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Ab stract: In the Kraków–Lubliniec sec tion of the ma jor Ham burg–Kraków–Dobro gea Fault Zone (HKDFZ), the
Stepha nian–Early Per mian mag matic ac tiv ity was si mul ta ne ous with sub si dence/up lift of the formed blocks. In
the prox im ity of the up lifted ar eas the sedi men ta tion started with fan glom er ates, dis tally pass ing into playa
silt stone and was ac com pa nied by vol can ism. In the Nie po raz–Brod³a gra ben, ba sal tic trachy an des ite a-a lava
flows with auto clas tic brec cias reach ca. 150 m in thick ness. The weath er ing re corded as ad he sive rims around
brec cia clasts re flects pa laeo soil for ma tion dur ing qui es cence pe ri ods be tween the erup tions. The erup tions were
ef fu sive al though sco ria ceous lava in di cates high vola tile con tent of the magma. The wa ter con tent be fore erup tion 
had to be over 2 wt. per cent. Only then the crys tal li sa tion model pre dicts ac cu rately the type, com po si tion and
or der of the crys tal lis ing phases. Thus, the ba sal tic trachy an des ite magma origi nated from a source con tain ing
hy drous phase (i.e., am phi bole or phlo go pite). All the stud ied ba sal tic trachy an des ites had faya litic oli vine on their 
liq ui dus re flect ing the crys tal li sa tion stage in a magma cham ber at crus tal depths. Dur ing fi nal de com pres sion on
the magma as cent due to wa ter ex so lu tion, the oli vine was fol lowed by pla gio clase, spi nel, augite, il men ite,
apa tite, K- feldspar and re sid ual high-K rhyo litic glass. The high po tas sium con tent of these vol can ics was thus a
pri mary fea ture re flect ing the source geo chem is try and dif fer en tia tion trend, and its con se quence was po tas sium
meta so - ma tism. Due to wa ter ex so lu tion the glass was al tered, how ever, ho moge nous in ter sti tial glass sur vived in
some rocks. The glass is strongly en riched in in com pati ble trace ele ments, show ing that it is a highly frac tion ated
re sid ual melt frac tion of the ba sal tic trachy an des ite magma. Thus, the glass geo chem is try re flects the trend of
frac tional crys tal li sa tion in di cat ing that co- occurring K- rich fel sic rocks were not de rived from the same magma.

All the ba sal tic trachy an des ites stud ied have calc- alkaline to al ka line af fin ity. They con tain faya litic oli vine
and are low in MgO <5 wt. %, Cr and Ni, the fea tures char ac ter is tic for evolved mag mas. They show sig nifi cant
nega tive Sr/Sr*» 0.5–0.80 and small Eu/Eu* » 0.9–1.0 anoma lies sug gest ing frac tiona tion of pla gio clase. The
Eu/Eu* anom aly is proba bly com pen sated by am phi bole re tain ing in the source. Nega tive Nb, Ti anoma lies
sug gest Fe- Ti ox ide frac tiona tion char ac ter is tic for calc- alkaline evo lu tion trend. A sig nifi cant en rich ment in
LREE rela tively to HREE (La/Yb » 10) in di cates subduction- related meta so ma tism. How ever, the de scribed
tec tonic con text is in con sis tent with sub duc tion-re lated char ac ter is tics. In con clusion, the ob served geo chemi cal
char ac ter is tics in di cate re mark able role of wa ter in magma evo lu tion. The vol can ism was re lated to strike- slip
dex tral move ment along the Kraków–Lubliniec sec tion of the HKDFZ, trans formed into crus tal ex ten sion and
sub si dence, the fea tures typi cal for the for ma tion of pull- apart ba sins, in the late stages of the Varis can oro gen
evo lu tion.

Key words: Up per Car bon if er ous/Per mian vol can ism, a-a lava flows, auto clas tic brec cias, ba sal tic trachy an de-
s ites, tran si tional calc- alkaline to al ka line rocks, hy drous magma.
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IN TRO DUC TION

Ex ten sive Stepha nian–Early Per mian mag ma tism took
place within both the Varis can oro genic belt and its fore -
land. In the Pol ish Sude tes, thick volcano- sedimentary se -
quences oc cur within the in tra moun tain troughs: the Sub-

 Krkonoše Trough, the Intra- Sudetic Ba sin, the ¯ary Pery -
cline and the North- Sudetic Ba sin. For ex am ple, the Intra-
 Sudetic Ba sin suc ces sion pro vides a rec ord of two dis tinct
vol canic stages: Late Car bon if er ous and Early Per mian



post- collisional extension- related epi sodes (for de tail dis -
cus sion see: Awdankiewicz, 1999a, b; Awdankiewicz et al., 
2009; Awdankiewicz & Kryza, 2010a, b). Coun ter parts of
each stage can be traced in the east ern fore land of the Varis -
can oro gen, in the Kraków re gion.

The first stage of Late Car bon if er ous age is rep re sented
only by py ro clas tic rocks in ter ca lated with a coal- bearing
ter ri ge ne ous se quence (West phalian) of the Up per Sile sian
Ba sin (e.g., Bu kowy & Ce bu lak, 1964; £apot, 1992). The
vol canic cen tres have not been firmly lo cated yet.

Vol canic rocks of the sec ond stage mark the for ma tion
of a Stepha nian–Lower Per mian gra ben sys tem lo cated
along the east ern mar gin of the Up per Sile sian Coal Ba sin.
This gra ben ex tends along a fault zone, that is the Kraków–
Lubliniec Fault Zone (KLFZ) (Bo gacz, 1980), which rep re -
sents the con tact be tween the Ma³opol ska Ter rane to the
east and the Bru no vis tulian Ter rane to the west (¯aba, 1995, 
1999; Kal voda et al., 2008; Pasz kowski et al., 2007). The
KLFZ is about 30 km wide sec tion of the dex tral strike- slip
mas ter dis lo ca tion: Ham burg–Kraków–Dobro gea Fault
Zone (HKDFZ; Fig. 1). In this area, the Car bon if er ous/Per -
mian turn yielded gra no dio rite in tru sions (Mark iewicz,
2001; ¯elaŸniewicz et al., 2008) and ex ten sive vol canic se -
ries (Jarmo³owicz- Szulc, 1984, 1985; Harañc zyk, 1989; Po -
dem ski, 2001; Nawrocki et al., 2008; S³aby et al., 2009). A
char ac ter is tic fea ture of the vol canic rocks chem is try is their 
bi mo dal com po si tion and high po tas sium con tents (Ro zen,
1909; Gawe³, 1953; Muszyñski & Piec zka, 1996; Ro spon -
dek et al., 2004). The rock classes, such as K- rich rhyo dac -
ites and K- rich ba sal tic an des ites (ba sal tic trachy an des ites)
domi nate (Wol ska, 1984; Czerny & Muszyñski, 1997),
while other rock types in clud ing trachy an des ites, tra chytes
(Muszyñski, 1995) and lam pro phy res are less com mon
(Czerny & Muszyñski, 1998). Pre vi ous pet ro graphic stud ies 
of the vol canic rocks were sum ma rised by Sied lecki (1954), 
and more re cently by Czerny and Muszyñski (1997, 1998),
with the fo cus on geo chem is try. The dis cus sion fo cused on
the high po tas sium con tent and ge netic re la tion ship be tween 
ma fic and fel sic coun ter parts of the vol canic se ries (Ro zen,
1909; Bu kowy & Ce bu lak, 1964; Czerny & Muszyñski,
1997; Ro spon dek et al., 2004; S³aby et al., 2009). A close
spa tial re la tion ship be tween both se ries sug gests that they
are ge neti cally re lated. An early hy pothe sis on co- genetic
ori gin of both se ries (Rozen, 1909) was aban doned in the
course of  sub se quent stud ies (Gni azdowska, 2004; Falenty, 
2004; Le wan dowska & Ro spon dek, 2007; S³aby et al.,
2007, 2009). It seems likely that each se ries was de rived
from magma origi nated from two dif fer ent sources: en -
riched litho spheric man tle and crust (S³aby et al., 2009;
S³aby et al., 2010). The pres ent study aims at dis cussing the
is sues of magma evo lu tion, geo dy namic set ting and style of
vol canic ac tiv ity, fo cus ing on the fi nal stages of magma
evo lu tion of the ig ne ous rocks of the S³awków and Nie po -
raz–Brod³a gra bens (Sied lecki, 1954; Sied lecka, 1964), us -
ing pet ro logi cal data and com puter mod el ling. In both gra -
bens the vol canic rocks are ac ces si ble for stud ies from ex -
po sures and bore holes. Due to the lim ited number of iso tope 
data, tem po ral re la tions be tween the ig ne ous rocks are fur -
ther dis cussed based on lithos tra tigra phy. Por phy ritic rhyo -
dac ites oc cur in the form of domes and lac co liths, whereas

ba sal toids as both lava flows, for ex am ple at Rudno, Regu -
lice, Alwer nia and Mirów, as well as small sub vol canic in -
tru sions, such as at NiedŸwiedzia Góra (Ro zen, 1909; Sied -
lecki, 1954), Wiel kie Drogi and Za ga cie. The thick ba sal -
toid (ba sal tic trachy an des ite) lava flows are in ter strati fied
with vol cani clas tic rocks. The vol cani clas tics were descri-
bed by Cho cyk (1989) as com posed of bombs and lap illi of
ba sal tic trachy an des ites ag glu ti nated by vol canic ash of rhy- 
olitic com po si tion. The dif fer ence in the clasts and ma trix
com po si tion has been ex plained so far ei ther as the re sult of
the ma trix silt stone for ma tion from mix ing of ter ri ge ne ous
quartz- rich sed i ment with ba sal toid ma te rial (Sied lecki &
¯abi ñski, 1953) or as the prod uct of si mul ta ne ous sub- aerial 
tephra falls of a di verse prove nance (Cho cyk, 1989). In the
last scenario, the ba sal toid bombs and lap illi would be near
vent fa cies of ba sal tic trachy an des ite lava erup tions, while
the rhyo litic fine- grained ma trix would rep re sent dis tal fa -
cies of rhyo litic erup tions trans ported by aeolian- fluvial
pro cesses (Cho cyk, 1989, 1990). In this study, these two hy -
pothe ses on the ori gin of the vol cani clas tic rocks (Sied lecki
& ¯abi ñski, 1953; Cho cyk, 1990) are dis cussed based on
the field ob ser va tions and whole- rock analy ses of ma jor and 
trace elements in the S³awków and Nie po raz–Brod³a rock
se ries, with ref er ence to the com po si tion of co- occurring
rhyo dac itic rocks.

GEO LOG I CAL SET TING

In the Kraków re gion, the ma jor W–E trend ing Al pine
horst and gra ben struc tures are sub- parallel to the Car pa -
thian over thrust. These in clude the Krzeszowice gra ben, the 
Tenc zy nek horst, the Rybna gra ben and the Car pa thian
Fore deep (Fig. 1). Within the Al pine horsts, the rem nants of 
the NW–SE trend ing Varis can struc tures crop out (Bo gacz,
1980); the most im por tant of them are the Nieporaz- Brod³a
gra ben, be ing the south ern con tinua tion of the S³awków
gra ben, and the ad ja cent Dêb nik an ti cline (Fig. 1).

The Dêb nik an ti cline is lo cated along Kraków–Lubli-
niec Fault Zone (KLFZ), west of the mapped fault mak ing
the bor der with the Ma³opol ska Ter rane (Fig. 1). The an ti -
cline is pene trated by a number of in tru sions, in clud ing a
large rhyo dac ite body that in truded into the Mid dle De vo -
nian car bon ates form ing the core of the Dêb nik an ti cline. Its 
large size is evi denced by the pres ence of sev eral hun dred
metres thick con tact aure ole, com posed of pre daz zite mar -
bles and calc- silicate rocks (Le wan dowska, 1991; Ro spon -
dek et al., 2009). The in tru sion must have so lidi fied rela -
tively deep, but rapid Stepha nian–Early Per mian ero sion of
the an ti cline car bon ates al most un roofed it, lead ing to its
pres ent shal low oc cur rence. The main body of the rhyo dac -
ite was reached by drill ings at a depth of ca. 300 m. The
sedi men tary rocks of the an ti cline are also cut by an an de -
site/dacite dyke at Du bie (Muszyñski & Piec zka, 1992; Le -
wan dowska, 2009). The an des ite con tains por phy ritic rhyo -
dac ite clasts brought up from the Dêb nik rhyo dac ite on its
way to wards the sur face (Harañc zyk, 1989). Thus, the Du -
bie an des ite/dac ite post dates the em place ment of the Dêb -
nik rhyo dac ite.

