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New 40Ar-39Ar iso tope ages of mafic and fel sic rocks from the con tact zone of the Małopolska and Brunovistulian ter ranes are pre sented
and dis cussed. A 40Ar-39Ar age es ti ma tion of de tri tal mus co vite from a Lower De vo nian “old red” type sand stone drilled on the
Małopolska side of this zone was also done. Our stud ies re veal that three events of Pa leo zoic mag matic ac tiv ity took place in the study
area. The old est, late Emsian ep i sode is re corded by a diorite from the core part of an in tru sion pen e trated by the Sosnowiec IG 1 bore -
hole. A youn ger, Visean event is doc u mented by a diabase cored in the bore hole WB-137. Diabases from Niedźwiedzia Góra and from
bore hole PZ-10, and a rhyodacite from bore hole 16-WB gave early Perm ian (Artinskian–early Sakmarian) ages. The youn gest, mid dle
Sakmarian age was ob tained for a diabase form ing the ex ter nal parts of the Sosnowiec IG 1 polycyclic in tru sion. A diorite pen e trated by
the Sosnowiec IG 1 bore hole was emplaced dur ing the late Emsian ex ten sion that pre ceded the Lochkovian–Pragian? transpression re -
lated to the fi nal dock ing and amal gam ation of the Brunovistulian Terrane.
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INTRODUCTION

The NW-trending, crustal-scale Kraków–Lubliniec Fault
Zone (KLFZ) sep a rates the Brunovistulian (BVT) and
Małopolska (MT) ter ranes of South ern Po land (Fig. 1;
Brochwicz-Lewiński et al., 1986; Buła et al., 1997; Żaba,
1999; Nawrocki et al., 2004; Malinowski et al., 2005;
Żelaźniewicz et al., 2009). This zone was formed dur ing the
Pro tero zoic. The struc ture, li thol ogy and ages of the lower Pa -
leo zoic se quences com pos ing the mar ginal parts of both of
these ter ranes are dif fer ent. Lithostratigraphical-struc tural
com plexes, com mon to both tectonostratigraphic units, ap -
peared only dur ing the Early De vo nian (Żaba, 1999; Buła,
2000). How ever, to date there has been no re li able ev i dence
show ing the ex act time of fi nal amal gam ation of the BVT. The
Early De vo nian cover of “old red” type de pos its, com mon to
both the units, may in di cate that this pro cess took place some -
time be tween the Si lu rian and the De vo nian (see Nawrocki and
Poprawa, 2006). Pa leo zoic rocks of the KLFZ were dis turbed

by strike-slip mo tions, which were most ac tive dur ing two pe ri -
ods: at the end of the Si lu rian (sinistral transpression) and dur -
ing the late Car bon if er ous (dextral transpression and
transtension) (Bogacz and Krokowski, 1981; Żaba, 1999). The
re sults of re cent palaeomagnetic stud ies of early Perm ian vol -
ca nic rocks from the Krzeszowice re gion of the KLFZ in di cate
that shortly af ter em place ment of these rocks, tec tonic move -
ments in duced by sinistral transtension were ini ti ated
(Nawrocki et al., 2008).  

Sev eral mag matic bod ies were pen e trated by the bore holes
lo cated along the KLFZ, among them gran ites, por phy ritic
dacites and rhyolites, and mi nor mafic rocks. Mafic in tru sions
were also drilled by the deep bore holes of Goczałkowice IG 1
and Sosnowiec IG 1, lo cated about 50 km from the KLFZ, in
the area of the Up per Silesian Block (part of the Brunovistulian
com plex Terrane, see Żelaźniewicz et al., 2009). Their out -
crops oc cur in the Krzeszowice re gion, west of Kraków. The
best known is the diabase sill ex posed in the Niedźwiedzia
Góra quarry. Diabases of the KLFZ and the Up per Silesian
Block cut rocks of dif fer ent ages, from Pre cam brian to



Westphalian A. The age of the mafic rocks has been widely dis -
puted and most of them are re garded as Variscan, but usu ally
older than fel sic rocks of that area (Bukowy and Cebulak,
1964; Żaba, 1999). Ac cord ing to some au thors, some of the
mafic in tru sions, es pe cially from the Myszków and
Będkowska Val ley ar eas, are sig nif i cantly older, most prob a -
bly late Si lu rian (Bukowy and Cebulak, 1964; Ekiert, 1971;
Harańczyk, 1985). Si lu rian ba saltic (Přichystal, 1999) and
Variscan lamprophyric dykes (Šmejkal, 1964) are known in the 
Moravian part of the BVT (Metabazite Zone, see Leichmann
and Hőck, 2008).   

K-Ar, Ar-Ar and Re-Os dat ing of the fel sic ig ne ous rocks
of the KLFZ yielded whole-rock and min eral ages be tween 312  
and 290 Ma (Jarmołowicz-Szulc, 1985; G. Ol i ver in
Harańczyk, 1989; Podemski 2001; Stein et al., 2005). A
granodiorite from bore hole WB102A in the Będkowska Val -
ley, Małopolska Terrane, yielded a mean U-Pb zir con age of
300 ±3 Ma with SHRIMP II (Żelaźniewicz et al., 2008). K-rich 
ryolites to dacites, form ing the Zalas laccolith, Krzeszowice re -

gion, were dated at 294 ±3 Ma with SHRIMP I (U-Pb zir con;
Nawrocki et al., 2008). Am phi boles from a com plex dyke in
Dubie yielded a K-Ar age of 291.3 ±6.4 Ma (Lewandowska et
al., 2007).  

