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In the Bardo Syncline (Holy Cross Moun tains, Po land), two beds of tuffite (named the Niewachlów tuffites) have been dis cov -
ered within greywackes of Lud low (Si lu rian) age. K-Ar dat ing of the lower bed yielded an age of 292.8 ±4.0 Ma, while the up -
per bed pro vided an age of 341.9 ±4.3 Ma. The dates per tain to meta mor phic al ter ation of the tuffite, re lated to re ac ti va tion of
the Daleszyce Fault Zone. In this zone, bi o tite crys tals pres ent in the fo li a tion zones were recrystallized and their K-Ar iso to -
pic sys tem was re ju ve nated in a tem per a ture range of ~270–300°C. The dates that were ob tained de fine the ages of two
tectono-meta mor phic ep i sodes and re flect the tim ing of dis place ments along the fault which, in turn, re flect two de for ma tion
phases dur ing the Variscan Orog eny (Mis sis sip pian and Early Perm ian). More over the dates may be cor re lated with Late
Variscan mag matic ac tiv ity in the Holy Cross Moun tains and ad ja cent ar eas. The de for ma tion of the Daleszyce Fault Zone
may be re garded as re sult ing from dis place ments of lithospheric blocks within the Trans Eu ro pean Su ture Zone dur ing the
Late Variscan re con struc tion of the Baltica palaeocontinent mar gin.

Key words: Niewachlów tuffites, bi o tite de for ma tion dat ing, illite-smectite, Lud low, Daleszyce Fault Zone, Holy Cross Fold
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 INTRODUCTION

The Holy Cross Fold Belt (HCFB) is sit u ated in the south ern
part of Cen tral Po land (Fig. 1A). In a tec tonic sense, it be longs
to the Trans Eu ro pean Su ture Zone (TESZ) (Pha raoh, 1999;
Winchester et al., 2002a) – a >2000 km-long tec tonic zone that
transects Cen tral Eu rope, ex tend ing be tween the Black Sea
and the North Sea (Pha raoh et al., 1996; Grad et al., 2002). The 
TESZ sep a rates (Fig. 1A) the Pre cam brian East Eu ro pean
Plat form from the Pa leo zoic plat form of West ern and Cen tral
Eu rope (Berthelsen, 1992; Grad et al., 1999; Pha raoh et al.,
2006). The TESZ con sists of nu mer ous lithospheric blocks
amal gam ated dur ing the in ter val be tween the Cam brian and
Car bon if er ous, to the SW mar gin of the Baltica palaeocontinent 
(Pha raoh, 1999; Belka et al., 2002; Winchester et al., 2002b,
2006; Nawrocki and Poprawa, 2006; Pha raoh et al., 2006) but
for op pos ing views see Malinowski et al. (2005), ¯elaŸniewicz
et al. (2009), Mazur et al. (2015) and Smit et al. (2016). Ad di -

tion ally the HCFB forms (Fig. 1A) the east ern most part of the
Variscan ex ter nal belt in West ern and Cen tral Eu rope
(Aleksandrowski and Mazur, 2017; Krzywiec et al., 2017a, b;
Mazur et al., 2018). The HCFB rep re sents the only place where
Pa leo zoic base ment be long ing to the TESZ can be stud ied at
the sur face. For this rea son, the Pa leo zoic rocks of the HCFB
are of great im por tance for un der stand ing the Variscan tec tonic
evo lu tion of the TESZ. 

Re cently, ad di tional tuffite beds have been dis cov ered in
the Bardo Syncline (Fig. 1B) be long ing to the HCFB (Wójcik,
2017), which oc cur within Up per Si lu rian (Lud low) greywackes.
Bi o tite grains sep a rated from the tuffite were used for more pre -
cise de ter mi na tion of the Si lu rian greywacke age, us ing the
K-Ar dat ing method. In this pa per, an ex pla na tion is given for
the dis crep ant age re sults of the K-Ar dat ing from these Up per
Si lu rian tuffites.

GEOLOGICAL SETTING

The Holy Cross Fold Belt tra di tion ally is sub di vided into two
units (Czarnocki, 1919, 1957) that dif fer in both tec tonic and
strati graphic fea tures (Fig. 1B), i.e., the north ern unit – the
£ysogóry re gion, and the south ern unit – the Kielce re gion.
These two units are sep a rated by a WNW–ESE strik ing tec tonic 
bound ary (Fig. 1B), re ferred to as the Holy Cross Fault. Ac cord -
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ing to Lamarche et al. (2003), the Holy Cross Fault ini tially
formed in the De vo nian as an oblique-slip fault un der tra -
nstensional con di tions. It was re ac ti vated as a re verse fault dur -
ing Variscan time in a transpressional stress field. Later re ac ti -
va tion of the fault took place dur ing the Al pine orog eny (Lama -
rche et al., 1999) when the fault re turned to its oblique-slip na -
ture. In con trast, G¹ga³a (2015) in ter preted the Holy Cross
Fault as a thrust or re verse fault ac ti vated dur ing both Late Cal -
edo nian and Variscan deformational ep i sodes. Both these re -
gions of the HCFB, sep a rated by the fault, are part of two
larger-scale tec tonic units. The £ysogóry re gion be longs to the
£ysogóry Block, while the Kielce re gion forms the north ern part
of the Ma³opolska Block (Fig. 1A; e.g., Po¿aryski et al., 1992;
Dadlez et al., 1994; Schätz et al., 2006). The prov e nance of the
lithospheric blocks form ing the HCFB base ment is still a mat ter
of de bate; how ever, ac cord ing to most au thors, the Ma³opolska
Block rep re sents a terrane prox i mal to the Baltica palaeo -
continent which was ini tially dis placed along its SW edge
(Dadlez, 2001; Nawrocki et al., 2007). A sim i lar view be came
com mon in re la tion to the £ysogóry Block, the base ment geo -
phys i cal fea ture of which are re lated to the East Eu ro pean Plat -
form (Nawrocki and Poprawa, 2006; Narkiewicz et al., 2015).

The lithostratigraphic suc ces sions of rocks ex posed in the
HCFB area in clude rocks whose age ranges from the Cam brian 
to Car bon if er ous (Czarnocki, 1919, 1957). The suc ces sions re -
veal sig nif i cant dif fer ences (Czarnocki, 1936; Tomczyk, 1962;
Kowalczewski et al., 2006; Malec, 2006; Trela, 2006; Koz³owski 
et al., 2014) be tween the Kielce re gion and the £ysogóry re gion
in terms of the tec ton ics, stra tig ra phy and fa cies. In the Kielce
re gion (Fig. 1C), two an gu lar un con formi ties re lated to the Cal -
edo nian orog eny have been re corded which have no coun ter -
parts in the £ysogóry re gion. The first one is in ter preted as Mid -

dle Cam brian (Szczepanik et al., 2004; G¹ga³a, 2005) or re lat -
ing to Cam brian-Or do vi cian tran si tion fold ing (Samsonowicz,
1934), and the sec ond one is re ferred to Late Cal edo nian fold -
ing (Fig. 1C) which oc curred be tween the Late Si lu rian and the
Early De vo nian (Kowalczewski and Lisik, 1974; Malec, 2001). It 
was only the suc ceed ing Variscan Orog eny that was marked in
both HCFB re gions by fold ing, with an en su ing dis tinc tive an gu -
lar un con formity and strati graphic gap be tween the Mis sis sip -
pian (Visean) and the Up per Perm ian rocks (Kowalczewski and
Rup, 1989; Szulczewski, 1995; Lamarche et al., 2003). Palaeo -
magnetic data ob tained from De vo nian car bon ate rocks sug -
gest that Variscan orog eny in volved two stages: the first stage
took place dur ing the Visean and the sec ond one oc curred in
the Early Perm ian (Grabowski et al., 2006, 2009; Szaniawski,
2008). The tec tonic de for ma tion ep i sodes within the HCFB
were ac com pa nied by mag matic and hy dro ther mal ac tiv ity re -
lated to mi nor in tru sions of diabase and lam pro phyre (Czarno -
cki, 1919; Kardymowicz, 1957, 1962; Rubinowski, 1962;
Nawro cki, 2000; Krzemiñska and Krzemiñski, 2019). Al though
the age of magmatism is con tro ver sial, sev eral phases of their
ac tiv ity in crease have been iden ti fied. The first of these, the late
Cal edo nian stage, oc curred close to the Si lu rian/De vo nian
bound ary (Nawrocki et al., 2013), and a fol low ing phase took
place in the Mis sis sip pian (Serpukhovian) (Nawrocki et al.,
2013; Krzemiñska and Krzemiñski, 2019). The fi nal stage of
mag matic ac tiv ity in the HCFB oc curred dur ing the Mid dle Tri -
as sic (Nawrocki et al., 2013).