The Za las rhyo dac ite was de scribed as a lac co lith (D¿u- 
³yñski, 1955), and seems to be smaller or shal lower than that 
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of Dêb nik, as con cluded from only weak ther mal meta mor -
phism at the con tact with the Lower Car bon if er ous siltsto-
nes and mud stones.

The up lift of the Dêbnik anticline is the re sult of strike-
slip ac tiv ity of the lo cal seg ment of the NW–SE trending
KLFZ, that is the for ma tion of a NNE–SSW fault sys tem
and al most per pen dic u lar to it flat folds ac com pa nied by the
N–S and NWW–SEE flex ures (Bogacz, 1980). The up lift
was ac com pa nied by a graben for ma tion in the west, that is
the S³awków graben. The sed i men tary ba sin was filled with
coarse-grained fanglomerates, rep re sent ing al lu vial fan de -
pos its (Myœlachowice Con glom er ates). The peb bles in clude 

lo cally eroded lime stones, dark cherts and oc ca sion ally
rhyodacites (Siedlecka, 1964). The fanglomerates are over -
lain by the Flipowice ig nim brites (Fig. 2 Karniowice–Fili-
powice sec tion). Lo cally, at Miêkinia, a thin conglomerate
bed un der lies ba saltic trachyandesites (Fig. 2 Miêkinia sec -
tion) de scribed as a lava flow (Oberc & Parachoniak, 1962;
Zaj¹czkowski, 1972) or subvolcanic small in tru sion (Czerny
& Muszyñski, 1997). These rocks are over lain by an other
fanglomerate bed fol lowed by rhyodacite of the Miêkinia
dome. The S³awków graben con tin ues be neath the Al pine
Krzeszowice graben to the south as the Nieporaz–Brod³a
graben. Within this struc ture, at Zbójnik near Nieporaz
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Fig. 1. Sim pli fied geo log i cal map of the Kraków area with vol ca nic rock out crops in the S³awków and Nieporaz–Brod³a grabens
(according to Gradziñski, 1993), HKDFZ–Ham burg–Kraków–Dobrogea Fault Zone



(Fig. 2), a 150 m-thick se ries of basaltoid lava flows in ter ca -
lates with volcaniclastic rocks and thin red sand stone beds
(Roszek & Siedlecka, 1966). This vol ca nic se quence over -
lies Stephanian ar kos es (Kwacza³a Ar kose) con tain ing si -
lici fied araucarite stems (Birkenmajer, 1952). Lo cally, the
vol ca nic rocks are also over ly ing and in other places in ter -
ca lat ing with red clastic rocks, most prob a bly form ing dis tal 
fine-grained equiv a lent fa cies of the fanglomerates. The po -
si tion of volcaniclastic rocks di rectly above the coarse-
grained con glom er ates sug gests rapid tec tonic ac tiv ity,
which pro duced con duits for magma as cents.

Ini tially, the Late Car bon if er ous age of basaltoids was
sug gested on the base of palaeomagnetic data (Birkenmajer, 
1964) and by anal ogy to the other late-Variscan vol ca nic
cen tres from ad ja cent ar eas (Siedlecki, 1954; Koz³owski,
1953; Bukowy & Cebulak, 1964). Later, the Early Perm ian
age was pro posed based on the Autunian fos sil flora (Li-
piarski, 1970) found in the Karniowice Trav er tine oc cur ring 
as in ter ca la tions in the Myœlachowice Con glom er ates (Fig.
2, Karniowice–Filipowice sec tion). The Car bon if er ous–
Perm ian turn, as the age of the fel sic vol ca nic rocks K-Ar,
Ar-Ar (Jarmo³owicz-Szulc, 1985; Podemski, 2001; Sko-
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Fig. 2. Lith o logic col umns of the Stephanian–Early Perm ian suc ces sion from Karniowice–Filipowice, Miêkinia and Zbójnik near
Nieporaz, based on Parachoniak and Wieser (1985); Zaj¹czkowski (1972), Roszek and Siedlecka (1966), re spec tively, and au thors ob ser -
va tions. Ro man num bers in di cate the pre sumed num ber of lava flows in the Zbójnik drill hole, ac cord ing to Roszek and Siedlecka (1966)



wroñski, 1974), has re cently been con firmed by the zir con
SHRIMP stud ies of the Zalas rhyodacite in di cat ing an age
of 294.2±2.1 Ma (Nawrocki et al., 2007, 2008). In turn,
K-Ar dat ing of hornblende from the Dubie an de site also
yielded a sim i lar age, that is 291.3±6.4 Ma (Lewandowska
et al., 2007).

Palaeomagnetic in ves ti ga tions of black ba saltic trachy-
andesites from Regulice have shown one sep a rate NRM
com po nent, car ried by mag ne tite, the same as noted in the
green ish Zalas rhyodacites (Nawrocki et al., 2008), which
were dated at ca. 294±2.1 Ma on the base of the SHRIMP
zir con age (Nawrocki et al., 2007). There fore, the fel sic and 
ba sic vol ca nic ac tiv ity seems to be al most con tem po ra ne ous 
what was re cently con firmed by the Ar-Ar whole rock age
296.6 ± 1.5 Ma of the NiedŸwiedzia Góra diabase (Na-
wrocki et al., 2010). Lat ter metasomatic pro cesses doc u -
mented by adu laria in the fel sic volcanics (S³aby, 1990,
2000) could have been re lated to an other mag netic com po -
nent car ried by he ma tite of the red dish ba saltic trachyande-
sites (Nawrocki et al., 2008).

The subvolcanic equiv a lent of the basaltoids is ex posed 
at NiedŸwiedzia Góra (Fig. 1). The NiedŸwiedzia Góra ba -
saltic trachyandesite was tra di tion ally named diabase (e.g.,
Gawe³, 1953; Wolska, 1984). The rock forms a sill empla-
ced within the Westfalian C mudstones (Bukowy & Cebu-
lak, 1964). In the Simota Val ley, at the base of the out -
cropped sec tion, a mas sive black rock va ri ety may rep re sent 
subvolcanic rock. Other subvolcanic basaltoids were drilled 
within rock com plexes of the south ern ex ten sion of the Nie- 
poraz–Brod³a graben at Zagacie (the Zagacie-1 bore hole)
near Czernichów, and at Wielkie Drogi be neath the Carpa-
thian Foredeep sed i men tary infill (Fig. 1). The Wielkie
Drogi basaltoid is emplaced within the Westfalian CD rocks 
(£aziskie and Libi¹skie beds of the Kraków Sand stone Se -
ries; Bukowy & Cebulak, 1964; Kotas, 1982), whereas the
Zagacie basaltoid rests within black siltstones in ter ca lat ing
with coal mea sures and black siltstone-sand stones of the
Up per Car bon if er ous se ries. It is in ter est ing that the Zagacie 
and Wielkie Drogi basaltoids may oc cur at the south ern ex -
ten sion of a fault bor der ing the Nieporaz–Brod³a graben
(Fig. 1). In this fault re gion, the Rudno out crop of the
basaltoid lava flows is pre sum ably lo cated. In turn, at the
north ern pe riph ery of the in ves ti gated area, but out side the
Nieporaz–Brod³a graben, an in tru sion was drilled at Su³o-
szowa (Fig. 1) and de scribed by Bukowy (1975) and
Harañczyk et al. (1995) as a gabbroid.

FIELD OB SER VA TIONS

The stud ied basaltoids crop out in the Variscan S³aw-
ków and Nieporaz–Brod³a graben sys tem on both the north -
ern and south ern sides of the Al pine Krzeszowice graben,
re spec tively (Fig. 1). In the north (the S³awków graben), the 
out crops are lim ited to the Miêkinia area (Heflik, 1960;
Oberc & Parachoniak, 1962; Zaj¹czkowski, 1972; Czerny
& Myszyñski, 1997), whereas in the south (the Niepraz–
Brod³a graben) they are more abun dant and lo cated along
the east ern flank of the graben (Fig. 1). The best out crops
are ob served in the Regulice–Alwernia area, for ex am ple in

the north-west ern Czarna Góra quarry (fig. 7 in Lewan-
dowska & Rospondek, 2009), where three lava flows with
as so ci ated brec cias are ex posed. The se quence has al to -
gether about 40 m in thick ness. These basaltoid flows con -
sist of mas sive cen tral and scoriaceous top and bot tom parts, 
of ten with elon gated ves i cles drawn out in re sponse to the
lo cal flow di rec tion. The lava flows of ten be come more
scoriaceous up wards with an gu lar scoriaceous rubbles
form ing autoclastic brec cias at the top. The pas sage from
mas sive to scoriaceous lava va ri ety is of ten as so ci ated with
the ap pear ance of platy struc tures, prob a bly caused by
streak ing out of de gassed ves i cles. Usu ally, the brec cias on
the top are much thicker and con tain more scoriaceous
blocks, while those at the base are thin and com posed of
mas sive clasts. The base autoclastic brec cias can be ab sent.
In this case, the lava was so lid i fied as blobs on un even,
weath ered sur face on the top of the autoclastic de pos its of
the pre vi ous flow (Fig. 3). The brec cias are frame work-sup -
ported con tain ing mas sive and scoriaceous blocks, usu ally
about 20 cm in size, but spo rad i cally up to 50 cm large, em -
bed ded in siltstone ma trix. The ma trix is red dish/pur ple or
var ie gated, of ten with hor i zon tal lam i na tion, sug gest ing
grav i ta tional fill ing of spaces among the blocks. The sco ria
is usu ally red dish and has ves i cles up to 3 cm in size. Some
ves i cles are filled with sec ond ary min er als (¯abiñski, 1960;
Cichoñ, 1982; Parachoniak & Wieser, 1992). The sequence
is comparable with a pile of three a-a lavas.

In some places (e.g., sep a rate crest rock in the SE
Czarna Góra quarry; Fig 7. in Lewandowska & Rospondek,
2009), the brec cias are extraordinarily thick (ca. 15 m) and
com posed of very large blocks (Fig. 4). The brec cias fill a
wide de pres sion on the top of the lava flow and are com -
posed of vari able amounts of un sorted basaltoid scoriaceous 
clasts, up to 2–3 m in di am e ter, set in siltstone ma trix. The
pres ence of lev ees, steep de po si tion fronts and large an gu lar 
blocks may in di cate high yield strength dur ing rock de po si -
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Fig. 3. Lobate lava flow fronts flanked by ju ve nile frag ments of 
more scoriaceous autoclastic brec cia ex posed at Regulice Czarna
Góra quarry



tion. Such fea tures are char ac ter is tic of top o graph i cally-
con trolled flows. The or i gin of this type of brec cias is some -
what enig matic. It was de scribed as a re sult of sco ria flow
(Lewandowska & Rospondek, 2009), but al ter na tively
could be in ter preted as more dis tal parts of a lava flow,
where brecciated material slid off the lava front or side.

The up per parts of lava flows have cracks, some times
0.5 m deep and 8 cm wide, filled with clastic sed i ments of
the same type as siltstones fill ing struc tural cav i ties among
autoclastic brec cia frag ments. In the sed i ment cog nate to
lavas lithoclasts, mica and quartz grains are mac ro scop i -
cally rec og niz able. The deep cracks in lava sur face and the
oc cur rence of pedogenic ho ri zons sug gest weath er ing ep i -
sodes be tween sub se quent lava ef fu sions. Sim i lar types of
volcaniclastic in ter ca la tions of lavas oc cur also in Porêba–
Mirów (Rutkowski, 1958), Rudno and in the sec tion of the
Zbójnik drillhole near Nieporaz (Fig. 2) (Roszek & Sie-
dlecka, 1966).

SAM PLES

Sam ples of the vol ca nic rocks were col lected from out -
crops and bore holes. The basaltoid lava flows were sam pled 
in the Nieporaz–Brod³a graben from the out crops at Regu-
lice (Regulice-Czarna Góra: REG-2, REG04-1, CzG04-09,
CzG-5), Simota Val ley (SIM-1), Mirów (MIR-1), Rudno
(RUD-1, RUD05-04, RUD05-01), Miêkinia (MKW-2), and 
from the subvolcanic in tru sion in NiedŸwiedzia Góra
(NG05-06, NG-1) (Fig. 1). The lavas and volcaniclastics are 

best ex posed at the Regulice–Alwernia area, and there fore
the ma jor ity of the rocks were sam pled there, as well as in
Rudno. The scoriaceous rock va ri ety con tain ing amyg dales
(¯abiñski, 1960; Cichoñ, 1982) was omit ted in sam pling the 
lavas for chem i cal anal y ses. The av er age amount of pow -
dered sam ple was ca. 0.5 kg. Siltstone ma trix and clasts
from volcaniclastic brec cias were analysed separately.

A lam pro phyre sam ple (SzkP-1) was col lected from the 
Pstr¹garnia out crop (Muszyñski & Czerny, 1997) in the
Szklarka Val ley (Fig. 1).