The aim of this pa per is to pres ent and dis cuss new
40Ar-39Ar iso tope ages of mafic and fel sic rocks from the KLFZ 
and from the area lo cated fur ther in side the BVT. 40Ar-39Ar age
es ti ma tion of mus co vite from a Lower De vo nian “old red� type 
sand stone drilled on the Małopolska side of the KLFZ was also
car ried out. The iso tope data ob tained are dis cussed within a
context of mod els of the tec tonic evo lu tion and palaeo ge ogra -
phy of this part of Eu rope.  

SAMPLED ROCKS

Sam ples were col lected from mas sive and lit tle-al tered
parts of the rocks. Most of them are diabases. The sam pled
bore holes PZ-10, WB-86, DB-5 and RK-7 are lo cated in the
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Fig. 1A – Lo ca tion of the Brunovistulian terrane on a tec tonic sketch map of Cen tral Eu rope (af ter Winchester and the PACE
TMR Net work Team 2002, mod i fied); B – sim pli fied geo log i cal sketch map of the Brunovistulian Terrane

with out Me so zoic and Ceinozoic cover rocks  (af ter Buła and Habryn, 2008, sim pli fied)

A – TTZ – Teysseire-Tornquist Zone,  CDF – Cal edo nian De for ma tion Front, HCD – Holy Cross Dis lo ca tion, 
KLFZ – Kraków–Lubliniec Fault Zone, MT – Małopolska Terrane, BVT – Brunovistulian Terrane; B – sites of  40Ar/39Ar age 

es ti ma tions are marked with open cir cles; MSFZ – Moravo-Silesian Fault Zone, PPFZ – Peri-Pieniny Fault Zone



Małopolska Terrane. Three diabase sam ples were de rived from 
the PZ-10 bore hole  at depths of  284, 287 and 289 m (Fig. 2A).
The diabases are char ac ter ized by me dium-grained, subophitic
to ophitic tex ture. The rocks con tain plagioclase laths and al -
tered am phi bole crys tals with traces of chloritization and
carbonatization. The diabase from bore hole WB-86 (sam ples
from 404.5 m and 458.2 m; Fig. 2B) is char ac ter ized by me -
dium- and fine-grained, subophitic to ophitic tex ture (Fig. 3A).
The main min eral com po nents are plagioclase (an de sine) and
clinopyroxene (augite). Il men ite and mag ne tite are ac ces sory
min er als. The next sam ple was taken from a thin trachyandesite 

dyke (~2.3 m thick, depth 1217.7 m; Fig 2C) pen e trated by
bore hole DB-5. This rock is ev i dently al tered and char ac ter ized 
by a fine-grained, pilotaxitic tex ture. The groundmass com -
prises plagioclase laths, pseudo morphs af ter mafic min er als,
rare quartz crys tals, opaque min er als, bi o tite and sec ond ary
chlorite and cal cite (Fig. 3B). Plagioclase pheno crysts were
also found. De tri tal mus co vite grains for iso tope stud ies were
sep a rated from the De vo nian clastic rocks drilled in the RK-7
bore hole (depth 384 m; Fig. 2D).

The next sam pling lo cal i ties: the Goczałkowice IG 1,
Sosnowiec IG 1, WB-137 and 16-WB bore holes and
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Fig. 2.  Sam pling sites for  40Ar-39Ar age de ter mi na tions and sim pli fied lithological logs of the cores ana lysed
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Fig. 3. Pho to mi cro graphs of se lected sam ples pre pared for 40Ar-39Ar age de ter mi na tions

A – diabase (bore hole WB-86, depth 404.5 m) – typ i cal subophitic tex ture with plagioclase laths and al tered clinopyroxene grains, crossed polars; B –
trachyandesite (bore hole DB-5, depth 1217.7 m) – por phy ritic, fine-grained tex ture, the groundmass com prises plagioclase, pseudo morphs af ter mafic
min er als, quartz grains, opaque min er als and sec ond ary chlorite and cal cite, crossed polars; C – diorite (Sosnowiec IG 1 bore hole, 3260.3 m) – mas sive,
granophyiric tex ture with al tered plagioclases and am phi boles, crossed polars; D – diabase (bore hole WB-137, depth 436.0 m) – por phy ritic, fine-grained
tex ture, the groundmass com prises laths of plagioclase and al tered mafic min er als, crossed polars; E – diabase (Niedźwiedzia Góra quarry) – fine-grained, 
pilotaxitic tex ture, com prises plagioclase laths, clinopyroxene crys tals, opaque min er als and rel ics of strongly al tered glass, crossed polars; F – rhyodacite 
(bore hole 16-WB, depth 424.0 m) – por phy ritic, mas sive tex ture, strongly al tered rocks (cal cite and seri cite), crossed polars; min eral sym bols af ter Kretz
(1983): Am – amphibol, Cal – cal cite, Chl – chlorite, Cpx – clinopyroxene, Kfd – K-feld spar, Pl – plagioclase, Q – quartz



Niedźwiedzia Góra quarry are lo cated in the Brunovistulian
Terrane. Diabase sam ples were de rived from the
Goczałkowice IG 1, WB-137 and Sosnowiec IG 1 bore holes
and from Niedźwiedzia Góra, whereas rhyodacite sam ples
came from the bore hole 16-WB. Ad di tion ally, diorites from the 
core part of the in tru sion drilled by the Sosnowiec IG 1 bore -
hole were ana lysed. 

