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Ab stract The Perm ian in ter me di ate-com po si tion lavas of the North-Sudetic Ba sin rep re sent a high-K calc-al ka line suite emplaced
in an extensional, intracontinental, post-collisional set ting in the east ern part of the Eu ro pean Variscan belt. The lavas,
in a to tal vol ume of over 100 km3, erupted from fis sure vents or small shield-type vol ca noes in sev eral ep i sodes sep a rated
by re pose and sed i men ta tion pe ri ods. An ideal ised erup tive ep i sode com prised ba saltic trachyandesites (plagioclase-
phyric, clinopyroxene lavas) fol lowed by pre dom i nant, main-se ries ba saltic andesites (weakly porphyrytic, two-
pyroxene microcrystalline lavas) and evolved ba saltic andesites (weakly porphyrytic, two-pyroxene fine-grained lavas).
This vol ca nic suite orig i nated in mag matic sys tems where dif fer en ti a tion pro cesses evolved with time from (I) frac tional
crys tal li za tion, pro duc ing the ba saltic trachyandesites, through (II) frac tional crys tal li za tion cou pled with mafic re plen -
ish ment, re sult ing in the main se ries ba saltic an de site lavas, to (III) frac tional crys tal li za tion, mafic re plen ish ment and
mi nor crustal con tam i na tion, pro duc ing the evolved ba saltic andesites. The fractionating min eral as sem blages changed
dur ing the suc ces sive stages and, apart from plagioclase, ol iv ine, clinopyroxene and Fe-Ti ox ides, in cluded ortho-
pyroxene (stage II and III) and ap a tite with zir con (stage III). The gen eral trace el e ment char ac ter is tics of the vol ca nic
rocks (en rich ment in Th, LILE, Nb and Zr, but with high Th/Nb and La/Nb ra tios) are tran si tional be tween those of
ex ten sion-re lated within-plate lavas and ac tive con ti nen tal mar gin lavas. These char ac ter is tics are in her ited from en -
riched lithospheric man tle sources car ry ing a crustal sig na ture re lated to subduction pro cesses dur ing the ear lier stages of 
the Variscan orog eny.
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IN TRO DUC TION

Post-collisional vol ca nism is char ac ter ized by a wide
geo chem i cal vari a tion of erupted mag mas which de rive
from var i ous man tle and crustal sources and evolve
through a range of shal low-level dif fer en ti a tion pro cesses.
Calc-al ka line to high-K calc-al ka line vol ca nic rocks are
wide spread in post-collisional set tings, and par tic u larly
typ i cal of the early post-collisional pe riod, as has been well
es tab lished in sev eral Ce no zoic to Re cent set tings (e.g.
Anatolia, Carpathians and Oranie, Al ge ria; Aldanmaz et
al., 2000; Seghedi et al., 2001; Coulon et al., 2002), and also
rec og nized in the Permo-Car bon if er ous vol ca nic prov ince
of Eu rope (e.g. Lorenz & Nicholls, 1976, 1984; Menard &
Molnar, 1988; Cabanis et al., 1990; Benek et al., 1996;
Awdankiewicz, 1999a, b; Romer et al., 2001). It is gen er ally 

con sid ered that ba sic mag mas in such suites orig i nate from
subduction-mod i fied lithospheric man tle sources, and fur -
ther evolve through as sim i la tion and frac tion ation pro -
cesses in crustal magma cham bers. How ever, in many
cases, the petro gen etic pro cesses that op er ate at the scale of
in di vid ual vol ca nic fields or cen tres are not con strained in
de tail, even though 1) they sig nif i cantly con trib ute to the
over all geo chem i cal vari a tion, and 2) un der stand ing them
may be crit i cal for the dis tinc tion be tween deep- and shal -
low-level phe nom ena re sult ing in sim i lar geo chem i cal sig -
na tures of mag mas, e.g. source con tam i na tion vs. wall rock 
as sim i la tion by as cend ing and fractionating mag mas. The
lat ter is sue is of par tic u lar im por tance in the case of many
late Palaeozoic vol ca nic suc ces sions of west ern-cen tral Eu -



rope, where prim i tive man tle-de rived ba sic rocks are rare
or ab sent (e.g. Wil son et al., 2004; Ulrych et al., 2006) and
the or i gin of the spe cific geo chem i cal sig na tures of the vol -
ca nic rocks is still de bat able.

A well-ex posed suite of post-collisional, Perm ian lavas
of in ter me di ate com po si tion (“melaphyres”) crops out in
the North-Sudetic Ba sin, a late Palaeozoic intramontane
trough in the east ern part of the Variscan Belt of Eu rope
(Fig. 1). In this pa per, the geo log i cal and palaeovolcanolo-

gical con text of these vol ca nic rocks is briefly out lined and
fol lowed by a more de tailed petrographic, min er al og i cal
and geo chem i cal char ac ter iza tion. The aim of this pa per is
to pres ent the nu mer i cal mod el ling of the trace el e ment
vari a tion and a dis cus sion thereof. This trace el e ment vari -
a tion puts con straints on both the shal low-level dif fer en ti a -
tion pro cesses (frac tional crys tal li za tion, mafic re plen ish -
ment and crustal as sim i la tion) and on the man tle sources
in volved in the petro gen esis of this suite.

THE GEO LOG I CAL BACK GROUND TO THE PERM IAN VOL CA NISM
IN THE SUDETES AND THE NORTH-SUDETIC BA SIN

The Sudetes are a moun tain range lo cated in SW Po -
land, at the NE mar gin of the Bo he mian Mas sif (Fig. 1A).
The Neoproterozoic to Lower Car bon if er ous, largely
crys tal line rock com plexes that crop out ex ten sively in the
Sudetes re gion rep re sent the east ern most parts of the Eu ro -
pean Variscan Belt (e.g. Franke & ¯elaŸniewicz, 2000;
Aleksandrowski et al., 2000; Mazur et al., 2006 and ref er -
ences therein). Dur ing Mid dle De vo nian to Early Car bon -
if er ous times, the Variscan orogenic pro cesses cul mi nated
with a con ti nen tal col li sion as so ci ated with, and fol lowed
by, a pe riod of extensional tec ton ics, fea tur ing the for ma -
tion of intramontane troughs, the ac cu mu la tion of thick

molasse suc ces sions, and in tense vol ca nic ac tiv ity. In the
Sudetes, this vol ca nism reached its cli max in early Perm ian
times (e.g. Awdankiewicz, 1999a, b and ref er ences therein)
and rep re sented a dis tinc tive, post-collisional, ex ten sion-
re lated mag matic ep i sode.