Some of the mag matic rocks were avail able en tirely
from the drillings. These are subvolcanic equiv a lents of the
basaltoids, which were sam pled from the Wielkie Drogi
bore hole (Fig. 1) from the depths of 230.0 m (sam ple WD
230) and 476.5 m (WD476), and from the Zagacie-1 from
the depth 391.7–393.8 m in ter val (sam ple ZAGAC391).
The rocks are dark-green with a holocrystalline struc ture.
The Su³oszowa sam ple co mes from the depth of 257.8 m
(sam ple SUL257) and was de scribed as a gab broid (Buko-
wy, 1975; Ta ble 1 in Harañczyk et al., 1995). The holocrys-
talline rock is patchy and con sist ing of green ish and red dish
crys tals. The gab broid oc curs close to a felsic intrusion.

METH ODS

Pol ished thin sec tions were in ves ti gated us ing a Nikon
Eclipse 600Pol petrographic op ti cal mi cro scope equipped
with cold cath ode cathodoluminescence de vice op er at ing at
18 to 22 kV with cur rent 0.4 to 0.8 mA. The modal com po -
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Fig. 4. A wide chan nel with un sorted brec cias (about 6 m thick) com posed of vari able amount of mostly mas sive and scoriaceous
clasts, up to sev eral metres in di am e ter, in ter preted as a slag heap of autoclastic brec cia ma te rial ac cu mu lated at the lava front



si tion of the sam ples in ves ti gated was in te grated with the
step 0.05 mm, and about 1,000 points were counted in each
thin sec tion. More over, scan ning elec tron mi cro scope
(SEM) HITACHI S-4700 fit ted with back scat tered elec tron 
(BSE) im ag ing sys tem, and cou pled with a NORAN en ergy
dispersive X-ray spec trom e ter (EDS) with NORAN VAN -
TAGE an a lyt i cal sys tem at the Jagiellonian Uni ver sity (Po -
land), and wave length-dispersive mode (WDS) on a Jeol JX 
8600 at the Salzburg Uni ver sity (Aus tria) were used for
qual i ta tive and quan ti ta tive chem i cal anal y ses of min er als
and in ter sti tial glass. The WDS glass anal y ses were car ried
out on two sam ples from Simota. The vol ca nic rocks were
ana lysed at the Keele Uni ver sity (Eng land), us ing an ARL
8420 X-ray flu o res cence spec trom e ter and the ad di tional se -
ries of sam ples at the Salzburg Uni ver sity (Aus tria) us ing a
Bruker-AXS, S4 Pi o neer X-ray flu o res cence spec trom e ter.
Five sam ples were re-ana lysed and the re sults showed ex -
cel lent reproducibility. The anal y ses were re cal cu lated to
100 % on a vol a tile-free ba sis be fore plot ting on the clas si fi -
ca tion di a grams (Le Maitre et al., 2002). The trace el e ment
con tents of the in ter sti tial glass was de ter mined us ing
LA-ICP-MS (la ser ab la tion in duc tively cou pled plasma
mass spec trom e try) in the In sti tute of Min er al ogy, Uni ver -
sity of Würzburg (Ger many), by a sin gle col lec tor quadru-
pole AGILENT 7500i ICP-MS, equipped with a 266 nm
Merchantek LUV 266x la ser. The LA-ICP-MS glass ana-
lyses were carried out on the Simota sample and the mean
values are obtained for five detection points of different
interstices.

RE SULTS

Pe trog ra phy and rock-form ing min er als

Ba saltic trachyandesites. The vol ca nic rocks from
Rudno (RUD-1; RUD-2), Regulice (REG-1, REG-2, REG-
3), Regulice-Czarna Góra (Cz.G. 5/2) and Mirów (MIR-1)
are uni formly fine-grained, whereas the oth ers, like Belwe-
der (BEL-1, BEL-2), Miêkinia (MKW-2) and Simota
(SIM-1; Fig. 5A) rep re sent a coarser va ri ety (Fig. 6). The
rocks are megascopically black to dark red dish, of ten con -
tain ing a few ol iv ine pheno crysts; thus, ac cord ing to the
field no men cla ture by Le Maitre et al. (2002) the use of the
name basaltoids is jus ti fied.

The fine-grained groundmass, com posed of plagio-
clase, pyroxene, ap a tite and Fe-Ti ox ides with few ol iv ine
pheno crysts, is a sig nif i cant fea ture of the mas sive va ri ety
of ba saltic trachyandesites. The pheno crysts of ol iv ine are
hyalosiderite or hortonolite con tain ing 40–58 mol. % of for -
ster ite and are com monly al tered. The con tent of of ten
idiomorphic ol iv ine pheno crysts does not ex ceed 3.5 modal
%, and the crys tals are 0.2–3 mm in size. The olivines con -
tain ulvöspinel-mag ne tite in clu sions with higher Cr con tent
com pared to the oth ers. In most lava flows, the larg est
plagioclase laths are 0.2–0.3 mm in size, and oc ca sion ally
reach the length of 0.5 mm in subvolcanic rocks like those
from NiedŸwiedzia Góra (NG-10), Zagacie (ZAGAC391)
and Simota (SIM-1). Nor mal zon ing of plagioclases with
lab ra dor ite core and an de sine rim is most com mon. The

plagioclases are dis con tin u ously rimmed by po tas sium feld -
spar shells, ca. 0.002 mm thick. The K-feld spar rims are re -
vealed by bright-blu ish cathodoluminescence (Fig. 5B).
The K-feld spar as an in de pend ent rock-form ing phase is
very rarely ob served as tiny crys tals in the in ter stices. Small
equidimensional py rox enes (augite) and Fe-Ti ox ides are
lo cated be tween the plagioclase laths. Augite rarely forms
twinned crys tals. A se ries of Mg-Fe orthopyroxenes was
ob served in the subvolcanic rocks from NiedŸwiedzia Góra
only. These py rox enes form re ac tion rims around augites.
The Fe-Ti ox ides are of ten rep re sented by ulvöspinel- mag -
ne tite inter growths with il men ite-he ma tite solid so lu tions.

Nee dle-like microcrysts of ap a tite are set in in ter stices
filled with glass (Fig. 5B). The in ter sti tial glass ap pears as
pale-grey, wedge-shaped ar eas (Fig. 5A). The basaltoids
with abun dant glass show in ter sti tial tex ture (Fig. 5A). The
amount of glass is in the range from 8.2 to 24.5 modal %. In
the Simota (SIM-1) sam ple the glass is well pre served, and
ap pears as iso tro pic phase. Such a pris tine na ture of the
glass is ad di tion ally con firmed by elec tron mi cro scope im -
ages re veal ing smooth, even sur face and ho mo ge ne ity of
the phase fill ing in ter stices. In other sam ples, ex cept for
Simota (SIM-1), the glass is al tered and devitrified. The al -
tered glass ap pears un der op ti cal mi cro scope as not fully
trans par ent and inhomogeneous, stained with red dish Fe ox -
ides. Elec tron mi cro scope im ages show rough sur faces of -
ten with nu mer ous platy crys tals of clay min er als. In the ma -
jor ity of ba saltic trachyandesites the al ter ation of in ter sti tial
glass is com ple men tary to the break down of ol iv ine. Con se -
quently, iddingsite or bowlingite pseudo morphs af ter ol iv -
ine are dom i nant in the sam ples con tain ing al tered glass,
whereas ol iv ine relicts sur vived in the NiedŸwiedzia Góra
and Simota (SIM-1) sam ples. In ad di tion to the in ter sti tial
glass, skel e tal ol iv ine pheno crysts and ap a tite nee dles
commonly represent the quench textures with hollow ends
indicating rapid growth of the terminal edges.

The Zagacie and Wielkie Drogi and most of NiedŸwie-
dzia Góra subvolcanic rocks do not con tain glass. Due to the 
ab sence of glass, the tex tures are inter gra nu lar. In the ma -
jor ity of NiedŸwiedzia Góra rocks, the in ter stices con tain
green ish chlorites or/and sub mi cro scopic inter growths of
K-feld spar and quartz. The subvolcanic rock from Zagacie
is sim i lar to the one from NiedŸwiedzia Góra in crystallinity 
as well as in the con tent of plagioclase and augite. More -
over, it con tains chloritised hornblende but does not con tain 
ol iv ine and orthopyroxene. In the Zagacie sam ple, gab broid
xe no liths con tain ing fresh look ing olivines and py rox enes
oc cur. In the Wielkie Drogi sam ple (WD230), Fe-Ti ox ides
are the only opaque components.

The Su³oszowa sam ple (SUL257) is strongly al tered,
prob a bly due to the in flu ence of microgranite in tru sion dril-
led in the same sec tion (Bukowy, 1975). Al ter na tively, the
al ter ation could be due to the drill hole lo ca tion near the
mar gins of a pluton, where fi nal prod ucts of ig ne ous
crystallisation were abun dant. The rock shows semi-ophitic
tex ture with pre vail ing feld spars in subhedral mo saic of
chloritised mafic min er als con fined to the cor ners of feld -
spars (Fig. 5C). The subhedral, zoned and twinned plagio-
clases are andesines to albites (up to 2 mm in size) and
smaller crys tals of al bite. The dis tri bu tion of an de sine to al -
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Fig. 5. Mi cro pho to graphs of: (A) In ter sti tial tex ture with groundmass plagioclases, py rox enes and high-K in ter sti tial glass of ba saltic
trachyandesite from Simota Val ley (SIM-1), crossed polars; (B) Plagioclases rimmed with po tas sium feld spar, and ap a tite nee dles in ba -
saltic trachyandesite from Simota Val ley (SIM-1), cathodoluminescence im age; (C) Ophitic tex ture of the Su³oszowa quartz monzodiorite 
(SUL257) with dom i nant plagioclase over grown by ra di at ing (in the cen tre) or spherulitic (in the left cor ner) K-feld spars, joined as a
subhedral mo saic with chloritised mafic min er als con fined to the cor ners of feld spars, plane polar ised light; (D) Spherulitic K-feld spars
and abun dant apatites in the Su³oszowa quartz monzodiorite (SUL257), cathodoluminescence im age; (E) Tuffaceous lam i nated siltstone
ma trix of the autoclastic brec cias con tain ing feld spar and quartz frag ments, in clud ing quartz shards (e.g., the up per left cor ner), and dark
and white micas from Regulice-Czarna Góra (CzG04-11), crossed polars; (F) A small basaltoid lithoclast with unweathered core and
weath ered cor tex with ad he sive rim (micas mimic the sur face of the clast) in the autoclastic brec cia from Regulice Czarna Góra
(CzG04-11), plane polar ised light



bite com po nent is ir reg u lar in the crys tals. The plagioclases
are re placed in a patchy way by car bon ates, quartz, clay
min er als and K-feld spar. The K-feld spars fill the spaces be -
tween the plagioclase laths or form spher ules or ra di at ing
crys tals. The ra di at ing crys tals grow com monly at the faces
of plagioclases that must have acted as the cen tres of nu cle -
ation (Fig. 5C, D). Ra di at ing or spherulitic tex ture re flects
an ini tial dif fi culty in crys tals nu cle ation, fol lowed by rapid
out ward growth. The K-feld spar is of ten red dish in plane-
polar ised light, pre sum ably due to the pres ence of fer ric iron 
min eral phases. Rel ics of un al tered am phi bole are rare.
There are in ter nally in co her ent pseudo morphs where a
mafic phase is al tered into a jum bled mass of green fi brous
crys tals. Pleochroic chlorites are most com mon prod ucts of
the mafic min eral trans for ma tion. The anhedral or sub-
euhedral quartz is also con fined to the ar eas be tween feld -
spars. The rock con tains hol low-like ap a tite nee dles up to
1.5 mm long (Fig. 5C) and opaque min er als (0.5–1 mm in
size). The pres ence of an de sine-oligoclase (in the most cal -
car e ous plagioclase relicts), am phi bole and quartz indicates
that the rock was most likely quartz diorite or monzodiorite
rather than gabbroid (Fig. 5C, D).