Along the south ern part of the Kielce re gion, the Chêciny-
 Klimontów Anticlinorium ex tends in a WNW–ESE di rec tion
(Kowalczewski and Rubinowski, 1962; Or³owski and Mizerski,
1995; Konon, 2008). The ax ial part of this anticlinorium
(Walczo wski, 1968; Filonowicz, 1976) con tains the Bardo
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Fig. 1A – sketch tec tonic map of Cen tral Eu rope (af ter Po¿aryski et al., 1992; Winchester et al., 2002b; Mazur and Jarosiñski, 2006;
Nawrocki and Poprawa, 2006; changed); CDF – Cal edo nian De for ma tion Front, HCF – Holy Cross Fault, HCFB – Holy Cross Fold
Belt, KCH – Koszalin-Chojnice Zone, KLFZ – Kraków-Lubliniec Fault Zone, RI – Rügen Is land, STZ – Sorgenfrei-Tornquist Zone,
TESZ – Trans-Eu ro pean Su ture Zone, TTZ – Teisseyre-Tornquist Zone, WLH – Wolsztyn-Leszno High, VDF – Variscan De for ma tion
Front; B – geo log i cal sketch map of the Holy Cross Fold Belt (af ter Malec et al., 2016; changed); C – gen er al ized stra tig ra phy of the
£ysogóry and Ma³opolska re gions (af ter Walczak and Belka, 2017)
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Syncline (Fig. 1B). Within the Lud low de pos its of the Bardo
Syncline, two beds of tuffite (named the Niewachlów tuffites)
were found, the ob ject of the study de scribed in this work. The
Bardo Syncline base ment is com posed of Lower and Mid dle
Cam brian siliciclastic rocks (Fig. 2; Mizerski et al., 1986;
Or³owski and Mizerski, 1995; Kowalczewski et al., 2006), which
are over lain by Or do vi cian strata with an an gu lar un con formity
reach ing >60° (Czarnocki, 1928). The Or do vi cian rocks show
con sid er able lithological di ver sity (Fig. 2; Tomczyk, 1962;
Bednarczyk et al., 1966; Trela, 2006). The Si lu rian strata be gin
with graptolite shales, which in the up per part of the suc ces sion
(Up per Lud low) are grad u ally suc ceeded (Fig. 2) by grey -
wackes in cluded in the Niewachlów Beds (Czarnocki, 1919;
Stupnicka, 1995; Malec, 2001; Masiak, 2007, 2010). At the
bound ary of the graptolite shales and the greywacke oc curs a
sill-type mag matic in tru sion which is tra di tion ally re ferred to as
the Bardo Diabase (Czarnocki, 1919, 1939). The geo chem i cal
com po si tion of the in tru sion cor re sponds to tholeiitic ba salt

(Krzemiñski, 2004). The diabase in truded into flat-ly ing Si lu rian
rocks and was then folded to gether with them into a syncline be -
tween the Late Si lu rian and the Early De vo nian (Kowalcze wski
and Lisik, 1974). Such a suc ces sion of events is in di cated by
the pre-fold ing na ture of the mag netic pri mary nat u ral rem nant
mag ne ti za tion of the diabase noted by Nawrocki (1999). More -
over, geo chem i cal sig na tures im ply ing an extensional tec tonic
set ting dur ing magma em place ment (Krzemiñski, 2004), along
with Ar-Ar dates of 412 ±2 Ma and 415 ±2 Ma (Nawrocki et al.,
2013), are con sis tent with the Lud low age of the diabase.

Above the Niewachlów greywackes, a strati graphic gap ex -
tends from the Up per Si lu rian to the Lower De vo nian (Czarno -
cki, 1936; Malec, 2001; Koz³owski et al., 2014; Malec et al.,
2016). Emsian siliciclastic rocks and Eifelian dolomites lie un -
con form ably on the older rocks (Fig. 2; Czarnocki, 1919; Racki,
2006) and were folded dur ing the Variscan orog eny to gether
with the Lower Pa leo zoic base ment (e.g., Szulczewski, 1995;
Lamarche et al., 2003 and ref er ences cited therein).
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Fig. 2. Lithostratigraphy of the Lower Pa leo zoic rocks ex posed in the Bardo Syncline
(af ter Tomczyk, 1962; Kowalczewski et al., 2006; Trela, 2006; 

Malec, 2006; Racki, 2006; ¯yliñska, 2017)
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POSITION OF THE TUFFITE BEDS IN THE LUDLOVIAN
STRATIGRAPHIC PROFILE

In the area where rocks of the south ern limb of the Bardo
Syncline are ex posed, an ex po sure of Up per Si lu rian rocks (Up -
per Lud low) is pres ent (Fig. 3A, B). In an un der cut slope bank,
greywackes of the Niewachlów Beds oc cur, com po nents of
which in clude fine, me dium and coarse sand stones, siltstones
and mudstones. The ex po sure is in ter sected by a fault zone
(Fig. 3A, B) ac com pa nied by in tense de for ma tion. The west ern
part of the ex po sure chiefly com prises coarse-grained grey -
wackes (Fig. 4A), whereas the east ern part con tains mostly
siltstone and claystone. In the east ern part of the ex po sure, two
pre vi ously un known tuffite beds were dis cov ered (Fig. 4B–D).
Sev eral mi nor lenses con tain ing pyroclastic ma te rial are also
vis i ble in the suc ces sion (Fig. 4B). The tuffite beds are in ter -
sected by shear zones ac com pa nied by cataclasite (Figs. 4A
and 5A). The tuffite oc curs within greywacke (siltstone, clay -
stone and si li ceous shale; Fig. 4B). The av er age ori en ta tion of
the beds is 42/55 and flat par al lel lam i na tion can be ob served
in ter nally. The ver ti cal dis tance be tween the lower tuffite and
the up per tuffite reaches 80 cm. The thick ness of the tuffite
beds ranges be tween 30 and 40 cm. The tuffite is yel low ish and
con tains lo cal light grey patches (Fig. 4C, D). It is com posed of
fine and me dium grained clastic ma te rial con tain ing mainly
quartz, bi o tite, sparse feld spar grains and a ma trix of clay min -
er als. In di vid ual con stit u ents do not re veal signs of ad vanced
weath er ing. Ex am i na tion with the na ked eye re vealed lam i na -
tion re sult ing from a flat par al lel ar range ment of the bi o tite and
quartz grains which gen er ally fol lows the bed ding. In the up per
tuffite, the lam i na tion is slightly dis turbed.

