma]

±1s MSWD
39Ar(k)
[%. n]

K/Ca ±1s

VU78-33
weighted pla teau 2.8225

±0.0152
13.62

±0.10
0.57

73.40
3.284 ±0.033

Glass ±0.54% ±0.7% 15

Chodenice ex ter nal er ror ±0.17 0.97  sta tis ti cal T ra tio

an a lyt i cal er ror ±0.07 1.0000 er ror mag ni fi ca tion

Pro ject = VU78
to tal fu sion age 2.8991

±0.0153
13.99

±0.10
22 0.093 ±0.001

Ir ra di a tion = VU78 ±0.53% ±0.7%

J = 0.0026857 ±0.0000134 ex ter nal er ror ±0.17

Dra = 25.420 ±0.145 Ma an a lyt i cal er ror ±0.07
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App.  B cont.

Wiatowice Tuffite, glass frac tion

In cre men tal

heat ing
* 36Ar(a) 37Ar(ca) 38Ar(cl) 39Ar(k) 40Ar(r) Age

[Ma] ±1s
40Ar(r)

[%]

39Ar(k)
[%] K/Ca ±1s

09M0237B 12.50 W 0.010307 0.072547 0.000738 0.410944 1.166786 13.70 ±0.38  27.70 2.05 2.436 ±0.081

09M0237C 15.50 W x 0.008971 0.167803 0.001861 1.012383 2.897279 13.81 ±0.12  52.21 5.06 2.594 ±0.085

09M0237D 18.50 W x 0.008381 0.265268 0.002622 1.611021 4.587145 13.74 ±0.09  64.93 8.05 2.611 ±0.089

09M0237E 22.00 W x 0.010305 0.316873 0.003407 1.939351 5.550876 13.81 ±0.09  64.56 9.69 2.632 ±0.091

09M0237F 26.00 W x 0.004922 0.181903 0.001871 1.094110 3.118182 13.75 ±0.09  68.18 5.47 2.586 ±0.092

09M0237G 30.00 W x 0.004532 0.133995 0.001126 0.780510 2.215795 13.70 ±0.11  62.32 3.90 2.505 ±0.090

09M0237H 34.00 W x 0.002438 0.102968 0.001082 0.613673 1.732482 13.63 ±0.12  70.61 3.07 2.563 ±0.099

09M0237I 38.00 W x 0.002219 0.079905 0.000912 0.480716 1.384046 13.89 ±0.10  67.84 2.40 2.587 ±0.098

09M0237J 44.00 W 0.001328 0.066438 0.000555 0.406970 1.137155 13.49 ±0.10  74.33 2.03 2.634 ±0.105

09M0237K 50.00 W 0.001584 0.057970 0.000670 0.348155 1.044964 14.48 ±0.17  69.05 1.74 2.582 ±0.112

09M0237L 60.00 W 0.002038 0.047365 0.000442 0.290473 0.883156 14.67 ±0.16  59.45 1.45 2.637 ±0.104

09M0237M 75.00 W 0.001556 0.045636 0.000447 0.263082 0.772314 14.17 ±0.21  62.67 1.31 2.479 ±0.113

09M0237N 76.00 W 0.000577 0.006286 0.000039 0.049714 0.131862 12.80 ±0.69  43.60 0.25 3.401 ±0.523

09M0237O 95.00 W 0.001190 0.028341 0.000161 0.160124 0.463128 13.96 ±0.27  56.84 0.80 2.429 ±0.119

09M0237P 120.00 W 0.000315 0.014548 0.000179 0.080003 0.234441 14.14 ±0.38  71.56 0.40 2.365 ±0.141

09M0237Q 150.00 W 0.000448 0.012344 0.000261 0.066954 0.190090 13.70 ±0.38  58.92 0.33 2.332 ±0.159

09M0237R 250.00 W 0.000582 0.021833 0.000169 0.121245 0.334351 13.31 ±0.36  66.04 0.61 2.388 ±0.138

09M0238B 12.50 W 0.007946 0.086415 0.000796 0.508755 1.455779 13.81 ±0.25  38.27 2.54 2.532 ±0.083

09M0238C 15.50 W x 0.010031 0.166755 0.001564 1.001962 2.901576 13.98 ±0.15  49.46 5.01 2.584 ±0.086