A diabase from the Goczałkowice IG 1 bore hole
(3129.5 m; Fig. 2E) is char ac ter ized by me dium-grained,
subophitic to ophitic tex tures with a plagioclase and
clinopyroxene as sem blage (Krzemiński, 2004). Rare oval
pseudo morphs (mix ture of smectite and iron ox ides), most
prob a bly af ter ol iv ine, were also found. Two sam ples were
taken from the Sosnowiec IG 1 bore hole. This bore hole pen e -
trated diorite-diabase in tru sions. A fine-grained diabase from
the up per part of the in tru sions (3259.5 m) con tains plagioclase
laths and al tered mafic min er als or for mer glass (al tered by
carbonatization and chloritization). The other sam ple was col -
lected from a mas sive, granophiric diorite (3335.7 m; Fig. 2F),
which com prises mostly al tered plagioclases and am phi boles
(af fected by chloritization; Fig. 3C) (Krzemiński, 2004). A
por phy ritic, more fine-grained diabase was found in bore holes
WB-137 (Fig. 2G). The groundmass con tains plagioclase (an -
de sine-lab ra dor ite) laths and clinopyroxene (augite) crys tals.
Sin gle plagioclase crys tals are found as subhedral pheno crysts
show ing relicts of chem i cal zon ing (Fig. 3D). Ap a tite, epidote
and Fe and Ti ox ides are  ac ces sory min er als in the diabase.

A diabase from the Niedźwiedzia Góra quarry (Fig. 3E) is
char ac ter ized by fine-grained, por phy ritic, pilotaxitic tex ture.
The groundmass com prises plagioclase laths, fine-grained
quartz, clinopyroxenes, microlith of opaque min er als and
relicts of strongly al tered glass. Plagioclase and clinopyroxene 
pheno crysts are also found. A strongly al tered rhyodacite from
the bore hole 16-WB (424.0 m; Fig. 2H) con tains rel ics of
plagioclase pheno crysts and pseudo morphs af ter mafic min er -
als. The groundmass com prises al tered plagioclase, rel ics of
mafic min er als and sec ond ary cal cite and chlorite (Fig. 3F). A
rel a tive high con tent of po tas sium in the ba saltic
trachyandesites of Krzeszowice re gion was noted as a pri mary
fea ture of these rocks (Rospondek et al., 2004). 

40Ar-39Ar GEOCHRONOLOGY

ANALYTICAL METHODS

Four am phi bole and one mus co vite sep a rates and eight
whole-rock sam ples were dated by the fur nace in cre men -
tal-heat ing 40Ar-39Ar method us ing a heat ing sched ule that
com prises eight or ten steps in the range from 650–950 to
1260–1350°C, with an av er age 75°C per heat ing step. Com -
plete iso to pic re sults are given in Ta ble 1 and all of the age
spec tra are pre sented in Fig ure 3. A pla teau age is ob tained
when the ap par ent ages of at least three con sec u tive steps, com -
pris ing a min i mum of 50% of the 39ArK (prod uct of K neutronic 

in ter fer ence, see Ta ble 1) re leased, agree within 2s er ror with
the in te grated age of the pla teau seg ment (Fleck et al., 1977). A
so-called pseudoplateau fol lows the re quire ments of a pla teau

age, but has a 39ArK per cent age that can be lower than 50%. The 
to tal gas age pro vides a weighted mean age of all of the in di vid -
ual heat ing steps.

Geo chron ol ogi cal in ves ti ga tions were per formed in the
Cen tral Eu ro pean Ar-Lab o ra tory (CEAL) at the Geo log i cal In -
sti tute of Slo vak Acad emy of Sci ence, Bratislava. Min eral con -
cen trates were en closed in high pu rity quartz vi als and ir ra di -
ated for 4–6 h at the 9MW ASTRA re ac tor at the Aus trian Re -
search cen tre, Seibersdorf. Af ter a cool ing down pe riod of at
least 3 weeks, the sam ples were filled in small, an nealed
(low-blank) cy lin dri cal tan ta lum cap sules. Two Ar-ex trac tion
lines were used dur ing this study: a man u ally op er ated and a
fully au to mated ex trac tion and pu ri fi ca tion line. They are made
mainly of glass and fit ted with a ra dio fre quency (RF)-in duc -
tion fur nace made of quartz glass. The hot por tion of the ex trac -
tion fur nace is dou ble-walled and con tin u ously pumped to
avoid dif fu sion of Ar from am bi ent air dur ing the high tem per a -
ture steps. Ar gon was re leased at pro gres sively higher tem per a -
tures rang ing be tween 650–950°C and 1260–1350°C, with, on
av er age, 75°C in ter vals. Dur ing the anal y sis, only one tan ta lum 
cap sule was in the heat ing po si tion. Due to the ge om e try of the
cy lin dri cal cap sules, which al ways have a hor i zon tal po si tion
within the RF-in duc tion coil, a uni form tem per a ture dis tri bu -
tion in the sam ple is guar an teed. Tem per a tures were mon i tored
by a cal i brated py rom e ter, with the en ergy out put of the RF
gen er a tor be ing gov erned by the py rom e ter read ing. The sta bil -
ity at the pre set diffusion tem per a ture is within 1°C. The tem -
per a ture rise was rapid and prac ti cally no over heat ing took
place. The heat ing time for the low tem per a ture steps was typ i -
cally 10 min and was con tin u ously low ered to 3 min for the
high tem per a ture steps.