DALESZYCE FAULT ZONE (DFZ)

The Bardo Syncline is bounded by faults to the north and
the south (Fig. 3A, B). To the north is the Góra Ryj Fault
(Czarnocki, 1919; Kowalczewski and Lisik, 1974) while to the
south there is a fault that may be cor re lated with the Daleszyce
Fault Zone (Filonowicz, 1976; Konon, 2007). In the vi cin ity of
the ex po sure, the DFZ is a min i mum 150 m-wide strike-slip fault 
zone ori ented at 33/60 (Fig. 4A) which ex tends par al lel to the
Bardo Syncline (Fig. 3A, B). The ori en ta tion of this zone is sim i -
lar or iden ti cal to the greywacke beds’ at ti tude (Fig. 5C) in the
south ern limb of the Bardo Syncline. As a re sult of this “con ver -
gence”, there are fre quent tec tonic dis place ments on the bed
sur faces of sand stone, siltstone and greywacke-claystone beds 
(Fig. 5D), as well as on the tuffites (Fig. 5A). At the con tacts of
com pe tent and in com pe tent lay ers (e.g., sand stone and
claystone), tec tonic brec cias and cataclasites are pres ent. On
the fault planes, hor i zon tal striations and mi nor tec tonic sheets
(Fig. 5B), de vel oped along the strike, in di cate dextral move -
ment which cor re sponds to the dis place ments ob served along
the en tire strike of the DFZ (Konon, 2007). The tec tonic ac tiv ity
of the DFZ is re spon si ble for the for ma tion of nu mer ous de for -
ma tion struc tures in the tuffites stud ied.

METHODOLOGY

Tuffite sam ples were taken from both beds and were cut
par al lel to the lineation and per pen dic u lar to the fo li a tion. Sub -
se quently, thin-sec tions were pre pared to ex am ine micro struc -

tures us ing a po lar ized light mi cro scope. Point counts were
made on the thin-sec tions in or der to de ter mine the modal com -
po si tions of the tuffites. Scan ning elec tron mi cros copy (SEM)
im ag ing us ing back scat tered elec trons and en ergy-dispersive
spec tros copy (EDS) chem i cal microanalysis (Sigma VP, Carl
Zeiss Mi cro scope GmbH, Oberkochen, Ger many) was car ried
out on pol ished thin-sec tions. The anal y ses were per formed in
the Cryo-SEM Lab o ra tory, Fac ulty of Ge ol ogy, Uni ver sity of
War saw in Po land. 

A pre lim i nary de scrip tion of the com po si tion of the clastic
ma te rial in a washed sam ple was made us ing a bin oc u lar mi -
cro scope.

X-ray anal y sis (XRD) of clay min er als for both tuffite sam -
ples, one for each layer, was per formed at the Clay Min er als
Lab o ra tory (ClayLab) of the In sti tute of Geo log i cal Sci ences
(Pol ish Acad emy of Sci ences) in Kraków. The whole-rock sam -
ples were gently crushed and disaggregated in deionised wa ter
us ing an ul tra sonic bath. The <2 mm size frac tion was sep a rated 
by sed i men ta tion in dis tilled wa ter and re peated centrifugation
and di al y sis. The XRD pat terns of clay min er als were de ter -
mined on ori ented air-dried and eth yl ene-glycolated spec i mens
on an XRD diffractometer Thermo ARL X’Tra equipped with a
semi con duc tor de tec tor cooled by Peltier cells, us ing Cu-Ka ra -
di a tion a 5–65° 2q range, a 0.02° 2q step size and a 5s per step
count time. The quan ti ta tive anal y sis of smectite in illite-
 smectite was de ter mined by whole-pat tern fit ting be tween the
cal cu lated and the ex per i men tal in ten si ties us ing the Sybilla
pro gram (Chev ron pro pri etary soft ware). Ad di tion ally, rou tine
XRD in ves ti ga tions of the pow dered whole rocks (for both
tuffites) were also per formed.

A bin oc u lar mi cro scope and a microdissection nee dle were
used to iso late bi o tite flakes for the iso to pic age anal y sis. In or -
der to re move clay min er als, each tuffite sam ple was rinsed 60
times in wa ter. The mag netic frac tion (in clud ing bi o tite) was
sep a rated with a neo dym ium mag net. From the rest of the mag -
netic frac tion, bi o tite crys tals were sep a rated by hand un der a
bin oc u lar mi cro scope. The bi o tite crys tals used for the lab o ra -
tory pro ce dure ranged 200–500 mm in di am e ter and up to
150 mm in thick ness. Only automorphic, un al tered bi o tite crys -
tals, with out any vis i ble signs of kaolinitization, were se lected for 
anal y sis. The bi o tite sam ples sep a rated for K-Ar dat ing were
rinsed three times in ac e tone. One bi o tite sam ple with a weight
of 100 mg was sep a rated from each tuffite layer.

K-Ar iso tope dat ing was car ried out at the Mass Spec trom e -
try Lab o ra tory, In sti tute of Phys ics, Lublin Uni ver sity. Con cen -
tra tions of the ra dio ac tive po tas sium iso tope 40K and the sta ble
ar gon iso tope 40Ar were de ter mined.

The con cen tra tion of iso tope 40K can be cal cu lated from the
to tal con cen tra tion of po tas sium in the sam ple [40K con cen tra -
tion is 0.01167% – In ter na tional Atomic En ergy Agency (IAEA)
data]. The to tal con cen tra tion of po tas sium was de ter mined us -
ing the iso tope di lu tion method. In this method, po tas sium is
con sid ered as a mix ture of two iso topes 39K and 41K. The el e -
men tal anal y sis is hence re duced to the iso tope ra tio anal y sis of 
a mix ture con tain ing an in ves ti gated sam ple and a spike
(strongly en riched in 41K iso tope KCl so lu tion). The mix ture of
sam ple and spike was then com pletely dis solved in pure phos -
pho ric acid (H3PO4) on a stove and de hy drated to achieve po -
tas sium phos phate (K3PO4) with a slight ex cess of H3PO4. Such 
pre pared sam ple ma te rial was loaded onto the evap o ra tor fil a -
ment of the ion source of the Ther mal Ion iza tion Mass Spec -
trom e try (TIMS) mass spec trom e ter. The iso tope ra tio of po tas -
sium R = 39K / 41K is de ter mined by mea sure ment of the re spec -
tive ion cur rent in ten si ties by ion de tec tor. The to tal mo lar con -
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Fig. 3A – sketch geo log i cal map of the Bardo Syncline (af ter Czarnocki, 1958; 
Nawrocki and Poprawa, 2006 mod i fied and com pleted with the Daleszyce Fault Zone 

and the Ryj Fault; B – geo log i cal cross-sec tion through the Bardo Syncline



cen tra tion of po tas sium in the sam ple in ves ti gated (% Ksam ple)
may be cal cu lated by the fol low ing for mula:
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where: mspike is the mass of the spike, msam ple is the mass of the sam -
ple in ves ti gated, Rspike is the iso tope ra tio of the spike, Rmix is the iso -
tope ra tio of the mix ture, Rsam ple is the iso tope ra tio of the sam ple
in ves ti gated, and %Kspike is the mo lar con cen tra tion of po tas sium in
the spike.