09M0238D 18.50 W x 0.008794 0.317823 0.003250 1.940076 5.484760 13.64 ±0.07  67.84 9.69 2.625 ±0.089

09M0238E 22.00 W x 0.013116 0.342015 0.003628 2.083650 5.998921 13.89 ±0.09  60.74 10.41 2.620 ±0.090

09M0238F 26.00 W x 0.006960 0.224637 0.002145 1.326355 3.767472 13.71 ±0.09  64.67 6.63 2.539 ±0.090

09M0238G 30.00 W x 0.005134 0.183942 0.001922 1.128711 3.164949 13.53 ±0.10  67.59 5.64 2.639 ±0.095

09M0238H 34.00 W x 0.004524 0.099128 0.000901 0.577705 1.675588 14.00 ±0.18  55.61 2.89 2.506 ±0.092

09M0238I 38.00 W x 0.001560 0.057648 0.000568 0.332656 0.954946 13.85 ±0.15  67.43 1.66 2.481 ±0.095

09M0238J 44.00 W x 0.001173 0.051382 0.000547 0.285011 0.808980 13.70 ±0.17  69.99 1.42 2.385 ±0.100

09M0238K 50.00 W 0.000452 0.035418 0.000257 0.206188 0.566992 13.27 ±0.18  80.93 1.03 2.503 ±0.100

09M0238L 60.00 W 0.001238 0.033298 0.000386 0.200415 0.559988 13.49 ±0.20  60.47 1.00 2.588 ±0.118

09M0238M 75.00 W 0.000787 0.030375 0.000353 0.168741 0.489754 14.01 ±0.28  67.78 0.84 2.389 ±0.113

09M0238N 76.00 W 0.000443 0.018351 0.000216   0.113309 0.316008 13.46 ±0.23  70.69 0.57 2.655 ±0.145

09M0238O 95.00 W 0.001046 0.033554 0.000260   0.187162 0.540116 13.93 ±0.20  63.60 0.94 2.399 ±0.107

09M0238P 120.00 W 0.001000 0.021051 0.000139   0.115309 0.337595 14.13 ±0.36  53.31 0.58 2.355 ±0.127

09M0238Q 150.00 W 0.000400 0.012386 0.000181   0.057678 0.160645 13.44 ±0.47  57.61   0.29 2.002 ±0.149

 09M0238R 250.00 W 0.000301 0.009258 0.000088   0.052092 0.147818 13.70 ±0.61  62.39   0.26 2.420 ±0.239

S 0.126597 3.345459 0.033742 20.015202 57.175938

In for ma tion on anal y sis Re sults 40Ar(r)/39Ar(k) ±1s
Age
[Ma] ±1s MSWD

39Ar(k)
[%n] K/Ca ±1s

VU78-32
er ror pla teau 2.8502

±0.0064
13.76

±0.08 
1.30  

80.98
2.566 ±0.024

Glass ±0.23% ±0.5% 15

Wiatowice ex ter nal er ror ±0.16 0.97  sta tis ti cal T ra tio

an a lyt i cal er ror ±0.03 1.1423 er ror mag ni fi ca tion

Pro ject = VU78
to tal fu sion age 2.8566

±0.0055
13.79

±0.07 
34 0.072 ±0.001

Ir ra di a tion = VU78 ±0.19% ±0.5%

J = 0.0026854 ±0.0000134 ex ter nal er ror ±0.16

Dra = 25.420 ±0.145 Ma an a lyt i cal er ror ±0.03

* – steps in cluded in cal cu la tion of  the weighted mean and in verse isochron age; Dra – age of the Drachenfels sanidine crys tals used as flux mon i tor
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