In par tic u lar, the North-Sudetic Ba sin is one of three
ma jor late Palaeozoic intramontane troughs of the Sudetes
area (Fig. 1B). This ba sin is a fault-bounded, NW–SE
trending synclinorial struc ture with sev eral grabens and
horsts in its east ern and south ern parts. The base ment of
the ba sin is rep re sented by the Kaczawa Com plex, a
Variscan accretionary prism com posed of Cam brian (?) to

40 M. AWDANKIEWICZ

Fig. 1. A. The lo ca tion of the Sudetes (frame) within the Variscan Belt of Eu rope. B. A geo log i cal sketch of the Sudetes area (with out
Ce no zoic de pos its) show ing the dis tri bu tion of the late Palaeozoic intramontane troughs (NSB – North-Sudetic Ba sin, ISB –
Intra-Sudetic Ba sin, KPB – Krkonoše Piedmont Ba sin) and the lo ca tion of the study area (frame).



Visean, low grade (up to blueschist and greenschist fa cies)
metasedimentary and meta vol can ic rocks (Baranowski et
al., 1990; Col lins et al., 2000, and ref er ences therein). The
North-Sudetic Ba sin fill com prises the up per most Car bon -
if er ous (Stephanian) to Lower Perm ian con ti nen tal vol -
cano-sed i men tary suc ces sion, over lain by up per most
Perm ian (Zechstein), Lower Tri as sic and Up per Cre ta -
ceous ma rine de pos its. The Lower Perm ian de pos its are ca. 
1 km thick and con sist largely of siliciclastic sed i men tary
rocks that ac cu mu lated in al lu vial and lac us trine en vi ron -
ments (Wojewoda and Mastalerz, 1989). Thick in ter ca la -
tions of vol ca nic rocks in the mid dle part of the suc ces sion
are grouped into an in for mal unit known as the Lower
Perm ian Vol ca nic Com plex (Milewicz, 1965; Koz³owski
and Parachoniak, 1967).

The Lower Perm ian vol ca nic rocks crop out along the
south ern and east ern mar gins of the North-Sudetic Ba sin
(Fig. 1B). In the study area (Fig. 2), the vol ca nic com plex
pre dom i nantly com prises in ter me di ate-com po si tion rocks 
(tra di tion ally known as “melaphyres”, and later usu ally
clas si fied as trachybasalts), with less wide spread acidic
volcanics in the east. Koz³owski and Parachoniak (1967)

sug gested that the com plex formed in two cy cles of vol ca -
nic ac tiv ity with in ter me di ate lavas fol lowed by acidic
lavas and/or tuffs in each cy cle. How ever, the older of
these two “cy cles” has a very lim ited lat eral ex tent. It is
only rec og nized west of Œwierzawa, and is rep re sented by a 
sin gle, small “trachybasalt” out crop and three thin
“rhyolitic tuff” in ter ca la tions a few metres thick each (not
ex posed, known from trenches only). The rest of the in ter -
me di ate rocks be long to the “sec ond cy cle”. How ever,
north of Œwierzawa, these in ter me di ate rocks strad dle and
cross-cut the bound aries of the acidic volcanogenic rocks
and the host sed i men tary rocks, and in part may rep re sent
subvolcanic in tru sions youn ger than the rhyolitic rocks,
and not lavas emplaced prior to the rhyolites, as con sid ered 
by Koz³owski and Parachoniak (1967). Thus, the con cept
of “vol ca nic cy cles” of Koz³owski and Parachoniak seems
to be not well sup ported. It is rather con sid ered here that
the in ter me di ate-com po si tion rocks re flect a ma jor,
polyphase ef fu sive stage of the Perm ian mafic vol ca nism in
the North-Sudetic Basin. The relationships of the mafic
and felsic rocks remain poorly constrained.
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Fig. 2. A geo log i cal sketch of the study area (with out Ce no zoic, mod i fied from Koz³owski and Parachoniak, 1967). Lo cal i ties and sec -
tions dis cussed in the text: FG – Folwarczna Góra, an old quarry 300 m NW of the top of the hill; L – Lubiechowa, an old quarry on
£omy hill; P1 – P³awna 1, a rail way cut ca. 900 m WSW of P³awna Œrednia sta tion; P2 – P³awna 2, a rail way cut and an old quarry at
320.8 hill in the north ern part of P³awna vil lage; R – Ró¿ana, rock crags on the east ern bank of the Kaczawa river, ca. 1 km north of
Ró¿ana; So – Soko³owiec, rock crags on the east ern bank of the Czernica stream, ca. 250 m SSW of a ma jor road junc tion
(Soko³owiec-Sêdziszowa); St – Stefanów vil lage, small rocks on a hill slope 1100 m NW of £ysa Góra hill; W – Wleñ, ex ten sive (ca. 300
m) rock crags SE and SW of the rail way tun nel.



THE SCOPE OF THIS STUDY AND THE METH ODS USED

This study deals with the in ter me di ate-com po si tion
vol ca nic rocks of the North-Sudetic Ba sin, and it is fo cused
on the fol low ing ob jec tives: 1) the em place ment pro cesses
of the vol ca nic rocks and the style of ac tiv ity of the Perm -
ian vol ca noes in the area; 2) the petrographic and geo chem -
i cal char ac ter iza tion of the vol ca nic rocks and their vari a -
tion in space and time; and 3) the or i gin of mag mas, in par -
tic u lar their dif fer en ti a tion pro cesses. Field stud ies in -
cluded sys tem atic sam pling and log ging of the best-ex posed 
sec tions of the vol ca nic rocks. Ap prox i mately 100 sam ples
were col lected and ex am ined in thin sec tions, and the fresh -
est spec i mens were se lected for chem i cal anal y ses. The ma -
jor and trace el e ment com po si tions of 43 sam ples were de -
ter mined at Keele Uni ver sity, UK, via the XRF method us -
ing an ARL 8420 spec trom e ter. De tails on the an a lyt i cal