Clean ing of the gas was done by a com bi na tion of cold
traps, Ti-sponge- and SAE-get ters. A col lec tion of Ar with a
cold trap be fore the sam ple in let was not per formed.
Two-thirds of the gas was in tro duced into a VG-5400 gas mass
spec trom e ter. The rest of the gas was pumped away from the
ex trac tion line. Iso to pic ra tios were de ter mined for a mea sur ing 
pe riod of 10 min, with the lo cal ra tios hav ing been ex trap o lated
back to the time of the sam ple in let to de ter mine the orig i nal
iso to pic com po si tion. Ages were cal cu lated af ter cor rec tions
for mass dis crim i na tion and ra dio ac tive de cay, es pe cially of
37Ar, us ing the for mu las given by McDougall and Har ri son
(1988). The spe cific pro duc tion ra tios of the in ter fer ing Ar iso -
topes at the ASTRA re ac tor of Seibersdorf are: 36Ar/37Ar(Ca) =
0.0003, 39Ar/37Ar(Ca) = 0.00065, 40Ar/39Ar(K) = 0.025. The
K/Ca ra tio is de ter mined from the 39Ar/37Ar ra tio (cal cu lated for 
the end of ir ra di a tion) us ing a con ver sion fac tor of 0.538 based
on the K2O and CaO con tents re ported in Sam son and Al ex an -
der (1987). Ages re corded by three or more con tig u ous gas
frac tions with sim i lar ap par ent K/Ca ra tios each rep re sent ing
>4% of the to tal 39Ar evolved, and to gether con sti tut ing >50%
of the to tal quan tity of 39Ar evolved, are mu tu ally sim i lar within 
a ±1% un cer tainty. The 40Ar line blank at 1000°C is 2 – 5 × 10 – 
– 10 cm3 STP and the 40Ar/36Ar ra tio of the line blank is close to
the air com po si tion. De ter mi na tion of the back ground, blank
cor rec tions and care ful check ing of the peak po si tions were
rou tinely per formed. J-val ues were de ter mined with in ter nal
lab o ra tory stan dards, cal i brated by in ter na tional stan dards in -
clud ing mus co vite Bern 4M (Burghele, 1987), am phi bole
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T a  b l e  1

40Ar/39Ar an a lyt i cal data from step-heat ing ex per i ments

Sam ple
Step #

Temp
[°C]

37ArCa/
39ArK K/Ca 40Ar*/39Ar ±1s

[%]

40Ar*
[%]

39Ar
[%]

Age
[Ma]

Er ror
[Ma]

DB-5-1217.7,  whole rock (trachyandesite), weight 114.7 mg, Lab# = 4786 J = 0.016950 ±0.2%

1   700 0.348 1.55 10.36 1.0 87.1 27.8 291.8 2.7

2   780 0.157 3.44 10.16 1.1 96.0 13.9 286.6 3.0

3   850 0.209 2.58 10.07 0.8 95.5 10.2 284.2 2.2

4   920 0.317 1.70 10.05 0.8 94.8 12.8 283.8 2.0

5 1000 0.309 1.74   9.90 0.8 93.8 17.0 279.8 2.1

6 1060 0.424 1.27   9.68 0.7 91.9   9.1 274.0 1.9

7 1220 1.195 0.45   9.72 1.0 90.6   6.9 275.1 2.6

8 1300 1.034 0.52   9.49 1.8 87.5   2.3 268.9 4.5

To tal gas age 1.66 283.9 5.1

S-3335.7,  whole rock (diabase), weight 107.8 mg, Lab# = 4785 J = 0.016950 ±0.2%

1   700 0.732 0.735 11.17 0.8 98.2   4.9 312.9 2.3

2   780 1.255 0.429 10.76 0.5 99.4   9.3 302.3 1.5

3   850 0.883 0.610 10.40 0.6 99.6 18.8 293.0 1.6

4   920 0.781 0.689 10.30 0.6 99.5 22.6 290.3 1.5

5 1000 0.640 0.840 10.24 0.4 99.4 21.6 288.8 1.2

6 1060 0.612 0.880 10.19 0.8 99.0 11.5 287.5 2.1

7 1230 4.525 0.119 10.15 0.9 98.7   9.1 286.4 2.3

8 1350 3.717 0.145 10.14 1.5 96.4   2.2 286.0 3.9

To tal gas age 0.556 291.9 5.7

Pla teau age MSWD = 0.43 0.803 steps 4–6 55.7 289.1 1.8

16-WB-424,  whole rock (rhyodacite), weight 80.2 mg, Lab# = 4787 J = 0.016950 ±0.2%

1   700 0.333 1.61 10.48 0.4 98.0 41.8 295.1 1.0

2   780 0.027 19.91 10.42 0.7 99.4 17.5 293.5 1.9

3   850 0.024 22.60 10.42 0.7 99.2 11.5 293.3 2.0

4   920 0.027 19.91 10.38 0.6 98.8   9.5 292.5 1.5

5 1000 0.037 14.53 10.14 0.6 97.8   8.7 286.2 1.6

6 1060 0.071   7.53 10.01 1.5 96.2   6.2 282.8 4.0

7 1220 0.167   3.23 10.19 0.7 93.5   4.2 287.4 1.8

8 1300 0.250   2.15 10.00 2.6 90.1   0.5 282.5 6.9

To tal gas age 11.43 292.4 2.9

Pla teau age MSWD = 0.50 14.71 steps 1–3 70.8 294.4 1.6

WB-86-458.2,  whole rock (diabase), weight 98.6 mg, Lab# = 4789 J = 0.016950 ±0.2%

1   700 3.049 0.176 10.25 1.0 73.8 12.5 289.0 2.7

2   780 0.841 0.640 10.28 1.6 68.2   5.5 289.8 4.4

3   850 0.504 1.067 11.46 1.6 82.5   5.5 294.5 4.3

4   920 0.323 1.665 10.70 0.9 90.3 11.7 300.6 2.5

5 1000 0.350 1.539 10.07 0.9 90.2 12.5 284.3 2.3

6 1060 0.432 1.245   9.84 1.0 90.5 10.6 278.3 2.6

7 1220 0.978 0.550 10.43 0.6 91.8 39.2 293.7 1.7

8 1350 2.755 0.195 10.75 2.0 85.8   2.5 302.1 5.6

To tal gas age 0.885 291.2 5.4

WB-86-404.5,  whole rock (diabase), weight 80.0 mg, Lab# = 4788 J = 0.016950 ±0.2%

1   700 1.379 0.390 10.12 1.4 76.3   9.9 285.5 3.6

2   780 0.547 0.983 10.35 1.4 83.3   6.4 291.5 3.7

3   850 0.307 1.752 11.05 1.2 92.5   7.6 309.8 3.3

4   920 0.262 2.049 10.98 0.9 93.1 12.8 307.8 2.7

5 1000 0.231 2.331 10.32 0.7 90.6 16.6 290.7 1.9

6 1060 0.631 0.852 10.08 0.9 89.3 12.7 284.7 2.4

7 1220 2.398 0.224 10.55 0.6 84.2 32.8 296.9 1.8

8 1350 3.289 0.164 10.16 2.6 69.6   1.3 286.5 7.0

To tal gas age 1.093 295.1 6.2
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Tab. 1 cont.