Ar gon con tent was de ter mined us ing a static-vac uum
MS-10 mass spec trom e ter and the iso to pic di lu tion method of
the ar gon ex tracted with the rare iso tope, 38Ar (spike). A full de -

scrip tion of the method can be found in Ha³as (1995). Aliquots
of sam ples were wrapped in alu minium foil and loaded into the
ex trac tion-pu ri fi ca tion line. In this line the sam ples were melted
in a dou ble-vac uum cru ci ble and spiked with pure 38Ar (In sti tute
for In or ganic and Phys i cal Chem is try, Uni ver sity of Bern).
Gases re leased from a sam ple were pu ri fied from non- no ble
gases by use of a get ter pump. Us ing a mass spec trom e ter the
ion beam in ten si ties of 40Ar, 38Ar and 36Ar were mea sured. The
con tent of at mo spheric 40Ar was de ter mined by mea sure ment
of the 36Ar peak in the mass spec trum. To cal i brate the amount
of 38Ar spike, interlaboratory stan dards such as MMhb-1 (Sam -
son and Al ex an der, 1987) and GLO (Odin at al., 1982) were
used. The ac cu racy of the con cen tra tion of po tas sium 40K and
40Ar ob tained by the iso tope di lu tion method is better than 1%.
The over all stan dard un cer tainty (given in 2s) was cal cu lated
fol low ing Cox and Dal rym ple (1967).
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Fig. 4A – sketch map of the ex po sure with tuffite beds in Czy¿ów vil lage; B
– li thol ogy of the Si lu rian greywackes with tuffite beds; east ern part of the
ex po sure (see Fig. 3A for lo ca tion); C – up per tuffite bed; D – lower tuffite
bed



RESULTS

PETROGRAPHY OF THE NIEWACHLÓW TUFFITES

The main con stit u ent of the min eral skel e ton in the lower
tuffite com prises quartz grains (>30% of the rock vol ume; Fig.
6A). The grains have a strongly elon gated habit, and a mi nor ity
con tain cor ro sive embayments that in di cate a vol ca nic or i gin,
while other groups of quartz grains con tain fluid in clu sions (Fig.
6D). Scarce crys tals with an euhedral habit were prob a bly sub -
jected to recrystallization. The sec ond most im por tant con stit u -
ent is bi o tite, the quan tity of which reaches up to 25% by vol ume 
(Fig. 6A). The crys tals un der went a pro cess of mi nor kaoliniti -
zation (Fig. 6C) and rarely con tain acicular quartz in clu sions
(Fig. 6H). Potassic feld spars are pres ent in a smaller amount of
<10% (Fig. 6B). Ac ces sory min er als in clude crys tals of gar net
with bi o tite in clu sions; zir con, which oc curs mainly as in clu sions 

in bi o tite crys tals (Fig. 6E); as well as ap a tite, bar ite, tridymite
and chal ce dony. In thin-sec tion, al tered grains of mag matic
rocks are pres ent (chiefly dacite; Fig. 6F) and lesser amounts of 
al tered vol ca nic glass are vis i ble in quan ti ties that do not ex -
ceed 10% (Fig. 6G). In ad di tion, sparse grains of sed i men tary
rocks (sand stone and siltstone) are pres ent (Fig. 6H), which
make up nearly 5% of the com po si tion. All of these com po nents 
are hosted in a ma trix which con sti tutes ~20% of the rock (Fig.
6A) and is com posed of clay min er als.

The up per tuffite in the pro file dif fers from the lower tuffite
mostly with re gard to the amount of ar gil la ceous ma trix, the
con tent of which may reach 60%. The con tent of bi o tite crys tals
is sim i lar to their con cen tra tion in the lower tuffite and amounts
to ~25%, their state of pres er va tion is, how ever, slightly worse
and the grains bear traces of more ad vanced kaolinitization. All
of the re main ing con stit u ents of the min eral skel e ton oc cur in a
pro por tion ally smaller amount and their over all con cen tra tion
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Fig. 5A – Si lu rian greywackes with the tuffite beds rep re sent ing part of the Daleszyce Fault Zone, with a dextral shear sense; B
– tec tonic sheet in the greywacke strata in the ex po sure; C – sche matic geo log i cal cross-sec tion through the ex po sure show -
ing the par al lel po si tion of faults with re spect to the greywacke strata; D – pho to graph show ing faults par al lel to the greywacke 
strata
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Fig. 6. Thin-sec tion mi cro pho to graphs of the min eral as sem blages, tex tures and fab rics in the tuffite
 in cross-po lar ized light (ex cept for mi cro pho to graph C)

A – gen eral view show ing the pro por tion of the main min eral com po nents (bi o tite and quartz) in the lower tuffite;
dom ino boudins in a quartz grain – bot tom left cor ner of the photo; B  – cracked K-feld spars and quartz grains in
the lower tuffite; C – back scat ter SEM im age show ing bi o tite crys tals with kaolinite inter growths; D – fluid in clu -
sions in quartz and signs of crack heal ing; E – cracked zir con crys tal in a tec toni cally de formed bi o tite flake (up -
per tuffite); F – dacite grain and bi o tite flake with sev eral zir con crys tals (lower tuffite); G – al tered vol ca nic glass
with crys tals of plagioclase, am phi bole and pyroxene; H – grain of sed i men tary rock and acicular quartz in bi o tite
flake recrystallizing as a pseudomorph af ter kaolinite (up per tuffite); Bt – bi o tite, Dac – dacite; Fsp – feld spar, Kfs
– k-feld spar, Kln – kaolinite, Qtz – quartz, Sed – sed i men tary grain, Zr – zir con



amounts to ~15% of the rock vol ume. There is an al most com -
plete ab sence of feld spars.

In both of the tuffites, the pres ence of vol ca nic quartz with
cor ro sion embayments and of clasts of vol ca nic rock, mainly
dacite (Fig. 6F), points to a high-sil ica dacitic com po si tion of
the magma from which the tuffites orig i nated. The high sil ica
con cen tra tion of the magma is in di cated not only by the quartz
grains, but also by the abun dant zir con crys tals (Fig. 6E, F)
pres ent pre dom i nantly as in clu sions in bi o tite grains. The oc -
cur rence of zir con grains in bi o tite and their high con cen tra tion 
(sev eral crys tals in a bi o tite ag gre gate) can not re sult from
meta mor phic al ter ation but points to a vol ca nic or i gin. In ad di -
tion, clasts of K-feld spar were ob served in the tuffite (Fig. 6B),
the pres ence of which in di cates a high po tas sium con cen tra -
tion in the par ent magma of the tuffites. In sum mary, the tuffite
source-area vol ca nism prob a bly had the na ture of a high-
 potassic dacite with a rel a tively large sil ica con cen tra tion. 

DEFORMATION STRUCTURES
IN THE TUFFITES

In ves ti ga tions of thin-sec tions con firmed the pres ence of
de for ma tion struc tures pre vi ously ob served at ex po sure, and
these oc cur both in in di vid ual grains and in pack ages.

The quartz, which makes up the larg est part of the tuffites,
usu ally has an elon gated habit (Fig. 6A) and al most half show
undulose ex tinc tion (Fig. 7B). Quartz grains are usu ally frac -
tured and they are partly de formed due to shear ing with clearly
vis i ble in di ca tors of dis place ment (Fig. 7A, H). Sec ond ary bi o -
tite has rarely crys tal lized in the ex ten sive quartz frac tures (Fig.
7G, H). De formed quartz grains con tain healed microcracks
marked by fluid in clu sions (Fig. 6D). More over, dom ino boudins 
(Fig. 6A) and shearband boudins (Fig. 7E) can be ob served for
the elon gated quartz crys tals. Bulg ing and ser rated grain
bound aries are pres ent on the quartz grain ex te ri ors, of ten
formed at the con tact zone with bi o tite crys tals (Fig. 7C, D). 

The bi o tite flakes range up to 1 mm in length and
150–200 mm in thick ness. Most of them show signs of de for ma -
tion. They are slightly folded, curved or bro ken and adapt to
“bent” quartz grains (Fig. 7B). Cer tain of the bi o tite crys tals con -
tain inter growths of nee dle quartz (Fig. 6H) or zir con in clu sions
which are frac tured and de formed to gether with whole bi o tite
flakes (Fig. 6E).

Potassic feld spar grains are of ten rup tured in a sim i lar way
to the ac com pa ny ing quartz grains. The cracks tend to be over -
grown with sec ond ary min er als (Fig. 6B).

Ad di tion ally dis turbed fo li a tion could be ob served in the
tuffi tes. Flat-par al lel tex tures con sist of bi o tite flakes, elon -
gated quartz grains and clay ma trix (Fig. 6A, C). The fo li a tion
is the re sult of tec tonic com pres sion, but has been dis turbed
by nu mer ous de for ma tion pro cesses, in clud ing crenulation
cleav age (Fig. 7F).