meth ods and their pre ci sion and ac cu racy are given in
Floyd and Castillo (1992). 10 rep re sen ta tive sam ples were
ana lysed for Cs, Hf, Sc, Ta, Th, U and the rare earth el e -
ments us ing the INAA method at Ac ti va tion Lab o ra to ries
Ltd, Can ada (2MW Pool Type re ac tor, Ge ORTEC and
CAN BERRA gamma de tec tors). The ac cu racy of these re -
sults is better than ± 10% (all the el e ments show con cen -
tra tions at lev els of 10 to 100x the de tec tion limit of the
method used). The min eral chem is try was de ter mined in 4
sam ples us ing the Cam bridge Microscan 5 elec tron
microprobe (WDS tech nique) at the In sti tute of Geo log i cal 
Sci ences, Uni ver sity of Wroc³aw. The typ i cal an a lyt i cal
con di tions were: count ing time 20 s, beam cur rent 50 nA
and ac cel er at ing voltage 15 kV.

THE PALAEOVOLCANOLOGY AND EM PLACE MENT PRO CESSES
OF THE VOL CA NIC ROCKS

The Perm ian in ter me di ate-com po si tion vol ca nic
rocks of the North-Sudetic Ba sin crop out within an area
mea sur ing ca. 30 km from west to east and 10 km from
north to south. The thick ness of the vol ca nic rocks ranges
from tens to hun dreds of metres and at tains a max i mum to -
tal value of ca. 0.5 km in the west ern-cen tral part of the
area near P³awna (Koz³owski and Parachoniak, 1967). The
erupted vol ume of the in ter me di ate mag mas can thus be
roughly es ti mated at up to ca. 150 km3 within the study
area and, pos si bly, up to sev eral hun dreds of cu bic kilo-
mtres within the whole North-Sudetic Ba sin. These in ter -
me di ate-com po si tion rocks are lava flows and shal low-
level subvolcanic in tru sions (laccoliths), and no equiv a lent
pyroclastic de pos its have been found. This sug gests that
the erup tive cen tres were small shield-type vol ca noes or
fis sure vents. How ever, their lo ca tion re mains un con -
strained, as no ev i dence of dykes, vents or near-vent de pos -
its has been dis cerned thusfar.

The in ter me di ate vol ca nic rocks lat er ally and up-se -
quence interdigitate with sed i men tary clastic rocks. In par -
tic u lar, 5 suc ces sive vol ca nic ho ri zons are found within the 
Lower Perm ian strata in the west ern part of the study area
be tween Lwówek Œl¹ski and Wleñ, around P³awna (Fig. 2). 
Fur ther more, many of the well-ex posed sec tions of the vol -
ca nic rocks con sist of sev eral stacked lava sheets, e.g. 7 lava
sheets oc cur at Lubiechowa, 5 at Wleñ, 3 at Folwarczna
Góra, and at least 2 at sev eral other lo cal i ties. These re la -
tion ships show that: 1) the vol ca nic ac tiv ity com prised sev -
eral erup tive ep i sodes sep a rated by re pose and sed i men ta -

tion pe ri ods; and 2) mul ti ple ef fu sions of lavas occurred
during most of the eruptive episodes.

Rep re sen ta tive logs of well-ex posed sec tions are shown 
in Fig. 3A. The in di vid ual lava sheets are usu ally 10–20 m
thick, with mas sive lower por tions and ve sic u lar to amyg -
da loid al up per parts (Fig. 4A). Blocky, platy and ir reg u lar
joints are most typ i cal. Oc ca sion ally, lava brec cias or
poorly pre served ropy struc tures are found on top of the
sheets. A tree trunk im print rec og nized as Cala mites sp. (P. 
Raczyñski, pers. com.) was found in a lava at Lubiechowa.
The de scribed lava sheets may largely rep re sent pahoe-hoe
flows (e.g. Soko³owiec sec tion in Fig. 3A), and more rarely
aa or block lavas. In ad di tion, pil low-like struc tures (Fig.
4B), small patches of peperites, sed i men tary in ter ca la tions,
xe no liths and clastic dykes are found at some lo cal i ties (e.g. 
at Lubiechowa, P³óczki Górne, Gradówek, and in the
Ró¿ana area). These fea tures in di cate that lava-wet sed i -
ment in ter ac tions lo cally ac com pa nied the em place ment of 
the in ter me di ate rocks. These in ter ac tions might have oc -
curred when lavas flowed over wet, muddy ground or sank 
into un con sol i dated de pos its as in va sive flows (e.g. the
Lubiechowa sec tion). Some other ig ne ous bod ies were pos -
si bly emplaced as shal low-level in tru sions (cryptodomes
and/or small laccoliths) within wet, poorly con sol i dated
sed i ments. Such in tru sions may be more com mon in the
north-east ern part of the study area, near Ró¿ana, where
there are sev eral out crops that are oval in shape and some
which may be locally discordant relative to the lithological
boundaries within their country rocks.

THE DIS TRI BU TION AND ERUP TIVE SE QUENCE OF THE VOL CA NIC ROCKS

Petro graphi cally and geochemically, the stud ied vol ca -
nic rocks are sub di vided into three main types: 1) mi cro-
crys tal line ba saltic andesites; 2) fine-grained ba saltic
andesites; and 3) ba saltic trachyandesites (Tab. 1, de tails in

the fol low ing chap ters). The dis tri bu tion of these rock
types is ten ta tively il lus trated in Fig. 2. It is not mapped in
de tail be cause: 1) there is both lat eral and ver ti cal vari a tion
in sev eral out crops; and 2) these vol ca nic rocks can barely
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be clas si fied in hand-spec i mens, and much more dense
petrographic and geo chem i cal sam pling would be re quired
to cor re late the var i ous sec tions.