Volcaniclastic rocks. The volcaniclastic rocks, in ter ca -
lat ing the basaltoid lava flows, rep re sent autoclastic brec -
cias. The brec cias are frame work-sup ported. The frame -
work is com posed of large ba saltic trachyandesite blocks,
whereas the fine-grained ma trix is siltstone show ing com -
mon hor i zon tal lam i na tion with nor mal grad ing (Fig. 5E).
Mi cro scop i cally, in the ma trix there are re cog nis able frag -
ments of quartz, feld spars, dark and white micas, opaque
min er als, ap a tite and small ba saltic trachyandesite litho-
clasts (Fig. 5F). Quartz grains are of ten rep re sented by
shards and embayed crys tals. The lithoclasts are com monly
sur rounded by a cor tex com posed of finer-grained frac tion
com posed of quartz, mica and feld spar in fer rous ce ment
(Fig. 5F), sug gest ing ad he sive na ture of the cor tex (cf.
Chocyk, 1990). It is clear that the frag men ta tion of some
min er als was pyroclastic as ev i denced by shards (Fig. 5E).
They are ju ve nile and have not been re worked much by
epiclastic su per fi cial pro cesses. The frag ments of K-feld -
spar crys tals show blue cathodoluminescence, while less
fre quent plagioclase frag ments are green ish. The bi o tite
flakes are common (from 8 to 18 modal %). The grains are
embedded in clay matrix.
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Fig. 6. Com par i son of plagioclase microphenocryst sizes in the stud ied ba saltic trachyandesites and ba salt crys tal lised in a lava lake
(Ev ans & Moor, 1968), roughly sug gest ing the crystallisation depths of ba saltic trachyandesites



Geochemistry

Whole-rock geo chem is try. The bulk rock ma jor and
trace el e ment con tent is given in Ta ble 1. All the basaltoids
of the Nieporaz–Brod³a graben, in clud ing the subvolcanic
equiv a lents, have a rel a tively nar row range of sil ica con tent
from 51 to 56 wt. % SiO2 (Ta ble 1). Such a com po si tion and 
high al kali con tent lo cate them in the ba saltic trachyandesite 
S2 field on the TAS clas si fi ca tion di a gram (Fig. 7A). The
data are scat tered around the line sep a rat ing the fields of

calc-al ka line and al ka line rocks (tran si tional se ries). Such
char ac ter is tics also hold for diabases from Zagacie (ZGAC
391), Wielkie Drogi (WD 230), and Su³oszowa sam ples
(SUL257), which have been ana lysed for the first time. Sev -
eral sam ples show ing higher al kali con tent, namely basal-
toids from the up per part of the lava flows at Czarna Góra
(Chocyk, 1989) and sco riaceous blocks from autoclastic
brec cias, plot in the phonotephrite field (Fig. 7A). A sim i lar
po si tion of the sec ond (WD476) of the Wielkie Drogi sam -
ples (Ta ble 1) re sults from its hy dro ther mal al ter ation.

On the other hand, on the SiO2-K2O clas si fi ca tion di a -
gram the ana lysed rocks plot in the high-K ba saltic an de site
field, while sev eral anal y ses of NiedŸwiedzia Góra plot
along the bor der with high-K ba salt field (Fig. 7B). The ap -
pro pri ately high K/Na ra tios clas sify some of them as sho-
shonites (Le Maitre et al., 2002). The rocks form an uni form 
group and the dif fer ences are due rather to the na ture of
both clas si fi ca tions (Na2O + K2O and K2O), in which the
field sep a rat ing lines are dif fer ently de signed. The whole-
rock anal y sis from Czerny and Muszyñski (1997) and
Chocyk (1989) are included in Fig. 7.

On the dis cussed clas si fi ca tion di a grams, the SiO2 and
al kali con tent of the tuffaceous siltstone ma trix of the brec -
cias (Ta ble 1) lo cates the siltstones in the rhy o lite field (Fig.
7A). The SiO2 is usu ally in the range from 74 to 77 wt. %.
Sig nif i cantly lower SiO2 con tent from 64 to 69 wt. % are
found in two sam ples con tain ing abun dant ba saltic an de site
lithoclasts. Such high K2O con tents are in the range of those 
found in the Zalas, Miêkinia and Dêbnik rhyodacites and in
the re sid ual in ter sti tial glass of the ba saltic trachyandesites
(Fig. 7B). The Filipowice ig nim brites fall in the trachyte/
trachyandesite field, but are out of the clas si fi ca tion fields in 
the SiO2/K2O di a gram due to too high potassium content.

The lam pro phyres data scat ter all over the chem i cal
clas si fi ca tion di a grams due to sec ond ary al ter ations (Czerny 
& Muszyñski, 1998). The least al tered sam ple (SzkP-1)
from Szklarka plots in the fields of trachyte/dacite (Fig.
7A), but the high K2O con tent lo cates these sam ples out of
the clas si fi ca tion fields (Fig. 7B). All the rocks show ing
fea tures of metasomatic al ter ation are omit ted in fur ther dis -
cus sions on their trace el e ment geo chem is try. The most al -
tered sam ples are lam pro phyres and the Su³oszowa quartz
monzodiorite.

In ter sti tial glass geo chem is try. The glass is al tered in
all but one sam ple of the ba saltic trachyandesite. The Si-
mota (SIM-1) sam ple is ex cep tional, since its glass do mains
show no symp toms of al ter ation. The glass com po si tion is
fairly ho mog e nous, and it is mi cro scop i cally iso tro pic. The
glass con sists of net work-form ing el e ments, like SiO2

(74.6–77.5 wt. %) and Al2O3 (12.3– 13.4 wt. %), with other 
el e ments rang ing as fol lows: K2O (3.8–4.9 wt. %), Na2O
(2.2–3.3 wt. %), FeOT (1.2–2.0 wt. %), CaO (0.3–1.9 wt. %), 
MgO (0–0.3 wt. %), TiO2 (1.4– 2.0 wt. %), Cl (0.1–0.2
wt. %), P2O5 (0.1–0.5 wt. %), and MnO (0–0.2 wt. %) on
the vol a tile-free ba sis (Ta ble 2). The WDS anal y ses showed 
an a lyt i cal to tals im ply ing the H2O con tent of 4–7 wt. %.
The in ter sti tial glass com po si tion plot ted on the TAS clas si -
fi ca tion di a gram (Fig. 7A) re vealed its rhyolitic com po si -
tion and again the K2O con tent is high enough to plot it in
the high-K rhy o lite field (Fig. 7B). The in com pat i ble el e -
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Fig. 7. The com par i son of chem is try of volcanics from the Nie- 
poraz–Brod³a graben: on the (A) TAS and (B) K2O-SiO2 clas si fi -
ca tion di a grams (Le Maitre et al., 2002). Rock anal y ses by Czerny
and Muszyñski (1997, 1998) and Chocyk (1989) are in cluded;
Pc – picrobasalt, B – ba salt, O1 – ba saltic an de site, O2 – an de site,
O3 – dacite, S1 – trachybasalt, S2 – ba saltic trachyandesite, S3 –
trachyan de site, T – trachyte/trachydacite, R – rhy o lite, F – foi-
dite, U1 – tephrite/basanite, U2 – phonotephrite, U3 – tephriphono- 
lite, Ph – phonolite
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Ta ble 1

Geo chem is try of the in ves ti gated sam ples

Sample
name

REG-2 REG04-1
CzG

04-09
CzG-5 MIR-1 RUD-1

RUD
05-04

RUD
05-01

MKW-1 SIM-1 NG05-06 NG-1

Locality Regulice Mirów Rudno Miêkinia Simota NiedŸwiedzia Góra

Rock type  basaltic trachyandesite lava flows diabase? diabase

SiO2 53.94 51.88 53.07 52.04 52.41 53.66 51.09 51.60 53.98 53.87 52.94 54.13

TiO2 1.60 1.67 1.54 1.55 1.71 1.71 1.69 1.65 1.76 1.78 1.74 1.79

Al2O3 16.73 17.24 15.77 16.05 17.05 16.53 16.16 15.94 16.12 16.07 15.32 16.09

Fe2O3* 8.45* 8.97* 8.71* 8.54* 10.38* 9.76* 10.24* 10.97* 9.98* 10.49* 10.68* 10.52*

MnO 0.120 0.08 0.14 0.10 0.090 0.140 0.14 0.08 0.120 0.170 0.16 0.170

MgO 4.96 3.81 4.62 4.80 3.23 3.71 4.28 3.36 3.00 3.70 3.66 3.83

CaO 7.43 6.82 7.32 7.57 4.15 6.70 5.98 4.03 6.82 6.89 6.43 6.53

Na2O 3.45 3.69 3.31 3.38 3.33 3.78 3.71 2.83 3.80 3.73 3.72 3.83

K2O 2.04 2.84 1.88 2.06 4.77 2.39 2.73 4.99 1.81 1.62 1.93 1.97

P2O5 0.47 0.35 0.41 0.40 0.72 0.70 0.62 0.63 0.87 0.83 0.75 0.88

LOI 1.11 2.66 2.41 2.99 1.77 0.99 4.34 4.43 1.34 1.19 1.32 0.67

Total 100.3 100.01 99.18 99.48 99.61 100.07 100.98 100.51 99.6 100.34 98.65 100.41

Cr 125 148 124 137 97 76 87 103 63 71 69 74

Ni 79 77 73 84 57 50 52 49 47 48 45 46

Co n.a. 27 25 24 n.a. n.a. 23 21 n.a. n.a. 22 n.a.

Sc n.a. 21 18 19 n.a. n.a. 21 22 n.a. n.a. 18 n.a.

V 170 166 174 166 203 136 154 210 121 130 124 118

Cu 34 n.a. n.a. n.a. 33 36 n.a. n.a. 48 49 n.a. 47

Pb 17 19 14 16 20 19 13 22 17 15 15 17

Zn 80 82 92 79 143 110 113 105 135 105 117 120

S 59 n.a. n.a. n.a. 53 53 n.a. n.a. 68 51 n.a. 83

Rb 29 49 44 27 72 50 43 77 49 53 33 44

Ba 1,007 905 955 955 1,134 1,020 832 931 920 881 666 748

Sr 876 841 862 901 789 822 734 521 468 556 429 495

Ga 19 20 18 18 24 22 20 19 20 22 21 22

Nb 18 14 14 17 27 28 23 25 39 35 33 38

U n.a. n.a. n.a. 2 n.a. n.a. n.a. n.a. n.a. 1 1 1

Ta n.a. n.a. n.a. 1 n.a. n.a. n.a. n.a. n.a. 2 2 2

Zr 240 246 237 229 309 312 292 309 414 365 375 386

Y 34 24 31 29 39 42 39 35 53 48 47 51

Th 8 11 9 11 9 6 8 8 3 5 4 4

La 55 57 60 60 83 64 67 61 61 64 59 55

Ce 133 113 126 137 175 138 150 147 134 122 141 121

Pr n.a. n.a. n.a. 14 n.a. n.a. n.a. n.a. n.a. 15 15 15

Nd 55 54 67 66 57 53 64 65 54 55 54 50

Sm n.a. n.a. n.a. 9 n.a. n.a. n.a. n.a. n.a. 10 10 11

Eu n.a. n.a. n.a. 2 n.a. n.a. n.a. n.a. n.a. 3 3 3

Gd n.a. 7 10 10 n.a. n.a. 12 10 n.a. 9.48 11 n.a.

Dy n.a. 4 5 5 n.a. n.a. 6 5 n.a. n.a. 7 n.a.

Yb n.a. 2 2 2 n.a. n.a. 3 3 n.a. n.a. 4 n.a.

Cl 41 556 279 79 52 54 113 228 191 154 128 107

n.a.– not ana lysed, n.d. – not de tected, Fe2O3* – to tal iron
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Ta ble 1 con tin ued

Sample
name

WD230 WD476
ZAGAC

391
SUL257

REG
04-1a

RUD
05-2

RUD
05-03

REG
04-1b

CzG
04-10

CzG
04-11

CzG
04-N4

ZAL-922 SzkP-1

Locality Wielkie Drogi Zagacie
Su³o-
szowa

Regulice Rudno Rudno Regulice Czarna Góra Zalas
Szklarka

P.

Rock
type

diabase
quartz

monzo-
diorite

volcaniclastic clasts  volcniclastic matrix
rhyo-
dacite

lampro-
phyre

SiO2 55.83 53.24 55.72 53.40 53.26 52.89 63.82 73.56 76.28 77.40 69.66 70.60 55.48

TiO2 1.48 1.56 1.45 2.31 1.76 1.72 0.51 0.49 0.42 0.44 0.55 0.38 0.76

Al2O3 16.29 16.15 16.10 13.14 15.15 14.98 12.30 10.69 9.39 8.45 10.85 14.96 14.61

Fe2O3* 7.48* 8.21* 7.14* 13.23* 10.38* 11.17* 4.55* 3.83* 2.93* 1.63* 5.95* 3.03* 5.13*

MnO 0.05 0.109 0.10 0.177 0.07 0.07 0.07 0.07 0.05 0.05 0.10 0.030 0.05

MgO 4.25 4.11 4.26 3.97 2.07 2.88 5.47 1.87 4.28 1.76 3.13 0.72 1.08

CaO 5.05 3.18 5.09 2.86 2.94 2.47 0.59 0.81 0.4 2.12 0.49 2.13 9.49

Na2O 4.19 1.26 4.61 3.76 2.22 1.51 0.99 1.22 0.48 0.62 0.47 3.36 0.80

K2O 2.62 8.97 2.50 2.75 7.21 7.95 3.85 3.58 3.69 3.92 3.97 3.19 11.25

P2O5 0.44 0.40 0.42 0.37 0.59 0.67 0.08 0.07 0.10 0.07 0.08 0.09 0.59

LOI 2.26 0.70 1.45 0.81 4.73 4.61 9.47 4.35 4.20 3.90 4.64 1.39 0.35

Total 99.94 97.89 98.84 96.78 100.38 100.92 101.7 100.54 102.22 100.36 99.89 99.88 99.59

Cr 91 130 96 20 123 96 63 119 54 62 68 16 91

Ni 59 62 61 5 51 48 66 63 61 49 70 6 68

Co 16 20 20 28 21 13 17 17 13 9 15 n.a. 14

Sc 14 17 13 32 23 17 7 8 9 7 8 n.a. 14

V 150 187 149 237 188 135 62 75 69 60 86 41 221

Cu n.a. 25 n.a. 16 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 5 58

Pb 11 8 13 7 17 19 9 10 5 4 17 20 15

Zn 100 34 76 107 86 103 124 87 53 48 87 41 104

S n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 66 n.a.