XRD ANALYSIS RESULTS

The XRD in ves ti ga tion of the pow dered whole rocks con -
firmed the oc cur rence of non-clay min er als in the tuffites, as ob -
served dur ing mac ro scopic anal y sis. The oc cur rence of quartz,
potassic feld spar, bi o tite and bar ite was re corded. 

The anal y sis of ori ented prep a ra tions made on clay min er -
als in the <2 mm size frac tion showed that the con tents of

smectite in the illite-smectite are very sim i lar (Ta ble 1) and
amount to 22% in the lower tuffite and 23% in the up per tuffite.
The XRD pat terns of the air-dried and glycolated clay frac tions
in di cate a very sim i lar com po si tion of illite-smectite (Fig. 8A, B).
In ad di tion, kaolinite was de tected in the <2 mm size frac tion
(Ta ble 1), com pris ing 1% of the lower tuffite and 18% of the up -
per tuffite.

K-Ar BIOTITE DATING

The bi o tite dat ing made us ing the K-Ar method (Ta ble 2)
gave an age of 292.8 ±4.0 Ma (Early Perm ian – Cisuralian) for
the bi o tite crys tals from the lower tuffite, and an age of 341.9 ±4.3 
Ma – (Mis sis sip pian–Visean) for the bi o tite in the up per tuffite.

DISCUSSION OF THE RESULTS OBTAINED

DISCREPANCY OF THE BIOTITE K-Ar DATES 
WITH THE AGE OF DEPOSITION

The re sults of K-Ar dat ing con trast with the age of the
Niewachlów Beds (Fig. 2) in which both tuffite beds oc cur,
which has de ter mined palaeontologically as Up per Si lu rian
(Ludlovian) (Tomczyk, 1962; Koz³owski and Tomczykowa,
1999). It is there fore nec es sary to con sider the pro cesses that
may have af fected the K-Ar age of the bi o tite. Pre vi ous
palaeotemperature stud ies (Narkiewicz et al., 2010) car ried out
on De vo nian rocks dem on strated that the heat ing of the base -
ment in the area of oc cur rence of these rocks did not ex ceed
100°C. In ad di tion, the dates from the tuffite beds do not have
an age coun ter part in the diabase from the Bardo Syncline in -
ves ti gated in pre vi ous stud ies (Migaszewski, 2002; Nawrocki et
al., 2007, 2013). Data on burial tem per a tures and sub se quent
ther mal ep i sodes (Bator et al., 2018) in di cate that they did not
reach a tem per a ture suf fi cient to cause ar gon dif fu sion from bi -
o tite, that be gins at 300 ±50°C (Mattinson, 1978; Har ri son et al., 
1985, 2005; Hodges, 1991). There fore, nei ther burial tem per a -
ture nor con tact meta mor phism re lated to the Bardo diabase
could have had any im pact on the re ju ve na tion of the ra dio met -
ric age of the bi o tite.

The dis crep ancy of the bi o tite K-Ar dates with the Si lu rian
age of de po si tion could be due to kaolinitisation of the bi o tite,
which may re sult in ar gon re lease and a de crease in po tas sium
con cen tra tion (Stoch and Sikora, 1976; Mitch ell and Taka,
1984). Signs of kaolinitization are vis i ble in the Up per Si lu rian
tuffites. We tried to over come this prob lem by per form ing a very
care ful bi o tite sep a ra tion and choos ing only fresh crys tals for
dat ing, with out any signs of kaolinitization. The po tas sium con -
cen tra tion in the sam ples of bi o tite tested is ~6.5% (Ta ble 2),
this is a com mon value for bi o tite sub jected to meta mor phic pro -
cesses and usu ally does not af fect the re li abil ity of K-Ar dat ing
(e.g., Stevens et al., 1982 and ref er ences cited therein). Fur -
ther more, ac cord ing to Jeong et al. (2006), bi o tite kaolinitization 
may cause the re lease of K and Ar from bi o tite in equal pro por -
tions with out dis tort ing the dat ing re sults. There fore, al though
the im pact of kaolinitization and other al ter ation on the K-Ar dat -
ing can not be com pletely ex cluded, we con clude that the re sults 
ob tained are most likely re lated to the de for ma tion struc tures
found in the bi o tite and re flect the age of geo log i cal events oc -
cur ring in the his tory of this rock.
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Fig. 7. In di ca tors of de for ma tion con di tions in the tuffite beds, thin-sec tions, cross-po lar ized light

A – shear band type frag mented porphyroclast in quartz grains show ing slip – brit tle de for ma tion (lower tuffite);
B – com bined duc tile de for ma tions of quartz and bi o tite flakes (lower tuffite); quartz grain in the cen tre shows
undulose ex tinc tion; C – bulg ing recrystallization of quartz af fected by pres sure so lu tion (up per tuffite); D –
bulg ing and hy dro ther mal weak en ing on the edge of a quartz grain (lower tuffite); E – shearband boudins of
quartz in a fo li a tion zone – semi-duc tile de for ma tion (lower tuffite); F – shear bands (crenulation cleav age) and
a fo li a tion (S) de fined by bi o tite flakes (up per tuffite); G – hy dro ther mal bi o tite crys tal liz ing in frac tured quartz
(lower tuffite); H – synkinematic hy dro ther mal weak en ing of quartz grain and its duc tile de for ma tion (dextral
move ment in di cated by ar rows); quartz strongly al tered by pres sure so lu tion; hy dro ther mal bi o tite in frac tured
quartz (lower tuffite)



TEMPERATURE SETTING 
OF THE DALESZYCE FAULT ZONE

The de for ma tion tem per a ture can be in ferred from the co -
ex is tence of brit tle-duc tile de for ma tion struc tures pres ent in in -
di vid ual min eral grains and their ag gre gates. This sit u a tion ap -
plies to potassic feld spars and quartz where, apart from cracks
as so ci ated with brit tle de for ma tion (Figs. 6B and 7A), duc tile
de for ma tion struc tures are also vis i ble. These are rep re sented
in the tuffites by undulose ex tinc tion (Fig. 7B), bulg ing
recrystallisation in quartz (Fig. 7C, D) and shearband boudins
(Fig. 7E). These struc tures in di cate de for ma tion in the “bulg ing
recrystallization zone”, which ac cord ing to gen er ally ac cepted
opin ion (Voll, 1976; Dunlap et al., 1997; Dresen et al., 1997; van 
Daalen et al., 1999; Stipp et al., 2002a, b; Kid der et al., 2013)
re quires a tem per a ture of at least 250°C. The rel a tively small
amount of bulg ing recrystallization is a con se quence of the lack
of tri ple junc tions be tween the quartz grains (Fig. 7B), pro mot -
ing, ac cord ing to Stipp et al. (2002a), the for ma tion of these
struc tures. More over, a tem per a ture >250°C is in di cated by the
pres ence of crenulation cleav age de fined by bi o tite ar range -
ment (Fig. 7F) in the tuffites (Stesky, 1978). Bi o tite also oc curs
in the form of inter growths in quartz cracks formed dur ing de for -
ma tion of the tuffites (Fig. 7G, H). This in di cates that the bi o tite
in the cracks was formed dur ing heat ing of the rock in a shear
zone and/or mi gra tion of hy dro ther mal flu ids. Ac cord ing to
Reyes (1990), White and Hedenquist (1995), and Ayati et al.
(2008) the min i mum tem per a ture of bi o tite crys tal li za tion in hy -
dro ther mal con di tions is 270–280°C; there fore, in the con text of 
the min i mum tem per a ture of quartz de for ma tion (250°C) and
the crys tal li za tion of hy dro ther mal bi o tite in the tuffites, the min i -
mum tem per a ture of heat ing of this rock can be in ferred as
~270°C. The max i mum de for ma tion tem per a ture can be in -
ferred from the oc cur rence of cracks in quartz (Figs. 6A and 7A) 
and feld spars (Fig. 6B) in di cat ing brit tle de for ma tion which, ac -
cord ing to Stipp et al. (2002a, b), does not oc cur above ~300°C. 
Hence, the rocks un der went de for ma tion at a tem per a ture of
~270–300°C. 