In gen eral, microcrystalline ba saltic andesites pre dom -
i nate across the study area. They are ex posed in ca. 50% of
the 46 sam pled lo cal i ties. Fine-grained ba saltic andesites
and ba saltic trachyandesites are less com mon, and are ex -
posed at 35% and 15% of lo cal i ties, re spec tively. The east -
ern part of the study area around Soko³owiec is rel a tively

mo not o nous. There, the strongly dom i nant microcrysta-
lline ba saltic andesites are only lo cally ac com pa nied by the
fine-grained ba saltic andesites, and the ba saltic trachyande-
sites were not ob served. By con trast, the cen tral and west -
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Fig. 3. A. Rep re sen ta tive field logs of the vol ca nic rocks. B. An
ide al ized se quence of lavas emplaced dur ing an erup tive ep i sode
with ex am ples of up-se quence geo chem i cal vari a tion. The lo ca -
tion of the sec tions shown in (A) and (B) is in di cated in Fig. 2.

Fig. 4. Struc tures of ba saltic an de site lava flows at Lubiechowa.
A. The con tact of two suc ces sive lava flows in the lower part of
the suc ces sion. The up per part of the lower flow (La in the photo) 
con sists of an amyg da loid al lava. The con tact (bro ken line) is
sharp and wavy. The basal part of the up per flow con sists of a
mas sive lava (Lm). The ham mer (for scale) is 30 cm long. B. Pil -
low-like struc tures in the up per part of the suc ces sion. The pil -
lows are built up of amyg da loid al lavas (La) sep a rated by pock ets
and veins of fine-grained sand stones (S). The pen cil (for scale) is
15 cm long.



ern parts of the study area are char ac ter ized by a greater
abun dance of the fine-grained ba saltic andesites and the
basaltic trachyandesites.

In some better-ex posed sec tions, pet ro graph i cal anal y -
sis re vealed a dis tinc tive suc ces sion of rock types. At Stefa-
nów and P³awna1 (lo ca tions shown in Fig. 2), the mi cro-
crys tal line ba saltic an de site lava flows are over lain by the
fine-grained ba saltic an de site lava flows. At P³awna2, the
ba saltic trachyandesites are ex posed near the base of a ca.
100-m thick lava suc ces sion, with the microcrystalline ba -
saltic andesites in the mid dle part, and the fine-grained ba -
saltic andesites to wards the top of the se quence. A sim i lar
suc ces sion of ba saltic trachyandesites fol lowed by mi cro-
crys tal line ba saltic andesites (with poorly ex posed fine-
grained ba saltic an de site in ter ca la tions ?) was ob served in
the Wleñ sec tion. In ad di tion, an up-se quence geo chem i cal
vari a tion was ob served at P³awna2, Wleñ and Lubiechowa
(Fig. 3B and the following chapters).

The dis cussed re la tion ships show that the com po si tion 
of the lavas emplaced dur ing an ef fu sive erup tive ep i sode in 

the North-Sudetic Ba sin changed with time. It is con sid -
ered that an ide al ized, com plete erup tive ep i sode con sisted
of three ef fu sive phases (Fig. 3B):

– the ini tial, ba saltic trachyandesite phase,
– the main, microcrystalline ba saltic an de site phase,

and
– the fi nal, fine-grained ba saltic an de site phase.
This pat tern, some times in com plete (e.g. with out the

ini tial and/or fi nal mem bers) was re peated sev eral times, as 
vol ca nic ac tiv ity re sumed af ter re pose pe ri ods. Ul ti mately,
this pat tern of ac tiv ity may be in ter preted to re flect sev eral
mag matic cy cles that in cluded 1) ep i sodic gen er a tion of
mafic mag mas at depths, fol lowed by 2) magma sup ply
into, and dif fer en ti a tion within, the plumb ing sys tems of
the vol ca noes, and 3) erup tion of the vari ably evolved
melts (from compositionally zoned plumb ing sys tems ?).
The lat eral vari a tion of erup tive prod ucts (e.g. the lack of
ba saltic trachyandesites in the east) may re flect some dif fer -
ences in the mag matic evo lu tion and/or eruptive processes
at individual volcanic centres.

THE PE TROG RA PHY AND MIN ERAL CHEM IS TRY OF THE VOL CA NIC ROCKS

The in ter me di ate-com po si tion lavas of the North-
Sudetic Ba sin show rather weak petrographic vari a tion in
hand-spec i mens. The mas sive rocks typ i cal of lava flow in -
te ri ors are mod er ately porphyrytic to apha ni tic, dark grey
to green ish in col our, and rel a tively fresh. How ever, the
more com mon ve sic u lar and amyg da loid al rocks found at
the mar gins of the lava flows are pur ple to red dish-brown
in col our and al ways show a strong hy dro ther mal al ter -
ation. This al ter ation re sulted in a vari able fill ing of ves i -
cles and the re place ment of the pri mary ig ne ous phases
with al bite, quartz, car bon ates, chlorites, celadonite, smec-
tites and he ma tite (Koz³owski and Parachoniak, 1967;
Kowalska and Michalik, 1996; Awdankiewicz and Au gust,
1998). K-Ar dat ing of celadonite from amyg dales sug gests
that the al ter ation pro cesses spanned the late Perm ian to
mid dle Ju ras sic pe riod (252.5–177.5 Ma; Pêkala et al.,
2003).

Based on the tex tures and modal com po si tion of the
less al tered sam ples, the vol ca nic rocks are sub di vided into
the fol low ing types: 1) weakly pophyrytic, two-pyroxene
lavas, in clud ing microcrystalline lavas and fine-grained
lavas; and 2) plagioclase-phyric, clinopyroxene lavas.

The above petrographic sub di vi sion cor re lates well
with the geo chem i cal char ac ter is tics of the vol ca nic rocks
(Tab. 1, de tails in the fol low ing chap ters). The petrogra-
phic and geo chem i cal cri te ria com bined en able the clas si fi -
ca tion of even more al tered sam ples. Con se quently, a com -
bined tex tural-chem i cal clas si fi ca tion of the vol ca nic rocks
is pre ferred in this paper (Tab. 1, column 1).