Rb 50 95 49 58 89 101 103 111 86 85 149 103 157

Ba 908 720 1,089 387 1,037 925 303 289 252 245 297 868 548

Sr 741 35 757 217 449 273 75 81 46 47 43 217 137

Ga 17 17 20 23 19 19 23 17 13 10 16 17 20

Nb 13 15 14 18 21 25 12 9 10 8 11 8 10

U 1 n.a. 1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Ta 1 n.a. 1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1

Zr 216 178 202 254 308 309 158 161 116 186 138 136 298

Y 24 20 25 48 37 40 17 18 15 17 17 13 14

Th 4 10 5 5 18 7 10 6 4 5 9 2 31

La 51 38 52 24 85 68 19 24 12 10 21 16 93

Ce 104 75 93 58 204 153 28 27 15 9 33 39 161

Pr 13 n.a. 13 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Nd 56 50 53 38 86 79 8 11 8 6 19 22 104

Sm 8 n.a. 8 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Eu 2 n.a. 2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Gd 6 n.a. 7 n.a. 12 9 2 4 n.d. 1 n.d. n.a. n.a.

Dy 3 n.a. 4 n.a. 6 6 3 2 2 2 3 n.a. n.a.

Yb 2 n.a. 2 n.a. 3 3 1 2 2 1 1 n.a. n.a.

Cl 278 953 181 199 524 263 304 84 88 77 98 21 206

n.a.– not ana lysed, n.d. – not de tected, Fe2O3* – to tal iron



ment con tent is Zr 1149 ppm and Y 119 ppm, while the
com pat i ble that of Cr, Co, Ni is 1, 4, and 6 ppm, re spec -
tively. The at tempts at ana lys ing devitrified glass of other
sam ples gave scat tered re sults. For ex am ple, in Belweder
sam ple (BEL-1) devitrification led to sig nif i cant en rich ment 
in SiO2 to 92 wt. % and de ple tion in all other el e ments.

DIS CUS SION

Vol ca nic rocks have re corded the in for ma tion on their
evo lu tion. Their com po nents, struc tures and tex tures can re -
veal their source (e.g., from xe no liths), but usu ally are able
to track their evo lu tion from the be gin ning of the crysta-
llisation to so lid i fi ca tion. The type of vol ca nic ed i fices, lava 
flows, and the re la tion ship within vol cano-sed i men tary se -
quences can shed light on its erup tive his tory. Their geo -
chem is try of ten al lows one to for mu late hy poth e ses on
geotectonic set ting of pa ren tal magma gen er a tion. The fol -
low ing sections are planned to discuss these issues.

Evo lu tion of magma

The ba saltic trachyandesites from the Kraków area con -
tain neither xe no liths nor xeno crysts. The crys tals of olivi-
nes have fairly too fayalitic (Fo40-58) com po si tion to rep re -
sent man tle xeno crysts. The ol iv ine of Fo88–92, would be a
good can di date for a man tle source (Carmichael, 2002).
More over, the ol iv ine crys tals have fre quently skel e tal
forms, clearly in di cat ing their or i gin from quickly quench -
ing magma. Thus, the rock min eral as sem blage bears clear
ev i dence of mag matic or i gin. The first re cord of the magma
evo lu tion co mes from the fayalitic ol iv ine pheno crysts con -

tain ing rare Cr-ulvöspinel and ubiq ui tous il men ite in clu -
sions. The co-crystallisation of il men ite with fayalitic ol iv -
ine would mark the crystallisation from sil ica-sat u rated melt 
or less likely the equil i bra tion of the melt with sil ica-sat u -
rated rocks in the source (Frost et al., 1988; Lange &
Carmichael, 1996).

Di ver sity of crys tal sizes in vol ca nic rocks re veals that
dif fer ent crys tal-size pop u la tions formed un der vary ing
con di tions, that is par tic u larly at dif fer ent tem per a tures and
pres sures. The in ves ti gated rocks con tain small amounts of
pheno crysts, abun dant microphenocrysts of the ground-
mass, and tiny crys tals and glass in the in ter stices (Rospon-
dek et al., 2004). Such a struc ture sug gests the evo lu tion of
the rock in three stages (Lewandowska et al., 2008). The
first stage pre sum ably rep re sents slow cool ing in a magma
cham ber prior to magma as cent, the sec ond rapid de com -
pres sion and con cur rent cool ing on as cent and erup tion,
while the last one – post-erup tive cool ing. Con se quently, a
model of three stages of the evo lu tion of crys tal-liq uid sys -
tem was ver i fied for the Simota SIM-1 ba saltic trachy-an
desite com po si tion at fO2 £ MH (mag ne tite-he ma tite) buffer 
us ing the MELTS pro gram (Ghiorso & Sack, 1995). Such
an ox y gen fugacity value was ten ta tively as sumed bas ing on 
the pres ence of Fe-Ti ox ides and Ca-rich augite. The pro -
gram pre dicts at each stage the com po si tion and pro por tion
of liq uid and solid phases that are sta ble at each in cre ment
of cool ing or de com pres sion for melt com po si tions, rang ing 
from po tas sium ankaratrites to rhyolites, over the tem per a -
ture range 900°–1700° C and pres sures up to 40 kbar. The
type of min eral as sem blage and tex ture of the ba saltic
trachyandesites can be mod elled only when as sum ing sig -
nif i cant ini tial wa ter con tent in the melt (Lewandowska et
al., 2008). “Sev eral stud ies of ex per i men tal phase equi lib ria 
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Ta ble 2

Rep re sen ta tive point anal y ses of the in ter sti tial glass from the Simota Val ley (SIM-1)

Analytical
point

SiO2 TiO2 Al2O3 Fe2O3* MnO MgO CaO Na2O K2O P2O5 Cl

EDS

1 76.05 1.79 12.74 1.24 0.06 0.14 1.33 2.33 3.94 0.25 0.13

1a 75.06 1.62 13.37 1.19 0.02 0.26 1.93 2.35 3.85 0.29 0.06

2 75.50 1.68 12.53 1.98 bdl 0.05 0.45 2.71 4.63 0.31 0.15

2a 75.80 1.57 12.72 1.67 0.1 0.17 0.41 3.08 4.12 0.25 0.1

3 75.53 1.95 12.49 1.45 bdl 0.18 0.41 3.29 4.28 0.26 0.16

3a 77.47 1.65 12.40 1.3 0.08 0.18 0.34 2.44 3.76 0.26 0.13

3b 76.77 1.91 12.37 1.24 0.07 0.01 0.38 2.15 4.62 0.30 0.17

10 75.45 1.65 12.73 1.62 bdl 0.20 0.42 2.89 4.54 0.32 0.19

14 74.61 1.76 13.39 1.29 bdl 0.16 0.53 2.85 4.88 0.35 0.18

11 75.36 1.46 12.71 1.6 0.15 0.32 1.11 2.62 4.17 0.37 0.13

12 75.63 1.46 12.87 1.54 0.19 0.12 0.27 2.88 4.39 0.53 0.13

13 77.26 1.39 12.31 1.42 0.03 0.07 0.69 2.49 4.10 0.08 0.15

WDS

a 72.75 1.58 13.68 0.52 bdl 0.03 0.37 1.70 4.53 bdl 0.27

b 73.33 1.73 13.21 0.65 bdl bdl 0.26 1.24 4.14 bdl 0.18

bdl – be low de tec tion limit, Fe2O3* – to tal iron



on such lavas re late wa ter con cen tra tion to the phenocryst
as sem blages and to the de gree of crystallinity, so that the
abun dance, com po si tion and va ri ety of pheno crysts can be
used to con strain the amount of wa ter dis solved in the
magma” (Carmichael, 2002, p. 641). The ex per i ments have
come along with the MELTS sim u la tions (Ghiorso & Sack,

1995). Only when magma con tains over 2 wt. % of wa ter,
ol iv ine does start to crys tal lize first at ca. 1080°C and mod -
er ate pres sure 1–2 kbar and it is joined by spinel and
plagioclase at some what lower tem per a tures. The liquidus
tem per a ture is sim i lar to that found for other compositional
va ri ety of ba saltic andesites (Sission & Grove, 1993). The
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Fig. 8. Harker-type di a grams show ing compositional vari a tions of the volcanics from the Nieporaz–Brod³a graben, rock anal y ses by
Czerny and Muszyñski (1997, 1998) and Chocyk (1989) are in cluded, sym bols like in Fig. 7



nu cle ation of plagioclase starts be fore wa ter exsolution be -
cause only sig nif i cant wa ter con tent sta bi lizes the
CaAl2Si2O8 com po nent of plagioclase (Housh & Luhr,
1991; Moore & Carmichael, 1998). Thus, the ob served lab -
ra dor ite core of microphenocrysts could be ex plained only
by as sum ing a pe riod of crystallisation at a rel a tively higher
wa ter pres sure (>1 kbar). Such pres sures oc cur in the up per

crust, where most mag mas in clud ing ba saltic trachyande-
sitic ones ap pear to re side prior to erup tions (Luhr, 1990;
Rutherford et al., 1985; Rutherford & Devine, 1988; Sission 
& Grove, 1993). The sec ond stage is char ac ter ised by de -
com pres sion re sult ing in rapid plagioclase and clino-
pyroxene crystallisation (Fig. 5A, B) due to wa ter exso-
lution, pre sum ably dur ing magma as cent and erup tion. The
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wa ter is mostly lost to the con duit or to the rocks sur round -
ing it, and its small frac tion also re acts with the ol iv ine to
form iddingsite at oxidizing con di tions (e.g., Furgal &
McMillan, 2001). The iddingsite for ma tion, how ever, can -
not be ver i fied by the mod el ling due to the lack of the ther -
mo dy namic data. At this stage, the magma crystallinity
reaches the eruptibility limit of ca. 50% (e.g., Carmichael,
2002). At the fi nal low-pres sure and low-tem per a ture stage
the plagioclase con tin ues to grow. The plagioclase rims be -
come com posed of K-feld spar, which also rarely forms sep -
a rate tiny crys tals in the in ter stices (Fig. 5A, B). This ob ser -
va tion is con sis tent with find ing of such rims in re cent
shoshonites (e.g., Nicholls & Carmichael, 1969) and in di -
cates that the K-feld spar is a pri mary mag matic phase. Other 
crystallising min er als are nee dle-like ap a tite, rhm-ox ides
(il men ite) and spinel. Sev eral per cent of the re main ing melt
reaches high-K-rhyolitic com po si tion and is quenched to
glass in the in ter stices. Only in subvolcanic rocks from
NiedŸwiedzia Góra, the crystallisation ad vances fur ther on,
lead ing to quartz for ma tion in the in ter stices. The par tial
re-equil i bra tion at very shal low depths re sults in the for ma -
tion of the orthopyroxene co ro nas around augites. Ortho-
py rox enes are not ob served in the rap idly quenched lava
flows. For ba saltic trachyandesite mag mas the orthopyro-
xene is sta ble at low pres sure only. On the other hand, the
high pres sure crystallisation may be re corded in the Zagacie 
sam ple by the as sem blage con tain ing hornblende, which is
not sta ble be low ca. 1 kbar re flect ing pri mary wa ter con tent
of ca. 4.0 wt. % (e.g., Carmichael, 2002). All these sug gest
that the mag mas were gen er ated from a source con tain ing a
hy drous phase com po nent (i.e., phlogopite or am phi bole).
In fact, par tial melt ing of am phi bo lite can pro duce melt of
the andesitic and ba saltic an de site com po si tion (Carmi-
chael, 2002).