Both tuffite lay ers con tain clay min er als, which in low grade
meta mor phic con di tions should be trans formed into mus co vite
at >270°C (Mc Dowell and El ders, 1980). To re solve this prob -
lem, X-ray dif frac tion (XRD) anal y sis of clay min er als from both
lay ers was per formed. The anal y sis showed the pres ence of
illite-smectite and kaolinite (Fig. 8). The per cent age of smectite
in the I-S is very sim i lar, re spec tively: lower tuffite – 22% and
up per tuffite – 23% (Ta ble 1). Us ing the plot of expandability of
I-S made by Šucha et al. (1993) for bentonites from the East ern
Slovakia Ba sin, the max i mum palaeotemperature for the
tuffites from the HCFB was de ter mined at ~160°C. The re sults
ob tained (~160°C) are lower by ~110°C than the min i mum de -
for ma tion tem per a ture of the tuffites in ferred from the de for ma -
tion struc tures dis cussed above. In ad di tion, stud ies by Bator et
al. (2018) de ter mined the max i mum burial tem per a ture for the
Up per Si lu rian rocks in this area at 100–110°C, which is yet
~50°C lower than the val ues ob tained based on smectite

illitization of the tuffites. There fore, it seems that the re sults of
palaeo temperature mea sure ments ob tained by three dif fer ent
meth ods are con tra dic tory, and the re ac tion of smectite to illite
can be used to de ter mine tem per a ture in burial diagenetic set -
tings but not to es ti mate the tem per a ture of fault rock de for ma -
tion. By rea son of these dis crep an cies, the ques tion should be
asked as to which con di tions could pre serve smectite at
>270°C, given that at tem per a tures >200°C smectite typ i cally
changes to illite (Šucha et al., 1993; Aber crom bie et al., 1994).
One ex pla na tion for this phe nom e non may be the ob ser va tions
by Junfeng et al. (1997), who found smectite in hy dro ther mal
set tings at 285°C. This was sup ported by the ex per i men tal re -
search of Vidal et al. (2012), show ing that smectite is sta ble in
hy dro ther mal con di tions at ~300°C. Smectite was also iden ti -
fied by Hirono et al. (2008) and Kuo et al. (2011) in faults in Tai -
wan, the de for ma tion tem per a tures of which were de ter mined
to be sig nif i cantly >300°C. Pres er va tion of smectite in these
faults in Tai wan was ex plained by the very short heat ing time
caused by fric tional heat ing or the for ma tion of smectite as a re -
sult of a trans for ma tion from chlorite in an acidic en vi ron ment.
Ac cord ing to Bustin (1983) and O’Hara (2004), heat ing caused
by fault dis place ment may take sev eral hours. This is too short
a pe riod of time to in duce smectite illitization which, ac cord ing to 
Whit ney (1990), re quires sev eral days. Con sid er ing the above,
it can be sup posed that the tuffites ana lysed from the HCFB
were sub jected to cataclasis due to re ac ti va tion of the
Daleszyce Fault Zone. Pres er va tion of smectite in the tuffites
can be ex plained in a sim i lar way as in the fault rocks in Tai wan,
i.e. by brief heat ing (Kuo et al., 2011).

Apart from the fric tional heat ing re sult ing from dis place ment 
along the tuffite lay ers, hy dro ther mal so lu tions may also have
been a fac tor af fect ing the tem per a ture rise in the de for ma tion
zone to val ues ex ceed ing 270°C. Fluid mi gra tion dur ing tec -
tonic ac tiv ity was re spon si ble for short-term heat ing of the me -
dium and fluidization of the fault rock. This is in di cated by sec -
ond ary bi o tite in the cracked quartz (Fig. 7G), fluid in clu sions in
quartz crys tals (Fig. 6D), synkinematic hy dro ther mal weak en -
ing struc tures in the quartz grains (Fig. 7H), and bulg ing and
ser ra tion of grain bound aries (Fig. 7C, D). Fur ther more, nee dle
quartz inter growths in bi o tite (Fig 6H) may be as so ci ated with
hy dro ther mal con di tions (Delvigne, 1998). In ad di tion to the
short de for ma tion time, hy dro ther mal con di tions may also have
caused in creased sur vival of smectite at high tem per a tures. We 
con sider that the heat ing tem per a ture of the tuffites in the
270–300°C range, de ter mined on the ba sis of de for ma tion of
quartz grains, feld spars and bi o tite, is the cor rect value, and in
the con di tions de scribed above could not lead to the trans for -
ma tion of clay min er als.The de for ma tion tem per a ture in the
range of ~270–300°C proved suf fi cient to be gin Ar dif fu sion
from bi o tite, which started at a tem per a ture of 300 ±50°C
(Mattinson, 1978; Har ri son et al., 1985, 2005; Hodges, 1991).
More over, the hy dro ther mal flu ids men tioned above led to ret -
ro grade re ac tions, recrystallization and dis so lu tion dur ing de for -
ma tion of the tuffites. Such fluid – rock re ac tions could cause
40Ar loss and iso to pic reseting of the K-Ar age even be low the
nor mally used block ing tem per a ture for bi o tite (de Jong et al.,
2009; Villa, 2010; Bosse and Villa, 2019). There fore, the tem -
per a ture con di tions were suf fi cient for the re ju ve na tion of the ra -
dio met ric age of the Up per Si lu rian tuffites. The pro cess of re ju -
ve na tion of the bi o tite age pro ceeded dif fer ently in the lower and 
up per tuffite lay ers. It can be in ferred that the tem per a ture in -
crease in both lay ers did not oc cur si mul ta neously. In the Early
Perm ian, the tem per a ture of the up per tuffite was lower than the 
de for ma tion tem per a ture of the lower tuffite and did not reach
the min i mum tem per a ture nec es sary for the re ju ve na tion of the
bi o tite K-Ar sys tem. Thin-sec tion anal y sis shows that the up per
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T a  b l e  1

XRD re sults of clay min er als com po si tion, frac tion <2 mm

Sam ple
Illite–smectite R1 Kaolinite

Sum
% smectite wt.% wt.%

Up per tuffite 23 82 18 100

Lower tuffite 22 99 1 100



tuffite (Fig. 7F) has been sub jected to much stron ger cataclasis
than the lower tuffite (Fig. 6A). This is ev i dent in the up per tuffite 
com po si tion which con tains 3 times more clay ma trix, con sist -
ing mainly of illite-smectite and kaolinite (Fig. 8), than the lower
tuffite. The pres ence of smectite re duced fric tion in the fault
zone, which meant that the de for ma tion tem per a ture (caused
by fric tional heat ing) could not ex ceed 180°C (Haines and van
der Pluijm, 2012; Oohashi et al., 2015; Schleicher et al., 2015).
There fore the lower de for ma tion tem per a ture of the up per
tuffite layer in the Early Perm ian was most likely re lated to the
higher con tent of clay ma trix in the rock. Clay min er als re duced
the fric tion be tween quartz and feld spar grains, pre vent ing

them from over heat ing and giv ing this layer the char ac ter is tics
of a “weak fault zone” (Wintsch et al., 1995; Rutter et al., 2001;
Rice, 2006; Car pen ter et al., 2011; Holdsworth et al., 2011).
The same clay min er als most likely re duced the per me abil ity of
the up per tuffite layer. Ac cord ing to Caine at al. (1996), Gray et
al. (2005), Walker et al. (2013), Boulton et al. (2017), Nenoen et
al. (2019) the pres ence of clay min er als within a fault core could
de crease hy dro ther mal fluid flow. There fore it seems that re -
duced hy dro ther mal fluid flow can elim i nate the ef fect of hy dro -
ther mal heat ing and de crease the ten dency of the bi o tite to Ar
dif fu sion. Thus, the lack of, or lesser, hy dro ther mal heat ing in
the up per tuffite layer dur ing the sec ond stage of de for ma tion
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T a  b l e  2  