The microcrystalline ba saltic andesites (Fig. 5A) are al -
most aphyric to sparsely porphyrytic (less then 5% pheno -
crysts up to 3 mm long). The pheno crysts are mainly rep re -
sented by chlorite/smectite pseudo morphs af ter ol iv ine.
More rarely, plagioclase and orthopyroxene pheno crysts
are ob served. The microcrystalline, intersertal, of ten tra-
chytic-tex tured groundmass con sists mainly of plagioclase
laths (typ i cally < 0.2 mm long), pris matic to anhedral
crys tals of ortho- and clinopyroxenes, and sub or di nate
Fe-Ti ox ides and ap a tite. Sin gle crys tals of hornblende and
bi o tite were ob served in the groundmass of only a few sam -
ples. Anhedral al kali feld spars and quartz, and chlorites
and clay min er als are found in small amounts as in ter sti tial
com po nents, partly formed due to the re place ment of vol-
canic glass.
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Ta ble 1
Clas si fi ca tion and ma jor petrographic and geo chem i cal char ac ter is tics

of the in ter me di ate-com po si tion vol ca nic rocks of the North-Sudetic Ba sin

ROCK TYPE
PETROGRAPHIC

CHAR AC TER IS TICS

GEO CHEM I CAL CHAR AC TER IS TICS

ma jor el e ments (TAS*) trace el e ments

1. ba saltic an de site
1a. microcrystalline
1b. fine-grained

weakly porphyrytic, two-pyroxene lavas
 microcrystalline
 fine-grained

ba saltic andesites
main se ries ba saltic andesites
evolved ba saltic andesites

high-Cr lavas
low Zr/Nb group
high Zr/Nb group

2. ba saltic trachyandesite plagioclase-phyric, clinopyroxene lavas ba saltic trachyandesites low-Cr lavas

* based on fresh sam ples: LOI < 2%, no al ter ation of plagioclase and py rox enes



The fine-grained ba saltic andesites are char ac ter ized by
a rel a tively coarser-grained and inequigranular tex ture
(Fig. 5B). Plagioclase and py rox enes are the main com po -
nents, and they form pris matic to tab u lar crys tals ca.
0.2–1.5 mm long. Orthopyroxene is rarely fresh and is typ -
i cally re placed with saponite (Awdankiewicz and Au gust,
1998). This clay min eral oc curs as rel a tively large, well-de -
fined mica-like plates with a per fect cleav age, green ish
pleochroism and bright, sec ond-or der in ter fer ence co-
lours. In places, these pseudo morphs show overgrowths of
clinopyroxene. The other com po nents of these rocks are
opaque min er als, ap a tite, and chlorite pseudo morphs af ter, 
most prob a bly, ol iv ine. The intersticies are filled with he -
ma tite-stained al kali feld spars with a felsitic to spherulitic
tex ture. Lo cally, in ter sti tial chlorites and clay min er als are
also found.

Both the microcrystalline and fine-grained ba saltic
andesites grade into ve sic u lar, quench-tex tured, orig i nally

glass-rich lavas to wards the mar gins of the lava flows (Fig.
4C). These quenched rocks con sist of pheno crysts, mi cro-
pheno crysts and micro liths of al tered ferro mag nesi an min -
er als and plagioclase set in an al most opaque, he ma tite-rich
ma trix of al tered glass. The larger plagioclase laths of ten
show a skel e tal habit or swal low-tailed ter mi na tions, and
the al tered glassy ma trix con tains nu mer ous acicular
plagioclase micro liths, some of which are curved or form
open, in com plete spheru lites. The quenched-tex tured fine-
grained ba saltic andesites can be dis tin guished from the
quenched-tex tured microcrystalline ba saltic andesites by a
sig nif i cantly larger size of plagioclase crys tals and ferro-
magnesian pseudomorphs in the former.

The chem i cal com po si tion of the min er als in the
microcrystalline and the fine-grained ba saltic andesites is
very sim i lar. The plagioclase com po si tion ranges from
An68 to An45 (Fig. 6, Tab. 2). Nor mally zoned to al most
ho mo ge neous, as well as re versely zoned crys tals were ana -
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Fig. 5. Pho to mi cro graphs of the vol ca nic rocks. A. Microcrystalline ba saltic an de site, crossed polars. Microphenocrysts of en sta tite (E
in the photo) are set in a groundmass of mainly plagioclase laths, anhedral augite and op aques. B. Fine-grained ba saltic an de site, crossed
polars. This rock is dis tinctly coarser-grained com pared with the spec i men in photo 5A and con sists mainly of plagioclase (P), augite
(A), Fe-Ti ox ides (Ox) and saponite (S) pseudmorphs (af ter orthopyroxene ?). In places (lower left) augite over grows the saponite
pseudo morphs and accicular ap a tite can be seen. C. Quench-tex tured ba saltic an de site, plane-po lar ized light. This photo shows albitized 
plagioclase laths (P) and chlorite pseudo morphs af ter ferro mag nesi an min er als (FM) set in an opaque, he ma tite-stained groundmass
with plagioclase micro liths. Many plagioclase laths show swal low-tailed ter mi na tions (e.g. up per right). D. Ba saltic trachyandesite,
crossed polars. Zoned and twinned plagioclase pheno crysts are set in a groundmass of mainly plagioclase and clinopyroxene micro liths.



lysed. The groundmass al kali feld spar is of a sanidine com -
po si tion (Or53, Ab44, An3), and a sim i lar ter nary feld spar
microphenocryst (Or38, Ab44, An 18) was ana lysed in one 
sam ple. The en sta tite pheno crysts and groundmass crys tals 
are Mg-rich and un zoned to nor mally zoned (En79-60,
Fs18-34, Wo3.2-5.5), with the En-poor com po si tions gra-
dational to wards pigeonite (Fig. 7, Tab. 3). The ground-
mass clinopyroxene is rep re sented by augite of a vari able
com po si tion (En52-34, Fs17-30, Wo38-41), al though the
Wo-poor and Fs-rich anal y ses are rather rare. Fe-Ti ox ides
pos si bly com prise Ti-mag ne tite and il men ite. How ever,
no good anal y ses were ob tained due to the de gree of al ter -
ation, the small size of the crystals and the complex inter-
growths with silicate minerals.