The com pat i bil ity of the mod elled min eral as sem blages
and the ba saltic trachyandesite min eral com po si tion (for
modal com po si tion see Ta ble 1 in Rospondek et al., 2004)

shows that the pro posed sce nario de scribes well the for ma -
tion of these rocks in na ture from the liquidus stage in a
magma cham ber, through magma as cent, up to the so lid i fi -
ca tion at the sur face. The pro posed evo lu tion also at tests
that the po tas sium metasomatism is a con se quence of the
wa ter exsolution si mul ta neous with residual melt en rich-
ment in potassium.

Type of vol ca nic ac tiv ity

In the Nieporaz–Brod³a graben, three out crop ping ba -
saltic trachyandesite lava flows con tain volcaniclastic in ter -
ca la tions, mainly frame work-sup ported brec cias with red
siltstone ma trix. The same type of siltstone also fills fis sure
reach ing down into the un der ly ing lava flows. The na ture of 
these volcaniclastic rocks was not clear.

Some volcaniclastic brec cias were in ter preted by Cho-
cyk (1990) as a re sult of sub-ae rial fall out tephra: lapillites
and ag glom er ates, al though in the course of our field stud ies 
such rocks were not found. The ob served brec cias con tain
an gu lar, both mas sive and scoriaceous rubbles and no ev i -
dence of bal lis tic bombs im pacts was re corded in the lam i -
nated fine-grained sed i ments. Spin dle bombs were not
found ei ther. In stead, the geo chem i cal and petrographic
sim i lar ity of the blocks in the brec cias to the un der ly ing ba -
saltic trachyandesite flows sug gests that the rocks are
autoclastic brec cias associated with a-a lava flows.

The siltstones have high-K rhyolitic com po si tion (Fig.
7B) and con tain an ad mix ture of pyromorphic min eral clasts 
in clay ma trix (Fig. 5E). The clay frac tion con sists of
mixed-lay ered illite/smectite min er als, which were formed
from devitrification of fel sic vol ca nic glass (Chocyk, 1989,
1990). This was in ter preted by Chocyk (1989, 1990) as the
ev i dence in di cat ing the or i gin of a sig nif i cant ma trix com -
po nent from nearby rhyolitic vol ca noes pro duc ing tephra.
The tephra was pos si bly trans ported by ae olian-flu vial pro -
cesses to the site of the ba saltic trachyandesite erup tion and
de pos ited there. Such a weath ered tephra com po nent can be
po ten tially de tected based on its geo chem is try. How ever, a
closer in spec tion of the clas si fi ca tion (Fig. 7) and the Harker-
type di a grams (Fig. 8) of the Nieporaz–Brod³a volcanics
shows that the ma trix geo chem is try is re lated nei ther to the
Zalas nor Miêkinia or Dêbnik rhyodacites. Al though the
con tent of in com pat i ble el e ments such as Zr and Y are in the 
same range in the ma trix and in the rhyodacites, the high
con cen tra tion of com pat i ble el e ments like Cr, Co and Ni
sug gests the im por tance of a com po nent formed from ba -
saltic trachyandesite weath er ing. Geo chem i cal re la tion be -
tween the ba saltic trachyandesites and siltstones is in di cated 
by sim i lar trace el e ment ra tios (Fig. 9) on the Zr/TiO2 vs.
Nb/Y dis crim i na tion plot (Winchester & Floyd, 1977). The
use of the high field strength el e ments should sig nif i cantly
re duce the in flu ence of late pro cesses on the chem is try of
volcaniclastics. The dif fer ences in the SiO2, Al2O3 and
Na2O con tent are not re li able in di ca tors be cause they might
be at trib uted to weath er ing. The data of siltstone com po si -
tion plot at the junc tion of the an de site and trachy- an de site
fields, close to those of some of the lava flows. It is intere-
sting that the in ter sti tial glass also plots in the trachyande-
site field de spite its high-K rhyolitic com po si tion (Fig. 9).
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Fig. 9. The com par i son of chem is try of the volcanics from the
Nieporaz–Brod³a graben on the Nb/Y– Zr/TiO2 dis crim i na tion di -
a gram (Winchester & Floyd, 1977); rock anal y ses by Czerny and
Muszyñski (1997, 1998) and Chocyk (1989) are also in cluded,
sym bols like in Fig. 7



It can also be noted that the high-K rhyolitic siltstones
plot in the same area as the in ter sti tial high-K rhyolitic glass
of ba saltic trachyandesites (Fig. 7 and Ta ble 2). The sil ica
con tent is in the same range. How ever, the Harker-type di a -
grams (Fig. 8) clearly dem on strate that the volcaniclastic
ma trix does not con tain dif fer en ti a tion prod ucts of frac -
tional crystallisation of the ba saltic trachyandesite magma.

The geo chem i cal data are sup ple mented by pe trog ra phy 
of the siltstones. The siltstones con tain sig nif i cant pro por -
tion of grains de rived form weath er ing of crustal rocks, in -
clud ing white micas in di cat ing ad mix ture of terrigenic ma -
te rial (Fot. 7E). The pyromorphic quartz grains also in di cate 
a small ad mix ture of rhyolitic tephra, which was ear lier sug -
gested by Chocyk (1990). Con sid er ing the oc cur rence of
hor i zon tal lam i na tion, good sort ing, as well as the pres ence
of quartz, al kali plagioclase and K-feld spar, ac com pa nied
by light and dark mica grains within clay ma trix, the
siltstones are in ter preted as ae olian-flu vial sed i ments. The
de po si tion con sisted in grav i ta tional fill ing of intra-clast
spaces. The com po si tion of terrigenic com po nent cor re -
sponds to that of coun try rocks, rep re sented by arkosic
sand stones. The weath er ing and the oc cur rence of ad he sive
rims around brec cia clasts (Fig. 5F) re flect palaeosoil for -
ma tion (Chocyk, 1990). In turn, this re veals that the ef fu -
sions of lava must have been sep a rated by pe ri ods of qui es -
cence be tween erup tions, prob a bly re cord ing a time span of
some thou sands of years. Such a time span be tween the for -
ma tions of the ma jor lava flows is re cog nised for ex am ple
for the Ho lo cene ba saltic an de site vol ca nism in pull-apart
bas ins of the Ar me nian high land (Karakhanian et al., 2002). 
The bas ins there have been formed due to trans for ma tion of
strike-slip dextral mo tion along the ma jor in ter con ti nen tal
Pambak–Sevan–Sunik fault into lo cal ex ten sion ac com pa -
nied by sub si dence (Philip et al., 2001). The Sunik ba sin is
filled with a thick fel sic and ba saltic an de site lava se quence
of the Neo gene to Pleis to cene age. Vol ca nic vents in such a
tec tonic re gime, can be also re lated to tail-cracks and horse -
tail-cracks (ter mi na tions of strike slip faults) or re leas ing
bends along strike-slip faults (e.g., AdÏyaman et al., 1998;
Dhont et al., 1998). The Ho lo cene ba saltic an de site lavas
flowed from an ar ray of monogenetic vol ca noes lo cated
along the ba sin flank. Three lava gen er a tions are in ter ca -
lated by soils and ho ri zons con tain ing Eneolithic cul ture ob -
jects used to date the flows (Karakhanian et al., 2002).

In the S³awków and Nieporaz–Brod³a ba sin, the erup -
tion cen tres have not been iden ti fied. How ever, at the base
of the vol ca nic se quence in Simota Val ley, the sam ple
(SIM-1) rep re sents a thick rock body show ing mas sive tex -
ture. Its po si tion be low platy lavas as well as coarser crysta-
llinity sug gests it to be a subvolcanic rock. The whole-rock
geo chem is try also re sem bles that of all other subvolcanic
rocks (see para graph: Tec tonic set ting). How ever, in the
Simota ba saltic trachyandesite, the orthopyroxene re ac tion
co ro nas around clinopyroxene crys tals are lack ing, con trary 
to those ob served in the NadŸwiedzia Góra sill. This fea ture
in di cates its crystallisation at shal lower depths. The com -
par i son of plagioclase microphenocryst sizes be tween the
stud ied ba saltic trachyandesites and ba salt crys tal lised in a
lava lake (Ev ans & Moor, 1968), roughly sug gests their
crystallisation at a depth of sev eral metres (Fig. 6). Thus,

the Simota sam ple could have crys tal lised in a lava lake.
Rocks crys tal lised in lava lakes con tain zones in which in -
ter sti tial glass is well pre served (Ev ans & Moore, 1968), re -
sem bling the fea ture ob served in the Simota ba saltic
trachyandesite. They usu ally form mas sive rock bod ies pre -
vent ing in ter sti tial glass from wa ter pen e tra tion and weath -
er ing, contrary to platy lavas, which can be easily penetrated 
by meteoric waters.

The Miêkinia ba saltic trachyandesite shares com mon
geo chem i cal fea tures with other subvolcanic rocks in the
stud ied area, namely the mag ni tudes of Sr, and Eu, as well
as Ti and Nb anom a lies; there fore, its lithostratigrafic value
(Oberc & Parachoniak, 1962; Zaj¹czkowski, 1972) is ques -
tion able and re quires more study. Pi o neer ing geo log i cal
map ping was based on ob ser va tions from the in ves ti ga tion
pits (Zaj¹czkowski, 1972), whereas now the rock out crop is
lim ited to the black variety studied here.

Geotectonic set ting

Dis crim i na tion di a grams have been fre quently used to
iden tify the tec tonic set ting of an cient and re cent ig ne ous
rocks (Pearce & Norry, 1979; Thomson & Flower, 1986;
Benek et al., 1996; Carmichael et al., 1996; Gorton &
Schandl, 2000). They are based on the ob ser va tion that the
con cen tra tions and ra tios of el e ments in mag mas dif fer sig -
nif i cantly de pend ing on the tec tonic set ting of magma
source. Of spe cial in ter est are high field-strength el e ments
(HFSE) like Ti, Nb, Ta, Zr, Y, Th and U, hav ing high
charge to ra dius ra tio. The HFSE are usu ally un af fected by
metasomatic al ter ations, a fea ture not to be ig nored in a
study of the vol ca nic se ries ca. 300 Ma old. In the vol ca nic
arcs HFSE and HREE are left in subducted slab, whereas
LILE and LREE are in cor po rated into subduction gen er ated 
mag mas by melt ing or by scav eng ing of el e ments by flu ids
from the man tle wedge (e.g., Tatsumi et al., 1995; Niu &
O’Hara, 2009).

Zr ver sus Zr/Y di a gram. The di a gram Zr ver sus Zr/Y
ra tio has been pro posed to dif fer en ti ate bas alts con tain ing
up to 52 wt. % SiO2 be tween the mid-ocean ridge bas alts
(MORB), within-plate ba salt (WPB) and is land arc bas alts
(IAB) (Pearce & Norry, 1979). The dif fer ence in Zr/Y ra tio
be tween MORB and WPB was ex plained by magma source
heterogeneities, whereas the Zr de crease in IAB rel a tively
to MORB and WPB is the ex pres sion of a higher de gree of
par tial melt ing be neath is land arcs. It is the re sult of low er -
ing of the man tle sol i dus, caused by the in tro duc tion of wa -
ter into the is land arc source re gion from subducted oce anic
litho sphere (Pearce & Norry, 1979). Due to high Zr and
Zr/Y ra tio, the Nieporaz–Brod³a ba saltic trachyandesites
plot within the WPB field (Fig. 10A). How ever, the re sults
should be treated with cau tion, be cause the SiO2 con tent of
the stud ied rocks is be tween 51 and 55 wt. %, which is
higher than the range orig i nally used in this di a gram. As ev -
i denced by the same Zr/Y ra tio (ca. 10) in the re sid ual glass
of the ba saltic trachyandesite SIM-1 (Fig. 10A), frac tional
crystallisation does not change the Zr/Y ra tio up to 76 wt. % 
of SiO2, and in deed the Zr/Y ra tio is ca pa ble of pre serv ing
the magma source char ac ter is tics up to the late stages of
magma dif fer en ti a tion. The same would hold for vari able
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de gree of par tial melt ing. On the other hand, a prog ress of
the frac tional crystallisation in creases sig nif i cantly the Zr
con cen tra tions, for ex am ple in the sam ple SIM-1 it in -
creases from 365 ppm in the bulk rock up to 1150 ppm in
the re sid ual glass. Con clud ing, dif fer ent de gree of frac tional 
crystallisation or of par tial melt ing re sults only in a hor i zon -
tal shift of the pro jec tion points in the Zr vs. Zr/Y di a gram,
leav ing un changed the Zr/Y ra tio for vari able SiO2 con tent.
There fore, the use of this di a gram in the case of ba saltic
trachyandesites is fully jus ti fied.