Re sults of the tuffite dat ing with K-Ar meth ods

Sam ple 40Ar/38Ar 36Ar/40Ar [x1000] 38Arspike [pmol] m [mg] %40Arrad
40Arrad [nmol/g] %K Age [Ma]

Up per tuffite 2.4028 0.171
65.99

35.6 94.9 4.229 6.48 341.9 ±4.3

Lower tuffite 2.0797 0.205 35.49 93.9 3.633 6.59 292.8 ±4.0

Fig. 8. XRD pat terns of the <2 mm size frac tions of sam ples un der nat u ral
air-dried and eth yl ene gly col sat u rated con di tions

A – lower tuffite, B – up per tuffite; Ilt – illite, Sme – smectite, Kln – kaolinite



was su per im posed on lesser fric tional heat ing and to gether
these fac tors con trib uted to the pres er va tion of the older Mis sis -
sip pian ra dio met ric age of the bi o tite. Yamada and Mizoguchi
(2011) and Yang et al. (2016) have showed that even 15 cm
from the edge of a fault, the rock tem per a ture may be sev eral
hun dred de grees lower than at its core. It fol lows that the dis -
tance be tween the two tuffites, amount ing to 80 cm in the sec -
tion (Fig. 4B), was suf fi cient so that heat ing one layer did not af -
fect the tem per a ture of the other.

To sum ma rize, Early Car bon if er ous ac ti va tion of the DFZ
as so ci ated with dis place ments along both tuffite lay ers led to
re ju ve na tion of the bi o tite age. Geomechanical dif fer ences be -
tween the tuffites (the lower one with more coarse-grained ma -

te rial; the up per one with more clay ma trix) meant that, dur ing
the Early Perm ian re ac ti va tion of the DFZ, only the lower tuffite
was heated and re ju ve nated again.

A fea ture of the K-Ar dat ing method is that it does not al low
com plete ex clu sion of a par tial re set of the ra dio met ric age of
the min er als and rocks stud ied (see: Arehart et al., 1993; Kellet
at al., 2016; Barnes et al., 2020). How ever, our anal y sis of the
fault meta mor phism con di tions clearly in di cates that these
could be suf fi cient for com plete re ju ve na tion of the ra dio met ric
age of the K-Ar bi o tite from the Niewachlów tuffites. In or der to
make sure that the re sults ob tained have geo log i cal sig nif i -
cance, be low we com pare them with the oc cur rence of
magmatism in the HCFB and in ad ja cent ar eas.
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T a  b l e  3

Com par i son of ra dio met ric age data for mag matic rocks from the Holy Cross Fold Belt, 
Kraków-Lubliniec Fault Zone, East Eu ro pean Plat form and the Sudetes

Site Li thol ogy Ma te rial Method Age [Ma] Ep och Ref er ence

ar
T

e
n

o
Z 

er
u t

u
S 

n
a

e
 p

o r
u

E 
s

n

Holy Cross Fold 
Belt

Wszachów-4* lam pro phyre bi o tite K-Ar 275.0 ±15 Cisuralian (P1) Migaszewski (2002)

Wszachów-4* lam pro phyre bi o tite K-Ar 288.8 ±15 Cisuralian (P1) Migaszewski (2002)

Janowice-2* diabase zir con U-Pb 300.0 ±10 Late Penn syl va nian 
(C2/P1)

Krzemiñska and
Krzemiñski (2019)

Góra Salkowa lam pro phyre bi o tite K-Ar 347.8 ±15
Early Mis sis sip pian

(C1)
Migaszewski (2002)

Kolonia-2* lam pro phyre bi o tite K-Ar 351.2 ±15
Early Mis sis sip pian

(C1)
Migaszewski (2002)

Milejowice-1* diabase whole rock Ar/Ar 331.0 ±1.9 Mid dle Mis sis sip pian
(C1) Nawrocki et al. (2013)

Dolsk Fault
Zone Zdrój-1* dacite lava zir con U-Pb 296 ±3 Cisuralian (P1) Breitkreuz et al. (2007)

Kraków-Lubliniec
Fault Zone

Zalas rhyodacite zir con U-Pb 295.1 ±2.6 Cisuralian (P1) Nawrocki et al. (2008)

16-WB-424* rhyodacite whole rock Ar/Ar 294.4 ±1.6 Cisuralian (P1) Nawrocki et al. (2010)

Dubie Quarry an de site am phi bole K-Ar 291.3 ±6.4 Cisuralian (P1) Lewandowska et al.
(2007)

WB-137-436* diabase whole rock Ar/Ar 331.3 ±3.6
Mid dle Mis sis sip pian

(C1)
Nawrocki et al. (2010)

East Eu ro pean 
Plat form

Daszewo 12* rhy o lite zir con U-Pb 293.0 ±2.3 Cisuralian (P1) Breitkreuz et al. (2007)

Parczew IG 9* al ka line 
ba salt whole rock Ar/Ar 338.5 ±0.7

Early Mis sis sip pian

(C1)
Pañczyk and Nawrocki

(2015)

Pisz* gab bro zir con U-Pb 345.5 ±5
Early Mis sis sip pian

(C1)
Krzemiñska et al. (2006)

E³k IG4* syenite zir con U-Pb 347.7 ±7
Early Mis sis sip pian

(C1)
Krzemiñska et al. (2006)

Sudetes

Wielis³awka rhy o lite zir con U-Pb 292.8 ±2.1 Cisuralian (P1) Awdankiewicz et al. (2014)

£a¿any granodiorite zir con U-Pb 294.4 ±2.7 Cisuralian (P1) Turniak et al. (2014)

Žulová Pluton quartz
monzodiorite zir con U-Pb 292 ±4 Cisuralian (P1) Laurent et al. (2014)

Laski/M¹kolno diorite zir con U-Pb 349.0
±3.4/3.7

Early Mis sis sip pian

(C1)
Jokubauskas et al. (2018)

Przedborowa monzodiorite zir con U-Pb 341.8 ±1.9
Early Mis sis sip pian

(C1)
Pietranik et al. (2013)

Jordanów
Quarry gran ite zir con U-Pb 337 ±4

Early Mis sis sip pian

(C1)
Kryza (2011)

2/II Leszno
Dolne* granodiorite Zir con U-Pb 344.4 ±1

Early Mis sis sip pian

(C1)
Dörr et al. (2006)

* - bore hole

The age of magmatism cor re spond ing to the age of the lower tuffite meta mor phism (292.8 ±4.0 Ma) – this study

The age of magmatism cor re spond ing to the age of the up per tuffite meta mor phism (341.9 ±4.3 Ma) – this study 

https://gq.pgi.gov.pl/article/view/7608/pdf_11
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https://gq.pgi.gov.pl/article/view/7589/6210
https://gq.pgi.gov.pl/article/view/7589/6210
https://gq.pgi.gov.pl/article/view/13880/pdf_1213
https://gq.pgi.gov.pl/article/view/8145/pdf_772


TECTONIC ACTIVITY OF THE DFZ 
IN THE CONTEXT OF REGIONAL MAGMATISM

The oc cur rence of two dif fer ent dates for tuffite beds sit u -
ated only 80 cm away from each other in ver ti cal suc ces sion
points to their con nec tion with two dif fer ent deformational
stages in the DFZ. The first stage took place in the Mis sis sip -
pian and the sec ond one oc curred dur ing the Early Perm ian. 