The ba saltic trachyandesites (Fig. 5D) are char ac ter ized
by por phy ritic to glomeroporphyritic and seriate tex tures
with a microcrystalline, intersertal groundmass. The
phenocryst con tent reaches ca. 20 % (vol.) and the pheno -
crysts are pre dom i nantly plagioclase plates and laths up to
ca. 5 mm long. Much less com monly, pheno crysts of
clinopyroxene and pseudo morphs af ter ol iv ine are found.
The plagioclase pheno crysts typ i cally show a nor mal os cil -
la tory zon ing (from An80-70 at cores down to An60-50 at
rims, Fig. 6 and Tab. 2), but re verse zon ing is also found
(An50 at cores to An60 at rims). Rounded cores, sieve tex -
tures and small subhedral in clu sions of clinopyroxene are
ob served in some larger plagioclase pheno crysts. The
groundmass mainly con sists of plagioclase laths (nor mally
zoned, An59 to An44) with less abun dant anhedral augite
(Wo44-39, En41-37, Fs20-18, Fig. 7 and Tab. 3). Al kali feld -
spars of a ter nary com po si tion close to anorthoclase
(Ab47-50, Or25-27, An23-28) are found as anhedral
groundmass grains and overgrowths on plagioclase laths.
Ac ces sory min er als in clude small opaque crys tals (prob a -
bly Ti-mag ne tite and il men ite; no good anal y ses were ob -
tained) and ap a tite. Car bon ates, chlorites and clay min er -
als, partly formed af ter ferro mag nesi an min er als and partly 
af ter in ter sti tial glass, are found in vari able amounts. Sim i -
lar to the ba saltic andesites, gra da tion into strongly al tered
hypocrystalline rocks is ob served to wards the mar gins of
the lava flows. How ever, the quench tex tures are not well
de vel oped, and abun dant plagioclase pheno crysts re main a
char ac ter is tic fea ture of these rocks.

The de scribed rocks are gen er ally de void of en claves or 
xe no liths. How ever, strongly cor roded polycrystalline
quartz xe no liths (up to ca. 1 cm across) were ob served in
two sam ples of the microcrystalline ba saltic andesites and
in one sam ple of the ba saltic trachyandesite.
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Fig. 6. The feld spar com po si tion of the vol ca nic rocks on the
Ab-Or-An plot (al bite-orthoclase-an or thite, re spec tively).

Fig. 7. The pyroxene com po si tion of the vol ca nic rocks on the
En-Wo-Fs plot (en sta tite-wollastonite-ferrosillite, re spec tively).



THE PETROGRAPHIC AND MIN ER AL OG I CAL CON STRAINTS
ON THE MAG MATIC PRO CESSES

From the petrographic and min er al og i cal char ac ter is -
tics of the vol ca nic rocks given above, two main con clu -
sions can be drawn.

1) The phenocryst as sem blages of the vol ca nic rocks
do not con tain pri mary hy drous phases or their rel ics, and
thus in di cate a gen er ally low wa ter con tent of the mag mas,
con sis tent with the non-ex plo sive em place ment mode of
the vol ca nic rock, as ev i denced by the geo log i cal data. The
very rare hornblende and bi o tite is con fined to the ground- 
mass of some of the ba saltic andesites and rep re sents the
prod ucts of the late stages of crystallization.

2) The ma jor petrographic and min er al og i cal char ac -
ter is tics of the vol ca nic rocks, such as their phenocryst
contents and as sem blage, phenocryst com po si tion and
zon ing pat tern, and groundmass min er al ogy, are very sim i -

lar in the microcrystalline and fine-grained ba saltic ande-
sites, and sig nif i cantly dif fer ent in the ba saltic trachyande-
sites. Con se quently, it is likely that there are close ge netic
links be tween the two ba saltic an de site types, and a dif fer -
ent or i gin for the basaltic trachyandesites.

The dif fer ences in the min eral as sem blages and min -
eral chem is try be tween the ba saltic trachyandesites and the 
ba saltic andesites pos si bly re flect both dif fer ences in the
melt com po si tions and dif fer ent con di tions of crys tal li za -
tion. It is well es tab lished that the con tent of Ca-rich end-
mem bers in both plagioclase and clinopyroxene in creases
with wa ter en rich ment of the melt (John son et al., 1994).
Thus, the rel a tively high con tents of an or thite in the pla-
gioclase and wollastonite com po nents in the clinopyro-
xene of the ba saltic trachyandesites sug gest that the ba saltic 
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Ta ble 2
Rep re sen ta tive chem i cal anal y ses of feld spars

Rock BTa BTa BTa BAm BAm BAm BAm BAm BAm BAf BAf BAf BAf

Sam ple 30 30 30 26 26 11 11 11 11 56 56 56 56

Anal y sis 876 877 878 813 814 823 824 818 819 886 887 891 892

Min eral Pc Pm Pr Gc Gr Pc Pr MPc MPr MPc MPr MPc MPr

ox ides [%]

SiO2 48.47 53.73 61.79 54.76 50.61 53.32 52.96 60.00 56.21 52.19 53.57 51.95 66.91

Al2O3 32.14 28.88 21.88 27.48 29.14 30.57 28.67 23.30 27.83 29.14 28.45 29.00 18.00

Fe2O3 0.56 0.69 1.21 0.79 1.72 0.71 1.27 0.81 0.94 0.59 0.82 0.92 0.36

MnO 0.02 0.00 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00

MgO 0.07 0.08 0.30 0.13 1.11 0.21 0.91 0.50 0.23 0.18 0.15 0.71 0.16

CaO 16.71 12.95 4.71 10.02 11.81 12.03 11.90 3.29 11.01 13.13 12.32 11.98 0.64

Na2O 2.29 4.37 5.65 5.38 3.78 4.43 4.16 4.43 5.34 4.27 4.74 4.34 4.89

K2O 0.11 0.35 4.61 0.69 0.51 0.39 0.41 5.87 0.57 0.41 0.50 0.50 9.13

To tal 100.37 101.05 100.17 99.27 98.71 101.68 100.30 98.22 102.15 99.91 100.55 99.40 100.09

cat ions [nor mal ized to 8O]

Si 2.219 2.418 2.784 2.495 2.340 2.380 2.401 2.752 2.493 2.382 2.425 2.380 3.015

Al 1.733 1.531 1.161 1.474 1.587 1.607 1.531 1.258 1.453 1.566 1.517 1.564 0.955

Fe3+ 0.019 0.023 0.041 0.027 0.060 0.024 0.043 0.028 0.031 0.020 0.028 0.032 0.012