Yb ver sus Th/Ta di a gram. All HFSE ex cept Th be -
have in very sim i lar way in a given tec tonic set ting. De spite

a low sol u bil ity of Th in subduction flu ids, its con cen tra tion
in creases with re spect to other HFSE (e.g., Ta) in is land arcs 
com pared to within-plate rocks. This phe nom e non is ex -
plained by Th der i va tion from sed i ments of the subducted
slab, lead ing to a higher Th/Ta ra tio in arc mag mas, com -
pared to those orig i nat ing from within-plate set ting (Gorton
& Schandl, 2000). The di a gram Yb ver sus Th/Ta ra tio has
been pro posed to dif fer en ti ate the WPB and MORB from
within-plate vol ca nic zone (WPVZ) mag mas, and those
formed at ac tive con ti nen tal mar gins (ACM) and oce anic
arc (OA). The Nieporaz–Brod³a ba saltic trachyandesites
scat ter within the WPVZ and ACM fields (Fig. 10B). As in -
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Fig. 10. The Nieporaz–Brod³a vol ca nic se ries plot ted on the tec tonic set ting dis crim i na tion di a grams: (A) Zr/Y ver sus Zr di a gram for
non-cu mu late bas alts (Pearce & Norry, 1979); (B) Th/Ta ver sus Yb di a gram for fel sic and in ter me di ate vol ca nic rocks (Gorton & Schandl, 
2000); WPVZ – within plate vol ca nic zone, MORB – mid-ocean ridge bas alts; VPB – within-plate bas alts; (C) Nb/U ver sus Nb di a gram;
LCC – lower, MCC – mid dle and UCC – up per con ti nen tal crust (Rudnick & Gao, 2003), other ref er ence data are from Carmichael et al.
(1996); (D) Nb ver sus Zr for potassic and ultrapotassic rocks with SiO2 < 60% (Thomson & Flower, 1986). Rock anal y ses by Czerny and
Muszyñski (1997, 1998) are also in cluded, sym bols like in Fig. 7



di cated by the po si tion of the glass on the plot, the frac tional 
crystallisation of ba saltic trachyandesite min eral as sem -
blage or par tial melt ing is not in flu enc ing such a po si tion
(Fig. 10B). The ba saltic trachyandesites po si tion can be ex -
plained by the in flu ence of crustal com po nents on their
source.

Nb ver sus Nb/U di a gram. This con clu sion is sup -
ported by the po si tion of the ba saltic trachyandesite plots on 
the Nb ver sus Nb/U di a gram. The gen eral geo chem i cal data
plot ted there are from Carmichael et al. (1996). The sam ples 
form an ar ray be tween oce anic is land ba salt (OIB) and
crustal val ues. The av er age Nb/U value in these rocks is
about 25, rang ing from 15 to 45, ex cept the Regulice out lier
sam ple with Nb/U ~10 (U con cen tra tions from Czerny &
Muszyñski, 1998). The rel a tive de ple tion in Nb or en rich -
ment in U in re spect to MORB and most of OIBs mag mas is
clear from Fig. 10C. In turn, many ba saltic trachyandesites
have higher Nb/U ra tios than the av er age con ti nen tal crust
(Fig. 10C). The av er age Nb/U ra tios of the lower and up per
con ti nen tal crusts are 20 and 9, re spec tively (Tay lor &
McLennan, 1985), whereas Nb/U is 47±10 for both
MORBs and OIBs (Hofmann et al., 1986; Sims & DePaolo,
1997). The po si tion of the Nieporaz–Brod³a ba saltic trachy- 
an de site plots be tween OIB and crustal fields sug gests the
magma gen er a tion from en riched man tle source with vary -
ing amount of crustal com po nent. The sig nif i cant crustal
com po nent sig na ture is ob served in subvolcanics from

Zagacie (ZAGAC391) and Wielkie Drogi (WD230), while
less evolved are Simota (SIM-1) and NiedŸwiedzia Góra
rocks (Fig. 10C). In turn, the rhyodacites and lam pro phyres
fall in or close to the crustal field re veal ing their anatectic
or i gin from rocks of the up per/mid dle con ti nen tal crust
com po si tion (Fig. 10C). The con ti nen tal crust com po si tions
are ac cord ing to Rudnick and Gao (2003). This is in agree -
ment with the sug ges tion by S³aby et al. (2009) that the
mag mas were gen er ated from two dif fer ent sources: crust
and en riched lithospheric man tle. For a man tle source, it is a 
re quire ment for any magma at equi lib rium that the ac tiv ity
of sil ica in the magma has to match that de fined by the ol iv -
ine and orthopyroxene as sem blage of the source re gion
(Carmichael, 2002). Con sis tent with a man tle source would
be the forsteritic com po si tion (Fo88–92) of the ol iv ine
pheno crysts (Carmichael, 2002). How ever, all the stud ied
ba saltic trachyandesites have fayalitic ol iv ine on their
liquidus, low MgO (<5 wt. %), and low com pat i ble el e ment
Cr (63–148 ppm), and Ni (45–84 ppm) con cen tra tions (Ta -
ble 1), the fea tures char ac ter is tic for evolved mag mas.

Nb ver sus Zr di a gram. Nb ver sus Zr is thought to dis -
tin guish be tween subduction-re lated and postcollisional set -
tings and those as so ci ated with con ti nen tal ex ten sion, re -
mote from subduction in space and time (Pearce & Norry,
1979). The low Nb con tent sug gests strong re la tion of the
Nieporaz–Brod³a rocks to subduction set ting (Fig. 10D).
Sim i lar geo chem i cal af fin ity of the Up per Car bon if er ous/
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Fig. 11. Prim i tive man tle-nor mal ized rare earth el e ment (REE) di a gram for the Nieporaz–Brod³a ba saltic trachyandesites plot ted to -
gether with the Zalas rhyodacite. Val ues for prim i tive man tle are from McDonough and Sun (1995). All the rocks have strong LREE en -
rich ment rel a tive to HREE im ply ing crustal or en riched man tle af fin ity. Rock anal y ses from Czerny and Muszyñski (1997) are also
in cluded, sym bols as in Fig. 7 with the ex cep tion of Su³oszowa (SUL257), Zagacie (ZAGAC391) and Wielkie Drogi (WD 230)



Perm ian volcanics from the Saar–Nahe Ba sin (Ger many)
led to a sug ges tion (Schmidberger & Hegner, 1999) that the
Early Car bon if er ous (340–325 Ma) plate subduction con tin -
ued up to Early Perm ian (ca. 300 Ma). How ever, such af fin -
ity of the mag matic rocks of Halle Vol ca nic Com plex (dated 
at 307–294 Ma) was ques tioned as an ev i dence for ac tive
subduction due to geo log i cal data in di cat ing crustal ex ten -
sion and rift set ting (Romer et al., 2001).

Sum ming up, in the Kraków area, the dis crim i na tion di -
a grams like those in Fig. 10A –D and oth ers not shown here, 
are un able to la bel the tec tonic po si tion of the mag matic ac -
tiv ity as un der stood in a sim plis tic way. The re sult ing set -
tings range from within-plate (Fig. 10A), through tran si -
tional be tween within-plate and ac tive con ti nen tal mar gins
(Fig. 10B), subduction-re lated zones (Fig. 10D) or gen er -
ally sug gest ing in volve ment of a crustal com po nent (Fig.
10C). Such a re sult is not sur pris ing, be cause mo bile belts
are long-lived de for ma tion zones, com posed of an en sem ble 
of vary ing crustal frag ments, dis trib uted over hun dreds of
kilo metres in side con ti nen tal con ver gent mar gins. The Late
Car bon if er ous–Early Perm ian Eu ro pean mag matic prov ince 
rep re sents an ex am ple of such tec tonic set tings: the re gion is 
com posed of a mo saic of microplates that moved and de -
formed in the over all plate con ver gence re gime dur ing the
Variscan orog eny (Kalvoda et al., 2008). 

REE spi der di a gram. In this con text, more prom is ing
seems to be ana lys ing the vari a tions of the en tire spec trum
of el e ments re lay ing on an in ter nally co her ent ap proach by
com par ing the stud ied rock trace el e ment abun dances to
those of prim i tive man tle (Fig. 11). Such an ap proach (e.g.,
Niu & O’Hara, 2009) is based on the fact that the ex cesses
of Eu, Sr, Nb, Ta and Ti in the de pleted MORB man tle
(DMM) com ple ment the well-known de fi cien cies of these
el e ments in the bulk con ti nen tal crust (BCC). Par tial melt -
ing of am phi bo lite of MORB protolith dur ing con ti nen tal
col li sion would lead to andesitic melts show ing a re mark -
able sim i lar ity to the com po si tion of BCC. Min eral com po -
si tion of such am phi bo lite de ter mines small but sig nif i cant
neg a tive Eu and Sr anom a lies (abun dant plagioclase), ac -
com pa nied by mod er ate Ti and high neg a tive Nb and Ta
anom a lies (il men ite) (Niu & O’Hara, 2009).

The needed nu mer i cal val ues, for ex am ple for the eu ro -
pium anom aly (Eu/Eu*) could be quan ti fied by com par ing
the mea sured Eu (ppm) con cen tra tion with an ex pected Eu*
con cen tra tion ob tained by in ter po lat ing the nor mal ized val -
ues from Sm and Nd, that is Eu/Eu*=2Eu/(Sm + Gd). Sim i -
larly, the stron tium anom aly (Sr/Sr*) can be cal cu lated as
Sr/Sr*=2Sr/(Pr + Nd). The fact that the bulk par ti tion co ef -
fi cient dur ing MORB man tle melt ing DNb » DTh, DTa » DU, 
DTi » DSm al lows to cal cu late nu mer i cal val ues of the Nb,
Ta and Ti anom a lies. For ex am ple, the Nb anom aly is a ra tio 
of the mea sured and nor mal ized con cen tra tion of Nb to Th
(Nb/Th) (Niu & O’Hara, 2009). All the data were nor mal -
ized to prim i tive man tle val ues (McDonough & Sun, 1995).

In the set of the data of the ana lysed sam ples and those
from Czerny and Muszyñski (1997), small Sr/Sr* » 0.8 and
sig nif i cant Sr/Sr* » 0.5 neg a tive anom aly is noted in lavas
and subvolcanic rocks, re spec tively. It is in ter est ing that the
Eu/Eu* anom aly is ab sent or very weak (Eu/Eu* »  0.9–
1.0). More over, the sig nif i cant neg a tive Nb (Nb/Th » 0.3)

and Ta (Ta/U » 0.3) anom a lies are ob served in all the lavas
and the subvolcanic Zagacie and Wielkie Drogi rocks.
Other subvolcanic rocks show very small neg a tive Nb
(Nb/Th » 0.9) and pos i tive Ta (Ta/U » 1.1) anom a lies.
These anom a lies are ac com pa nied by sig nif i cant neg a tive
Ti (Ti/Sm » 0.3) anom aly in all the rocks. The REE pat terns
of the stud ied rocks are steep, show ing more than ten-fold
LREE to HREE en rich ment (Fig. 11). This pat tern is char -
ac ter is tic for the en riched source. The high La to Yb ra tio
(La/Yb » 10) is com pa ra ble to that ob served in bulk con ti -
nen tal crust, in di cat ing a high de gree of evo lu tion of the
stud ied rocks. The en rich ment is higher in the lavas (La/Yb
» 11–20), com pared to the subvolcanic equiv a lents (La/Yb
» 8–12).

Both Sr/Sr* and Eu/Eu* anom a lies are con trolled by
plagioclase crystallisation but Eu/Eu* anom aly de pends on
oxi dis ing con di tions. Dur ing magma frac tion ation in oxi dis -
ing con di tions, Eu3+ be haves dif fer ently than Sr2+ what
would re sult in Sr/Sr* neg a tive and ab sence of Eu/Eu*
anomaly.

Al ter na tively, the crystallisation of plagioclase in redu-
cing con di tions would lead to both Sr/Sr* and Eu/Eu* neg a -
tive anom a lies in the melt. Due to the fact that am phi bole
(but also gar net or orthopyroxene) con trols the Eu/Eu* ano-
maly in the op po site sense to that of plagioclase (e.g., Rol-
linson, 1993), the pres ence of, e.g. am phi bole re tain ing in
the source is re quired to com pen sate the Eu/Eu* anomaly.