Sam ple
Step #

Temp
[°C]

37ArCa/
39ArK K/Ca 40Ar*/39Ar ±1s

[%]

40Ar*
[%]

39Ar
[%]

Age
[Ma]

Er ror
[Ma]

PZ-10-287,  am phi bole, weight 81.6 mg, Lab# = 4793 J = 0.017155 ±0.2%

1   800 0.683 0.788 10.43 0.5 91.7 14.1 297.0 1.5

2   880 0.800 0.672 10.42 0.7 96.8 12.6 296.6 1.9

3   950 4.184 0.129 10.53 0.7 96.9 18.3 299.7 1.9

4   980 4.504 0.119 10.32 0.6 96.9 13.2 294.1 1.6

5 1000 3.968 0.136 10.21 0.8 97.1   8.2 291.2 2.1

6 1015 3.268 0.165 10.24 0.9 96.9   5.7 292.0 2.3

7 1045 2.445 0.220 10.29 1.0 97.5   6.7 293.2 2.7

8 1095 2.976 0.181 10.31 0.9 97.2   6.1 293.9 2.5

9 1160 2.597 0.207 10.24 0.9 97.0   8.7 292.0 2.5

10 1300 5.076 0.106 10.19 0.9 93.8   6.4 290.7 2.4

To tal gas age 0.272 295.0 1.9

Pla teau age MSWD = 0.40 0.162 steps 4–10 55.0 292.6 1.3

PZ-10-289, am phi bole, weight 103.4 mg, Lab# = 4794 J = 0.017155 ±0.2%

1   750 0.376 1.433 11.02 0.3 95.3 12.5 312.3 1.0

2   820 0.394 1.365 10.97 0.5 97.6   7.9 311.0 1.3

3   880 1.718 0.313 10.92 0.6 97.5 11.2 309.7 1.8

4   950 5.710 0.094 10.65 0.7 97.3 21.8 302.7 2.0

5   990 4.950 0.109 10.35 0.4 97.7 18.4 294.9 1.2

6 1015 3.906 0.138 10.42 0.7 96.6   7.5 296.8 1.9

7 1045 3.484 0.154 10.36 0.7 96.6   4.1 295.2 2.0

8 1095 3.106 0.173 10.39 0.9 97.1   5.2 295.8 2.5

9 1160 4.016 0.134 10.32 0.9 96.1   7.1 294.1 2.5

10 1300 7.194 0.075 10.32 0.8 95.7   4.3 293.9 2.1

To tal gas age 0.399 301.8 5.4

Pseudoplateau age MSWD = 0.28 0.131 steps 5–10 46.6 295.1 1.0

NG-1, whole rock (diabase), weight 87.5 mg, Lab# = 4783 J = 0.016950 ±0.2%

1   700 7.576 0.071 10.62 0.9 85.8 15.7 298.7 2.4

2   780 1.776 0.303 11.60 1.2 94.7 11.2 323.8 3.6

3   850 0.989 0.544 11.98 0.6 97.9 13.6 333.5 1.8

4   920 0.951 0.566 11.61 0.8 98.1 13.6 324.0 2.3

5 1000 0.890 0.605 10.59 0.8 97.6 12.3 297.9 2.1

6 1060 1.245 0.432 10.50 1.0 97.1 10.5 295.4 2.9

7 1230 1.661 0.324 10.54 0.5 97.0 22.4 296.5 1.2

8 1350 1.290 0.417 10.39 4.4 86.2   0.7 292.6 11.9

To tal gas age 0.408 308.7 11.6

Pseudoplateau age MSWD = 0.22 0.445 steps 5–8 45.9 296.6 1.5

PZ-10-284,  am phi bole, weight 82.1 mg, Lab# = 4792 J = 0.016950 ±0.2%

1   950 2.976 0.181 10.80 0.8 97.4 29.3 303.2 2.2

2   980 3.584 0.150 10.65 0.8 97.6 19.4 299.3 2.1

3 1000 2.004 0.268 10.60 1.0 98.2 15.4 298.2 2.7

4 1015 1.140 0.472 10.64 0.9 98.2 9.7 299.2 2.5

5 1045 0.853 0.630 10.62 0.6 98.5 8.6 298.6 1.6

6 1095 1.011 0.532 10.61 0.8 98.5 7.7 298.3 2.2

7 1160 1.309 0.411 10.59 1.0 97.0 6.1 297.8 2.6

8 1300 2.695 0.200 10.48 1.3 94.8 3.8 295.0 3.5

To tal gas age 0.356 299.9 1.7

Pla teau age MSWD = 0.06 0.411 steps 2–7 66.9 298.7 0.9

WB-137-436, whole rock (diabase), weight 81.4 mg, Lab# = 4790 J = 0.016950 ±0.2%

1 2.128 0.253 12.52 1.5 60.8   9.3 347.3 4.8

2 2.907 0.185 13.03 1.9 58.2   7.1 360.1 6.3

3 1.253 0.429 12.04 1.3 78.9 10.8 335.0 4.1

4 0.911 0.591 11.84 0.8 92.2 22.6 329.9 2.4

5 1.562 0.344 11.87 1.0 92.3 14.4 330.8 3.1

6 3.610 0.149 12.06 1.2 87.5   7.6 335.6 3.5

7 9.804 0.055 12.22 1.0 80.0 25.3 339.6 3.0

8 3.817 0.141 12.21 1.4 83.9   3.0 339.2 4.4

To tal gas age 0.268 337.5 5.5

Pseudoplateau age MSWD = 0.39 0.455 steps 3–5 47.8 331.3 3.6



MM1hb (Sam son and Al ex an der, 1987) and Fish Can yon
sanidine (Renne et al., 1994). The er rors of the cal cu lated ages