Mn 0.001 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.000 0.000 0.000 0.000

Mg 0.005 0.005 0.020 0.009 0.077 0.014 0.062 0.034 0.015 0.012 0.010 0.048 0.011

Ca 0.820 0.624 0.227 0.489 0.585 0.575 0.578 0.162 0.523 0.642 0.598 0.588 0.031

Na 0.203 0.381 0.494 0.475 0.339 0.383 0.366 0.394 0.459 0.378 0.416 0.385 0.427

K 0.006 0.020 0.265 0.040 0.030 0.022 0.024 0.343 0.032 0.024 0.029 0.029 0.525

To tal 5.006 5.002 4.993 5.010 5.019 5.006 5.006 4.972 5.007 5.024 5.023 5.026 4.976

X site 3.971 3.972 3.986 3.996 3.987 4.011 3.975 4.038 3.977 3.968 3.970 3.976 3.982

Z site 1.035 1.030 1.007 1.014 1.032 0.995 1.031 0.934 1.030 1.056 1.053 1.050 0.994

end mem bers [mol%]

Ab 19.7 37.2 50.1 47.3 35.5 39.1 37.8 43.8 45.3 36.2 39.9 38.4 43.4

An 79.7 60.9 23.0 48.7 61.3 58.7 59.7 18.0 51.6 61.5 57.3 58.7 3.2

Or 0.6 2.0 26.9 4.0 3.1 2.2 2.5 38.2 3.2 2.3 2.8 2.9 53.4

Fe2O3* – to tal iron as Fe2O3. Some anal y ses show rel a tively high MgO prob a bly due to im pure ana lysed spot. End-mem bers (An-an or thite, Ab-al bite, 
Or-orthoclase) cal cu lated from cat ion pro por tions based on 8 O. Rocks: BTa – ba saltic trachyandesite, BAm – microcrystalline ba saltic an de site, BAf
– fine-grained ba saltic an de site. Min er als: P – phenocryst, MP – microphenocryst, G – groundmass, c – core, m – man tle, r – rim.



trachyandesite mag mas con tained more wa ter com pared
with the ba saltic an de site mag mas. Also, the more al ka line
com po si tion of the ba saltic trachyandesites com pared to
the ba saltic andesites (higher to tal al ka lis in the for mer at a
sim i lar sil ica con tent) may ac count for the re spec tive one-
pyroxene vs. two-pyroxene min eral as sem blages of these
vol ca nic rocks. How ever, the oc cur rence of orthopyro-
xene pheno crysts in the ba saltic andesites may also in di cate 
their crys tal li za tion at lower pres sures (= at shal lower
depths) com pared to the ba saltic trachyandesites. This is
sug gested by the ex per i men tal re sults on some compositio- 
nally sim i lar vol ca nic rocks (calc-al ka line ba saltic andesites

and bas alts) show ing that low-Ca py rox enes crys tal lized at
low pres sures only (Bakker & Eggler, 1987). In ad di tion,
the vari able zon ing and re ac tion tex tures in the plagioclase
pheno crysts of the ba saltic trachyandesites sug gest some
in flu ence of dis equi lib rium or open-sys tem pro cesses, such 
as undercooling, de gas sing or magma mix ing. How ever,
the de tails of the phys i cal and chem i cal con di tions of crys -
tal li za tion are sub ject to rather spec u la tive in ter pre ta tions
at pres ent be cause of the post-mag matic al ter ation, un-
known com po si tion of the min er als such as ol iv ine and
Fe-Ti ox ides, and rel a tively lim ited amount of mineralo-
gical data obtained.
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Ta ble 3
Rep re sen ta tive chem i cal anal y ses of py rox enes

Rock BTa BTa BAm BAm BAm BAm BAm BAm BAm BAf BAf

Sam ple 30 30 26 26 26 11 11 11 11 56 56

Anal y sis 898 899 832 833 834 839 840 820 841 903 904

Min eral G G Pc Pr G MPc MPr G G Gc Gr

ox ides [wt%]

SiO2 49.80 51.83 54.56 53.24 51.31 55.08 53.79 50.76 49.67 51.42 50.85

TiO2 1.38 0.97 0.36 0.29 0.97 0.35 0.31 0.00 0.74 0.79 0.80

Al2O3 4.49 2.04 1.75 4.71 2.65 2.57 2.77 7.60 6.70 2.08 1.64

FeO* 10.78 11.83 12.49 11.98 9.84 12.36 13.65 9.59 14.51 10.08 12.37

MnO 0.28 0.32 0.30 0.32 0.25 0.29 0.32 0.24 0.35 0.27 0.35

MgO 12.58 14.31 26.46 25.51 14.62 27.09 24.87 12.84 15.05 15.60 14.15

CaO 20.82 18.81 2.32 2.15 19.43 2.02 2.07 16.85 12.04 18.24 18.14

Na2O 0.40 0.46 0.11 0.17 0.34 0.18 0.23 0.98 0.32 0.74 0.86

K2O 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.08 0.02 0.00 0.01

To tal 100.53 100.57 98.35 98.38 99.41 99.94 98.02 98.94 99.40 99.22 99.17

cat ions [nor mal ized to 6O]

TSi 1.858 1.928 1.989 1.937 1.920 1.970 1.979 1.895 1.865 1.916 1.915

TAl 0.142 0.072 0.011 0.063 0.080 0.030 0.021 0.105 0.135 0.084 0.073

TFe3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013

T 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.001

M1Al 0.055 0.018 0.064 0.138 0.037 0.078 0.099 0.229 0.161 0.007 0.000

M1Ti 0.039 0.027 0.010 0.008 0.027 0.009 0.009 0.000 0.021 0.022 0.023

M1Fe3 0.038 0.032 0.000 0.000 0.012 0.000 0.000 0.000 0.000 0.086 0.103

M1Fe2 0.169 0.129 0.000 0.000 0.108 0.000 0.000 0.056 0.000 0.018 0.080

M1Mg 0.700 0.794 0.926 0.854 0.816 0.913 0.892 0.715 0.818 0.867 0.794

M1 1.001 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

M2Mg 0.000 0.000 0.512 0.529 0.000 0.532 0.472 0.000 0.025 0.000 0.000

M2Fe2 0.130 0.207 0.381 0.364 0.188 0.370 0.420 0.244 0.456 0.210 0.194

M2Mn 0.009 0.010 0.009 0.010 0.008 0.009 0.010 0.008 0.011 0.009 0.011

M2Ca 0.832 0.750 0.091 0.084 0.779 0.077 0.082 0.674 0.484 0.728 0.732

M2Na 0.029 0.033 0.008 0.012 0.025 0.012 0.016 0.071 0.023 0.053 0.063

M2K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.004 0.001 0.000 0.000

M2 1.000 1.000 1.001 0.999 1.000 1.000 1.000 1.001 1.000 1.000 1.000

cat ions 4.000 4.000 4.000 4.000 4.000 4.000 4.000 3.996 3.999 4.000 4.000

end mem bers [mol%]