The ages for the DFZ dis place ments ob tained have age
coun ter parts in the mag matic ac tiv ity and meta mor phism re -
ported from the HCFB and ad ja cent ar eas (Ta ble 3). It is pos si -
ble to dis tin guish nu mer ous mag matic in tru sions formed at sim -
i lar times, such as the Lower Car bon if er ous lam pro phyre from
the Kolonia 2 bore hole in Góra Salkowa near Daleszyce within
the HCFB (Migaszewski, 2002), as well as the diabase from the 
WB 137-436 bore hole (Ta ble 3) in the Kraków-Lubliniec Fault
Zone (Nawrocki et al., 2010), be ing the bound ary be tween the
Ma³opolska Block and Brunovistulicum. The same Mis sis sip -
pian age was de ter mined for an al ka line ba salt (Ta ble 3) from
the Parczew IG 9 bore hole (Pañczyk and Nawrocki, 2015) in
the Lublin Ba sin lo cated within the TESZ area, as well as for a
gab bro from the Pisz in tru sion and a syenite from the E³k in tru -
sion (Krzemiñska et al., 2006) sit u ated in NE Po land on the
East ern Eu ro pean Plat form. An Early Car bon if er ous age of
magmatism has also been re corded in the Sudetes re gion (Ta -
ble 3) for diorites from the K³odzko-Z³oty Stok in tru sion
(Jokubauskas et al., 2018), monzodiorites from the Niemcza
Zone (Pietranik et al., 2013), granitoid dykes from the Œlê¿a
ophiolite (Kryza, 2011) and granodiorites and monzodiorites of
the Odra Fault Zone (Dörr et al., 2006).

Dis place ments along the DFZ dated to the Early Perm ian
(Cisuralian) are cor re lated in the HCFB area (Migaszewski,
2002) with (Ta ble 3) a lam pro phyre from the Wszachów 4 and a 
diabase from the Janowice 2 bore hole (Krzemiñski and Krze -
miñska, 2019). In ad ja cent ar eas (Ta ble 3), sim i lar re sults were
ob tained from a rhyodacite (Nawrocki et al., 2008, 2010) and an 
an de site re lated to the Kraków-Lubliniec Fault Zone (Lewando -
wska et al., 2007) and a dacite oc cur ring slightly far ther to the
west (Breitkreuz et al., 2007), re lated to the Dolsk Fault Zone. A
sim i lar age (Ta ble 3) was also re corded (Breitkreuz et al., 2007) 
for a rhy o lite from the Daszewo 12 bore hole sit u ated on the
East Eu ro pean Plat form in north ern Po land. In ad di tion, nu mer -
ous mag matic in tru sions in the Sude tes have been de ter mined
as Early Perm ian (Ta ble 3). There are, among oth ers: rhyolites
of the North Sudetes Ba sin (Awdankie wicz et al., 2014); a
granodiorite on the Strzegom- Sobótka Mas sif (Turniak et al.,
2014); and granitoids, grano diorites and monzodiorites of the
Žulová Pluton (Laurent et al., 2014).

Both the Mis sis sip pian and Early Perm ian dates quoted are
typ i cal of the fi nal phases of the Variscan orog eny in Cen tral
Eu rope (Aleksandrowski et al., 1997; Mazur et al., 2006). The
first stage of de for ma tion of the base ment took place ex cep tion -
ally early, i.e., still dur ing the de po si tion of clastic rocks within
the HCFB that lasted un til the Late Visean (Szulczewski, 1995;
Racki, 2006). Stud ies of the palaeomagmatism of the HCFB
area have showed that tec tonic events, which re sulted in nu -
mer ous ep i sodes of re mag net isa tion of the sed i men tary rocks
of the Kielce re gion, oc curred in the Mis sis sip pian and Early
Perm ian (Lewandowski, 1999; Grabowski and Nawrocki, 2001;
Zwing, 2003; Grabowski at al., 2006, 2009; Szaniawski et al.,
2011). Ac cord ing to Szaniawski (2008), these two in ter vals
should be as signed to two stages of the Variscan de for ma tion

in the Holy Cross Moun tains. Con sid er ing this geo log i cal con -
text, dat ing of move ments along the DFZ re flects the ages of
the two phases re lated to the Variscan orog eny within the
HCFB, when this fault be came re ac ti vated. These two tec tonic
events oc curred dur ing the Mis sis sip pian (341.9 ±4.3 Ma) and
the Early Perm ian (292.8 ±4.0 Ma).

The Mis sis sip pian age of the DFZ de for ma tion cor re lates
well with the age of the in tru sion of al ka line ba salt noted above
(Ta ble 3) en coun tered in bore holes within the Lublin Ba sin
(Pañczyk and Nawrocki, 2015) near the TESZ. The area where
al ka line bas alts oc cur is sep a rated from the HCFB by the
Radom-Kraœnik Block, which also be longs to the TESZ. In the
Radom-Kraœnik Block, Krzywiec et al. (2017a, b, 2018) iden ti -
fied the pres ence of Variscan de for ma tion struc tures. It is plau -
si ble that the Mis sis sip pian de for ma tion of the DFZ re flects rel a -
tive tec tonic dis place ments of the Ma³opolska Block, the
£ysogóry Block and the Radom-Kraœnik Block. The re ac ti va tion 
of the DFZ dur ing the Early Perm ian also cor re sponds in time
with the for ma tion of mag matic rocks within the TESZ and ad ja -
cent ar eas (Ta ble 3). These two stages of mag matic and tec -
tonic ac tiv ity are also in di cated by the dat ing of the K-Ar
illitization of smectite made by Kowalska et al. (2019) in the Pol -
ish part of the East Eu ro pean Plat form. This re search in di cates
that the max i mum heat ing in the area took place in the Mis sis -
sip pian and Early Perm ian, which cor re spond to the Sudetian
and the Asturian phases of the Variscan Orogen respectivelly.
Ac cord ing to ¯elaŸniewicz et al. (2016), overthrusting of the
fore land of the Variscides onto the TESZ led to the ac ti va tion of
the bound ing fault and trig gered magmatism. In this case, an
echo of the dis tant dis place ments at the TESZ bound ary faults
was the ac ti va tion of mi nor faults, such as the Daleszyce Fault
Zone.

CONCLUSIONS

Ra dio met ric dat ing of bi o tite from the newly dis cov ered
Niewachlów tuffites oc cur ring within Si lu rian greywackes
(Niewachlów Beds of Lud low age) re vealed Early Perm ian and
Mis sis sip pian ages. The dis crep ancy be tween the bi o tite K-Ar
ages and the Late Si lu rian depositional age of the tuffites may
in di cate the re ju ve na tion of the ra dio met ric age of the bi o tite,
which oc curred in 2 phases: 

– 341.9 ±4.3 [Ma] (up per tuffite) cor re spond ing to the Mis sis -
sip pian (Visean);

– 292.8 ± 4.0 [Ma] (lower tuffite), cor re spond ing to the Early
Perm ian (Cisuralian).
The re ju ve na tion of the ra dio met ric age of the bi o tite may

have re sulted from the re ac ti va tion of the DFZ which “uti lized”
Niewachlów tuffites as a “weak zone”. Si mul ta neously with this
re ac ti va tion, mi gra tion of hy dro ther mal flu ids re spon si ble for
fric tional/hy dro ther mal heat ing to tem per a tures of  270-300°C
took place. The pres ence of hy dro ther mal flu ids may have fa cil i -
tated low er ing of the bi o tite clo sure tem per a ture. 

The two dis tinct tuffite beds, sit u ated only 80 cm apart, may
re cord dif fer ent events due to geomechanical dif fer ences re -
sult ing from dif fer ent rock tex ture and clay con tent.

The re ac ti va tion of, and de for ma tion along, the Daleszyce
Fault Zone may be con sid ered as a re sult of lithospheric block
move ments in side the TESZ dur ing the Late Variscan re con -
struc tion of the Baltica palaeocontinent mar gin.
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