for the in di vid ual steps are given as 1s, and the er ror of the pla -
teau ages or to tal gas ages in cludes an ad di tional er ror of ±0.4% 
on the J-value. The age data ob tained are re pro duc ible with the
same an a lyt i cal equip ment within this er ror. Interlaboratory
reproducibility can be ex pected within 1–1.5%. The gas from
the mon i tors was mea sured in two frac tions and the value was
ac cepted when both re sults dif fered by <0.4%.

RESULTS

Five sam ples, 3 am phi bole con cen trates – PZ-10-284
(PZ-10 bore hole, 284 m of depth), PZ-10-287, S-3259.5
(Sosnowiec IG 1 bore hole, 3259.5 m of depth), rhyodacite 16-
WB-424 and diabase S-3335.7 – gave age spec tra with
well-de fined pla teau ages rang ing be tween 289.1 ±1.8 and
399.3 ±1.4 Ma (Fig. 4 and Ta ble 1). Their mean square
weighted de vi ates (MSWD) val ues for pla teaux data range
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Tab. 1 cont.

Sam ple
Step #

Temp
[°C]

37ArCa/
39ArK K/Ca 40Ar*/39Ar ±1s

[%]

40Ar*
[%]

39Ar
[%]

Age
[Ma]

Er ror
[Ma]

G-3129.5,  whole rock (diabase), weight 90.2 mg, Lab# = 4780 J = 0.016073 ±0.2%

1 650 37.037 0.014 18.23 0.8 82.0 9.9 463.6 3.4

2 700 15.625 0.034 15.46 1.6 91.4 8.8 400.3 5.6

3 780 11.364 0.047 12.89 0.8 95.7 10.4 339.8 2.4

4 850 5.952 0.090 11.56 1.3 94.6 13.1 307.6 3.8

5 920 5.076 0.106 12.56 0.6 92.5 17.6 331.6 1.9

6 1000 6.410 0.084 12.66 1.5 86.7 12.1 334.2 4.6

7 1060 9.346 0.058 13.65 1.7 84.0 5.0 357.7 5.5

8 1220 35.714 0.015 17.30 1.6 91.8 11.5 442.5 6.4

9 1280 45.454 0.012 13.96 2.3 79.6 6.7 365.2 7.5

10 1350 24.390 0.022 13.94 2.8 63.8 4.8 364.8 9.2

To tal gas age 0.048 366.7 24.6

S-3259.5,  am phi bole, weight 179.4 mg, Lab# = 4779 J = 0.016073 ±0.2%

1   800   7.752 0.069 14.90 1.2 90.4 19.5 387.3 4.3

2   880   6.369 0.084 15.04 1.1 98.5 13.7 390.6 3.8

3   950   6.993 0.077 15.21 0.9 99.2   7.3 394.5 3.1

4   980   7.519 0.072 15.34 0.9 98.1   5.5 397.7 3.2

5 1000   8.064 0.067 15.42 1.5 98.2   4.9 399.5 5.4

6 1015   7.194 0.075 15.46 1.6 98.9   4.6 400.5 5.9

7 1045   9.434 0.057 15.36 1.1 99.0   6.4 397.9 3.9

8 1096 10.309 0.052 15.42 0.6 98.1 12.9 399.3 2.2

9 1160   9.174 0.059 15.44 0.8 99.2 19.1 399.9 2.7

10 1330   7.143 0.075 15.54 1.0 96.7   6.0 402.1 3.8

To tal gas age 0.069 395.6 2.9

Pla teau age MSWD = 0.09 0.063 steps 4–9 53.4 399.3 1.4

RK-7-384, mus co vite, weight 28.0 mg, Lab# = 4791 J = 0.016950 ±0.2%

1 750 0.500 1.08 13.67 0.6 97.3 24.9 376.0 1.9

2 790 0.018 29.05 15.79 0.9 97.8 7.4 427.9 3.5

3 810 0.021 25.82 16.07 0.9 97.9 5.6 434.5 3.5

4 845 0.007 79.09 16.01 1.2 98.1 7.4 433.1 4.6

5 890 0.007 79.62 16.16 0.6 98.7 10.0 436.8 2.4

6 940 0.006 83.93 16.24 0.7 98.2 10.6 438.7 2.6

7 990 0.008 62.95 16.04 0.6 98.2 10.5 434.0 2.4

8 1060 0.013 42.50 16.06 0.5 97.8 10.7 434.2 2.1

9 1120 0.014 39.27 15.89 0.7 96.9 9.0 430.3 2.7

10 1260 0.024 22.06 16.01 0.8 92.5 4.0 433.2 3.0

To tal gas age 46.54 419.5 15.5

Weighted mean age MSWD = 0.90 54.40 steps 3–10 67.8 434.6 1.9

* – Ra dio genic. De cay con stants and iso to pic abun dances af ter Steiger and Jäger (1977). Er rors in age quoted for in di vid ual runs are 1s
an a lyt i cal un cer tainty. To tal gas and pla teau ages cal cu lated by weight ing in di vid ual steps by the frac tion of 39Ar re leased. Er rors in age