In lavas, the LREE en rich ment rel a tive to HREE is
higher than in the subvolcanic rocks from NiedŸwiedzia
Góra, Simota and Miêkinia (steeper line in Fig. 11 for lavas).
The dif fer ence was sug gested to be a re sult of magma mix ing 
(Czerny & Muszyñski, 1997). How ever, higher Sr/Sr* and
Eu/Eu* anom a lies in the rocks from Simota, Miêkinia and
NiedŸwiedzia Góra than in lavas, could be ex plained by
plagioclase frac tion ation, whereas higher Nb, Ta and Ti
anom a lies in lavas could be at trib uted to Fe-Ti ox ide frac -
tion ation. Both pro cesses lead ing to these anom a lies de pend 
on wa ter con tent in the magma. High wa ter con tent evokes
Fe-Ti ox ide crys tal li za tion but is sup press ing plagioclase
pre cip i ta tion, while de gas sing pro motes plagioclase crys tal -
li za tion (Sisson & Grove, 1993). In the Simota, Miêkinia
and NiedŸwiedzia Góra mag mas, wa ter was re moved from
the sys tem, caus ing plagioclase crystallisation and frac tion -
ation. In lavas the wa ter con tent was higher, sup press ing
early plagioclase crystallisation, thus en hanc ing ef fu sion.
Wa ter pres sure of 2 kbar is usu ally suf fi cient to de lay
plagioclase crystallisation and en hance Te, Fi-ox ide
crystallisation (Sisson & Grove, 1993; Carmichael, 2002).
Crystallising hy drous liq uid fol lows the clas sic calc-al ka -
line dif fer en ti a tion trend with lit tle fractination of sil i cate
min er als (Fig. 8).

The neg a tive Nb, Ta, Ti anom a lies and steep REE pat -
tern due to high LREE and low HREE con tent in the stud ied 
sam ples (Fig. 11) sug gest po ten tial subduction-re lated set -
ting or subduction-re lated metasomatism. How ever, the sig -
nif i cant neg a tive Sr anom aly con tra dicts di rect in volve ment 
of subduction in ac tive con ti nen tal mar gin set ting. The
over all rock geo chem is try re sem bles that of the re cent post-
collisional potassic vol ca nism in Ti bet (Wil liams et al.,
2004). The mag matic ac tiv ity in the Nieporaz–Brod³a gra-
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ben clearly post dates Variscan orog eny in the sense of the
ac tive oce anic slab subduction, but as strongly sug gested by 
the vol ca nic rock geo chem is try and high magma wa ter con -
tent, must be re lated to slab de tach ment as the nat u ral last
stage in the grav i ta tional set tling of subducted litho sphere in 
a ter mi nal stage of subduction. The orogen re struc tur ing oc -
curred by trans for ma tion of dextral strike-slip move ment
along the Ham burg–Kraków–Dobrogea Fault Zone into
crustal ex ten sion. Nev er the less, an un equiv o cal clas si fi ca -
tion of geodynamic con text is dif fi cult even for re cent vol -
ca nism in most of the stud ied vol ca nic ar eas (e.g., Lange &
Carmichael, 1991); there fore, the con clu sions on Stepha-
nian/Early Perm ian vol ca nism shall be drawn only af ter def -
i nite palaeo geo graphi cal re con struc tion of the south ern
Brunovistulian–Moesian–Istambul/Zonguldac terrane mar -
gin in the Perm ian is com pleted (Üstaömer & Rob ert son,
1993; Rob ert son et al., 2004; Paszkowski et al., 2007;
Kalvoda et al., 2008).

SUM MARY

The Kraków area in south ern Po land is one of nu mer -
ous cen tres of the Stephanian–Early Perm ian ig ne ous ac tiv -
ity in Eu rope. In Po land, the NW–SE trending trans con ti -
nen tal dextral strike-slip Ham burg–Kraków–Dobrogea
fault sys tem con trolled the for ma tion of sed i men tary bas ins
and vol ca nic ac tiv ity. On the lo cal scale in the Kraków area, 
the fault ing re sulted in the for ma tion of NNE–SSW and
NWW–SEE trending strike-slip fault sys tems’, which
fringe horsts and grabens. The S³awków and Nieporaz–
Brod³a grabens for ma tion in the west was ac com pa nied by
the up lift of the Dêbnik anticline in the east. A deep ero sion
of the up lifted area brought up to the sur face a diabase sill
(NiedŸwiedzia Góra) and two rhyodacite in tru sions (Dêbnik 
and Zalas). Large size of the Dêbnik in tru sion is ev i denced
by ex ten sive con tact meta mor phism aureole, some hun-
dreds of meters thick.

Ero sional rem nants of the vol cano-sed i men tary suc ces -
sion oc cur in the S³awków and Nieporaz–Brod³a graben
sys tem, where the vari a tions of sed i men tary fa cies re veal
that tec tonic ac tiv ity was con tem po ra ne ous with the vol ca -
nism. The po si tion of the Miêkinia rhyodacite within the
sub sided area and over ly ing the fanglomerates sug gests that 
the rhyodacite represents a lava dome.

In the Nieporaz–Brod³a graben, three ba saltic trachyan- 
desite a-a lava flows with volcaniclastics reach ca. 150 m in
thick ness. The lava flows be come scoriaceous up wards with 
an gu lar scoriaceous rubbles form ing autoclastic brec cias at
the top. The brec cias are frame work-sup ported, com posed
of large lava blocks set in siltstone ma trix. The siltstones are 
in ter preted as ae olian-flu vial in ner tuffaceous sed i ments by
con sid er ing the oc cur rence of hor i zon tal lam i na tion, good
sort ing, as well as the pres ence of quartz (in clud ing pyro-
morphic) and K-feld spar ac com pa nied by light and dark
mica grains in clay ma trix. The weath er ing and the oc cur -
rence of ad he sive rims around brec cia clasts re flect palaeo-
soil for ma tion. Thus, the lava flows must have been sep a -
rated by pe ri ods of qui es cence, prob a bly re cord ing a time
span of some thou sands of years. The erup tions were ef fu -

sive, al though scoriaceous lavas and rubbles in di cate a rel a -
tively high vol a tile con tent of the lavas. The pri mary wa ter
con tent be fore erup tion had to be over 2 wt. %, be cause only 
when as sum ing such a wa ter con tent of ba saltic trachyande- 
site mag mas the ther mo dy namic crystallisation mod el ling
pre dicts well the type and or der of the crystallising phases,
and ad e quately re flects the nat u ral phenocryst com po si tion.
All erupted ba saltic trachyandesites had fayalitic ol iv ine
(plus Fe-Ti ox ides) on the liquidus, the first crystallising
phase due to wa ter sup pres sion of plagioclase crystallisation 
up to the up per crustal lev els. These were fol lowed by lab ra -
dor ite plagioclases sta bi lised by high wa ter pres sure. Af ter
adi a batic magma as cent from its source, such wa ter-rich
magma upon ap proach ing the sur face over-sat u rated and
exsolved aque ous fluid. Dur ing such a de com pres sion
stage, spinel, more sodic plagioclase, augite, il men ite, ap a -
tite and K-feld spar crys tal lised as well as the re main ing melt 
reached high-K rhyolitic com po si tion. Thus, the high po tas -
sium con tent of these volcanics is a pri mary fea ture re flect -
ing the source com po si tion and the way of magma evo lu tion 
and its con se quence was late ir reg u lar po tas sium metasoma- 
tism. This pro cess caused the re place ment of ol iv ine by
K-rich iddingsite and al ter ation of glass. How ever, some
rocks still con tain mi cro scop i cally iso tro pic ho mog e nous
in ter sti tial glass. This glass has high-K rhyolitic com po si -
tion and is strongly en riched in in com pat i ble trace el e ments
(e.g., Zr,Y) show ing that it rep re sents a highly frac tion ated
re sid ual melt frac tion of ba saltic trachyandesite magma.
Thus, the glass geochemistry can be used to trace the trend
of fractional crystallisation, indicating that co-occurring
high-K felsic rocks are not derived from the same magma.

The stud ied rocks form an uni form group in clud ing the
sam ples from Wielkie Drogi and Zagacie. They have calc-
al ka line to al ka line af fin ity and are me dium-K to high-K ba -
saltic andesites (or ba saltic trachyandesites), the ma jor ity of
which can be clas si fied as shoshonites due to ap pro pri ately
high K/Na ra tios. All these rocks have steep REE pat tern
with more than ten-fold en rich ment of LREE rel a tively to
HREE (La/Yb = 8–18). The REE pat tern and neg a tive Nb,
Ta and Ti anom a lies sug gest subduction-re lated char ac ter is -
tics, but the sig nif i cant neg a tive Sr/Sr* » 0.5–0.80 and the
de scribed geotectonic con text are not con sis tent with such
an en vi ron ment. The small Eu/Eu* » 0.9–1.0 and neg a tive
Sr/Sr* anom a lies sug gest melt ing of am phi bole in the
source and late frac tion ation of plagioclase. Il men ite re -
tained in the source or frac tion ated could be responsible for
negative Nb, Ti and Ta anomalies.

A close spa tial and tem po ral as so ci a tion of the vol ca -
nism and the ba sin for ma tion sug gest that strike-slip dextral
mo tion along the ma jor Ham burg–Kraków–Dobrogea fault
was trans formed into lo cal ex ten sion ac com pa nied by sub si -
dence, the fea tures which char ac ter ise a pull-apart basin
formation.

CON CLU SIONS

1. In the S³awków and Nieporaz–Brod³a bas ins, basal-
tic trachyandesite (BTA) lava flows rep re sent a-a lavas with 
thick autoclastic brec cias. The ma trix of the brec cias is com -
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posed of ae olian-flu vial siltstones con sist ing of weath er ing
prod ucts of BTA with an ad mix ture of re worked Stephanian 
ar kose and a mi nor fel sic tephra com po nent. The weath er -
ing of brec cias and the de vel op ment of palaeosoil ho ri zons
in di cate that the lava flows must have been sep a rated by
qui es cence pe ri ods last ing at least some thousands of years.

2. Three fi nal stages of magma evo lu tion are re corded
in the ba saltic trachyandesite pe trog ra phy. Their mod el ling
re veals that in the first stage fayalitic ol iv ine pheno crysts
fol lowed by spinel ap peared at the liquidus at shal low
crustal depths. The nu cle ation of lab ra dor ite core of
plagioclases started be fore wa ter exsolution. In the sec ond
rapid de com pres sion stage dur ing as cent in vol ca nic con -
duit, the BTA magma lost wa ter and con se quently more
sodic plagioclase to gether with spinel, augite, ap a tite and il -
men ite pre cip i tated. In this stage the eruptibility limit was
reached. The last stage, mark ing so lid i fi ca tion at the sur -
face, yields ap a tite, K-feld spar (of ten rim ming plagioclase)
and re sid ual glass. Such an evo lu tion can be mod elled only
by as sum ing sub stan tial wa ter con tent (over 2 wt. %) in the
BTA magma orig i nated from a source con tain ing hy drous
min eral phases (i.e., amphibole or phlogopite).

3. The shift of the trace el e ment con tent from bulk
BTA magma to the in ter sti tial glass com po si tion re veals the
trend of the BTA frac tional crystallisation (FC) and ev i -
dences that co-oc cur ring po tas sium rhyodacites can not be
the prod ucts of FC of the BTA magma, though clear spa tial
and tem po ral re la tion ship be tween both se ries in di cates
com mon pro cesses leading to magma generation.

4. The high po tas sium con tent of these BTA volcanics
is a pri mary fea ture re flect ing the magma source geo chem -
is try and the magma evo lu tion to ward high-K com po si tion,
and its con se quence was the later patchy po tas sium metaso-
matism re lated to wa ter exsolution dur ing the as cent of
magma to the surface.

5. The BTA are the prod ucts of crystallisation of
highly evolved magma, as ev i denced by the fayalitic com -
po si tion of the ol iv ine pheno crysts and bulk rock low MgO
(<5 wt. %), Cr and Ni con tent. The in ter me di ate calc-al ka -
line to al ka line af fin ity of BTA, high-K con tent, sig nif i cant
LREE vs. HREE en rich ment, and Nb and Ti neg a tive anom -
a lies sug gest metasomatism in a subduction-re lated set ting.
How ever, strong Sr neg a tive anom aly and geo log i cal data
are not con sis tent with ac tive subduction. The BTA geo -
chem is try sim ply in di cates re mark able role of water in
magma formation and evolution.

6. LREE en rich ment, HREE de ple tion, stron ger Nb, Ta 
and Ti anom a lies, and weaker Sr/Sr* and Eu/Eu* anom a lies 
in the lavas than in the subvolcanic equiv a lents in di cate that
the lava evolved from mag mas with higher wa ter con tent.
The wa ter caused Fe-Ti ox ide frac tion ation and sup pressed
plagioclase crystallisation. Subvolcanic rocks evolved af ter
wa ter exsolution from the magma, which re sulted in mi nor
plagioclase frac tional crystallisation at shallow depths.

7. A close spa tial and tem po ral as so ci a tion of the vol -
ca nism with the ba sin for ma tion sug gests that the strike-slip
dextral mo tion along the ma jor Ham burg–Kraków–Dobro-
gea fault was trans formed into lo cal ex ten sion ac com pa nied 
by sub si dence, which is typ i cal for a pull-apart basin for-
mation.
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