weighted means are 2s weighted stan dard de vi a tion cal cu lated ac cord ing to the for mula of Sam son and Al ex an der (1987) ex clud ing er -
rors in the neu tron ir ra di a tion flux pa ram e ter J. Ap par ent K/Ca mo lar ra tios were cal cu lated from 39Ar/37Ar us ing a fac tor of 0.538 based
on the K2O and CaO con tent re ported in Sam son and Al ex an der (1987). MSWD (mean square weighted de vi ate) are cal cu lated for n-1 de -
grees of free dom. 37ArCa = prod uct of Ca neutronic in ter fer ence, 39ArK = prod uct of K neutronic in ter fer ence



from 0.06 to 0.50 and the cor re spond ing p val ues from 0.998 to
0.61 (p = prob a bil ity of oc cur rence based on Chi Square Ta -
bles). Pseudoplateaux rep re sent ing more than 45% of the re -
leased 39Ar were achieved for three other ana lysed spec i mens:
one am phi bole con cen trate (PZ-10-289) and two diabase

whole-rock sam ples (NG-1, WB-137-436). Their MSWD

£0.39 and p ³0.68 are fully ac cept able on sta tis ti cal grounds.
Some of these age spec tra show only a slight de crease of ap par -
ent age from the low tem per a ture steps to wards age min ima in
the high or in ter me di ate tem per a ture steps (S-601, 16-WB-424, 
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Fig. 4. 40Ar/39Ar age spec tra of whole-rock (wr) and min eral con cen trates (amph = am phi bole, musc = mus co vite) 
of mafic, fel sic and sed i men tary rocks from the con tact zone of the Małopolska and Brunovistulian ter ranes

Er ror bars of step ap par ent ages are drawn at 1s an a lyt i cal un cer tain ties pla teau and pseudoplateau ages (±2s er ror) 
are given where ap pli ca ble



PZ-10-296.7). In stead, the am phi bole S-3259.5 age
spec trum dis plays a slightly age-in creas ing shape.

The pseudoplateau age of the diabase WB-137-436
that con sti tutes the base of a rel a tively flat sad dle (331.3
±3.6 Ma, 47.8% of the re leased 39Ar) and the well-de -
fined pla teau age of the S-3259.5 sam ple (399.3
±1.4 Ma) are no ta bly older than the re main ing six pla teau 
or pseudoplateau ages. The sub tle sad dle-shaped age
spec trum from the sam ple WB-137-436 in di cates that
the rock prob a bly con tains lit tle ex cess ar gon. 

Four of the ana lysed spec i mens i.e. three diabase and
one trachyandesite whole-rock sam ples, gave no pla teau
or pseudoplateau ages. The to tal gas age spec tra of the
diabase sam ples: WB-86-404.5, WB-86-458.2 and
G-3129.5 (Goczałkowice IG 1 bore hole, 3129.5 m of
depth) dis play strongly dis turbed shapes with ups and
downs. They prob a bly il lus trate mix ing be tween phases
with dis tinct com po si tions (in terms of K/Ca ra tios; see
Ta ble 1) and with pos si ble dis tinct ages. Sam ple
G-3129.5 shows an age spec trum with ap par ent ages that 
vary greatly be tween 308 and 465 Ma. The pres ence of
higher step ages at low- and high-tem per a ture in ter vals
in its age spec trum most prob a bly re flects ex cess 40Ar.
Two sam ples from bore hole WB-86 have ap par ent ages
in the range of 278–310 Ma. Anal y sis of the
trachyandesite DB-5-1217.7, with a to tal gas age of
283.9 ±5.1 Ma, has a de scend ing-stair case spec trum
which sug gests that the crys tal li za tion age is be low any
of the step ages, i.e. ~270 Ma.

The de tri tal mus co vite sam ple RK-7-384 yields a
con vex-up wards age spec trum dis play ing a slight stair -
case shape at the sum mit of the hump, which did not de -
fine pre cisely a pla teau age, since two of the eight steps

did not agree within 2s er ror with the weighted mean age 
of the in ter me di ate- to high-tem per a ture seg ment. Nev -
er the less, this eight-step weighted mean age (434.6
±1.9 Ma) yields a sta tis ti cally ac cept able MSWD value
of 0.90 and a cor re spond ing p value of 0.51. 

DISCUSSION

The re sults of 40Ar-39Ar dat ing  re veal the pres ence of
three events of mag matic ac tiv ity in the study area (Fig. 5). 
The old est one, Emsian, is doc u mented by diorite from the 
core part of the in tru sion pen e trated by the Sosnowiec
IG 1 bore hole. This in tru sion slightly post dates the pos tu -
lated time of fi nal tec tonic trans port and ac cre tion of the
Brunovistulian Terrane. Ac cord ing to Belka et al. (2002)
and Nawrocki et al. (2007), the tec tonic trans port of the
BVT to wards the MT took place af ter the Ludlovian, but
be fore the sed i men ta tion of Lower De vo nian sand stones
of “old red” type. The Lud low de pos its from Małopolska
were not de rived from the BVT but from an is land arc
(Kozłowski et al., 2004) lo cated west of Małopolska, in
the place oc cu pied now by the BVT (Nawrocki et al.,
2007). The prox im ity of the BVT and the MT since the
Emsian can be in ferred from the dis tri bu tion of bound aries 
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Fig. 5. U-Pb and 40Ar/39Ar  ages of se lected  mag matic in tru sions
from the Brunovistulian and Małopolska ter ranes ver sus

a strati graphic chart (af ter Gradstein et al., 2004)

De for ma tion events D2, D3 and D4 with time of em place ment of gra nitic bod ies 
(as ter isk) are listed ac cord ing to Żaba (1999); changes of tec tonic re gime in the
KLFZ from late Si lu rian to late Perm ian are also shown (for dis cus sion see text)



of par tic u lar “old red” fa cies (Pajchlowa and Miłaczewski,
1974). These bound aries cut the Kraków–Lubliniec Fault Zone
that sep a rates both the units. Żaba (1999) pos tu lates an even ear -
lier com mon tec tonic de vel op ment of both of the sides of the
KLFZ, where, in the late Si lu rian up to the Si lu rian/De vo nian
bound ary, sinistral transpression pre dom i nated and pos i tive
flower struc tures de vel oped in re la tion to this tec tonic re gime.
How ever, there is no di rect ev i dence that these struc tures were
de vel oped be fore the De vo nian. The Bardo diabase in tru sion
that cuts the MT was emplaced about 420 Ma ago (Nawrocki et
al., 2007). It is about 20 Ma older than the in tru sion drilled by the 
Sosnowiec IG 1 bore hole. Thus, the extensional pro cesses that
opened the path ways for the magma in the MT and BVT were
not co eval. This is not sur pris ing be cause the geo chem i cal sig na -
ture of both the in tru sions are also dif fer ent (Krzemiński, 2004).
There fore, the late Si lu rian sinistral transpression could not have
been a com mon fea ture for the BVT and MT. At that time, the
Bardo in tru sion de vel oped in an extensional re gime. Most prob -
a bly, com mon tec tonic transpression af fected the BVT and MT
bor der zone slightly later, in the Early De vo nian, but be fore de -
po si tion of the Emsian “old red” type strata. The diorite from the
Sosnowiec IG 1 bore hole was as so ci ated with the late Emsian
post-compressional ex ten sion. The 40Ar-39Ar age of white de tri -
tal mica from the Emsian sand stones drilled by bore hole RK-7 is
typ i cal of the sources ac ti vated dur ing the Or do vi cian/Si lu rian
col li sion of Avalonia and Baltica (Torsvik et al., 1996; Belka et
al., 2002). This means that af ter the Si lu rian the KLFZ was not
sig nif i cantly up lifted be cause the lo cal de tri tal ma te rial should 
be rather of Cadomian age (see Belka et al., 2002).

The diabase pen e trated by bore hole WB-137 crys tal lized
dur ing the Visean ex ten sion that pre ceded the late Car bon if er -
ous dextral transpression (Żaba, 1999). This event of mag matic 
ac tiv ity is most prob a bly co eval with em place ment of diabases
in the Lublin area, at the SW edge of the East Eu ro pean Craton
(Depciuch, 1974; Grocholski and Ryka, 1995). De vo nian to
early Car bon if er ous magmatism has been de scribed by some
au thors for that area as an ef fect of mi gra tion of the Bal tic plate
un der the hot spot of a man tle plume (see Narkiewicz, 2007).    

The early Perm ian whole rock 40Ar-39Ar age of the
rhyodacite from bore hole 16-WB is the same as the U-Pb
SHRIMP age of the rhyodacite from the Zalas laccolith
(Nawrocki et al., 2008). The diabases from Niedźwiedzia Góra 
and from bore hole PZ-10 re vealed that the 40Ar-39Ar ages were
com pa ra ble within the limit of er rors with the ages de fined for
the above-men tioned acid rocks from bore hole 16-WB and

from the Zalas in tru sion. The youn gest age (Sakmarian) was
de fined for the diabase from the ex ter nal parts of the Sosnowiec 
IG 1 in tru sion. Thus, the diorite from the core part of this
polycyclic dyke is about 100 Ma older.  

Our data and the re sults of SHRIMP U-Pb dat ing of
granodiorite from bore hole WB-102A (Żelaźniewicz et al.,
2008) in di cate that em place ment of gra nitic and granodioritic
rocks of the KLFZ can not be age-con strained to the late
Westphalian only, as was sug gested by Żaba (1999). The
extensional stage of tec tonic evo lu tion of the KLFZ also dom i -
nated close to the Car bon if er ous/Perm ian bound ary. Dur ing the 
early Perm ian, this tec tonic re gime changed into one of sinistral 
transtension (Nawrocki et al., 2008) that later was mod i fied to
pure subhorizontal ex ten sion (Żaba, 1999).  

CONCLUSIONS

1. 40Ar-39Ar stud ies of se lected mag matic rocks from the
bor der zone of the Małopolska and Brunovistulian ter ranes re -
veal the pres ence of three events of Paleozoic mag matic ac tiv -
ity. The old est, late Emsian ep i sode is re corded by a diorite
from the core part of an in tru sion drilled by Sosnowiec IG 1
bore hole. A youn ger Visean event is doc u mented by the
diabase drilled by bore hole WB-137. The diabases from
Niedźwiedzia Góra and from bore hole PZ-10, and the
rhyodacite from bore hole 16-WB were in ter preted as early
Perm ian (Artinskian–early Sakmarian). The youn gest, mid dle
Sakmarian age was yielded by the diabase form ing the ex ter nal
part of the Sosnowiec IG 1 polycyclic in tru sion.

2. The diorite from the Sosnowiec IG 1 bore hole was
emplaced dur ing the late Emsian postcompressional ex ten sion.
It pre ceded the Lochkovian–Pragian? transpression that ac -
com pa nied the fi nal dock ing and amal gam ation of the
Brunovistulian Terrane. Em place ment of more acid mag matic
rocks (granodiorites, rhyodacites) marks the extensional stage
of tec tonic evo lu tion of the KLFZ close to the Car bon if er -
ous/Perm ian bound ary. Dur ing the early Perm ian, it changed
into sinistral transtension.  
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