Wo 44.3 39.0 4.7 4.6 40.8 4.1 4.4 39.7 27.0 38.0 38.0

En 37.3 41.3 74.9 75.1 42.7 76.0 72.7 42.1 47.0 45.2 41.2

Fs 18.4 19.7 20.3 20.3 16.5 19.9 22.9 18.1 26.0 16.8 20.8

FeO* – to tal iron as FeO. End-mem bers (Wo-wollastonite, En-en sta tite, Fs-ferrosilite) cal cu lated from cat ion pro por tions based on 6 O. Rocks: BTa
– ba saltic trachyandesite, BAm – microcrystalline ba saltic an de site, BAf – fine-grained ba saltic an de site. Min er als: P – phenocryst, MP –
microphenocryst, G – groundmass, c – core, m – man tle, r – rim



GEO CHEM IS TRY

Post-mag matic al ter ation and el e ment mo bil ity

The petrographic char ac ter is tics of the Perm ian vol ca -
nic rocks of the North-Sudetic Ba sin show that a low-tem -
per a ture, hy dro ther mal al ter ation strongly af fected the in -
ter me di ate lavas, typ i cally re sult ing in the crys tal li za tion
of sec ond ary car bon ates, chlorites, clay min er als and
quartz. The abun dance of the vol a tile-rich sec ond ary min -
er als is well re flected in the el e vated val ues of the loss on ig -
ni tion (LOI) in the whole-rock chem i cal anal y ses of the
stud ied rocks, and thus LOI may be used as the in dex of de -
gree, and partly of the type, of al ter ation.

The chem i cal ef fects of al ter ation are il lus trated in Fig.
8, where con cen tra tions of se lected el e ments are plot ted
against LOI. Sam ples with fresh plagioclase and pyroxene
and with LOI < 2% are char ac ter ized by nar row ranges of
SiO2 and K2O con tents (52–56% and 1.5–2.5%, respecti-
vely). Al tered sam ples in which pri mary ig ne ous min er als
are not pres ent and LOI > 2% show a sig nif i cantly wider
scat ter of SiO2 and K2O con tents (44–62%, and 0–4.5%, re -
spec tively). The high est LOI val ues (up to nearly 9%) and
the low est SiO2 con tents cor re late with an abun dance of
sec ond ary car bon ates in the stud ied spec i mens. Sim i larly,
rel a tively high SiO2 and K2O con tents at mod er ate LOI
val ues are con sis tent with the pres ence of clay min er als and 
sec ond ary groundmass quartz in these sam ples. The dis -
cussed re la tion ships in di cate that Si and K were mo bile and 
vari ably en riched or de pleted dur ing the al ter ation pro -
cesses.

TiO2 and Cr are char ac ter ized by a dif fer ent type of
vari a tion. The TiO2 con tent var ies from ca. 1 to 1.7%, and
the same nar row range is ob served in all the sam ples ir re -
spec tive of the LOI val ues. The high est TiO2 con tents (ca.
1.5–1.7%) are found in the ba saltic trachyandesites, both at
low and high LOI val ues. The Cr con cen tra tions of sam -
ples with fresh plagioclase and pyroxene and LOI < 2%
vary much more widely, but this cor re lates well with the
petrographic char ac ter is tics of the sam ples: the high est Cr
is char ac ter is tic of the two-pyroxene lavas (with the
microcrystalline lavas en riched in Cr com pared with the
fine-grained lavas), and the low est Cr is found in the
plagioclase-phyric lavas. The same ranges of TiO2 and Cr
are seen in the al tered sam ples with high LOI. It is con -
cluded that the con cen tra tions of Ti and Cr were not sig -
nif i cantly af fected by the al ter ation pro cesses.

The de scribed re la tion ships fol low the well-es tab lished 
gen eral trends of mo bil ity of ma jor and trace el e ments (e.g.
Winchester & Floyd, 1977). Sil ica, al ka lis (K, Na), most
other ma jor el e ments (e.g. Ca, Fe, Mg), and the Large Ion
Lithophile El e ments (LILE: Rb, Sr, Ba) are the mo bile el e -
ments, and their con cen tra tions were vari ably af fected dur -
ing the al ter ation of the stud ied rocks of the North-Sudetic
Ba sin. The High Field Strength El e ments (HFSE: Zr, Nb,
Ti, Th) and the Rare Earth El e ments (REE) rep re sent the
im mo bile el e ments, and their con cen tra tions were not sig -
nif i cantly af fected by the al ter ation. Cr (as well as Ni and
V) are also in the cat e gory of immobile elements in the
studied volcanic rocks.
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Fig. 8. The vari a tion of se lected ma jor and trace el e ments in the
vol ca nic rocks plot ted against LOI (Loss On Ig ni tion), il lus trat -
ing the geo chem i cal ef fects of the hy dro ther mal al ter ation. Com -
ments in the text.
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Ta ble 4
Rep re sen ta tive chem i cal anal y ses of the vol ca nic rocks

Sam ple 30 33 41 11 12 18 26 19 25 73

Rock BTa BTa BTa BAm BAm BAm BAm BAf BAf BAf

SiO2 52.03 51.92 54.32 53.55 48.58 55.38 53.94 55.87 61.11 55.59

TiO2 1.71 1.64 1.48 1.38 1.22 1.31 1.13 1.27 1.00 1.42

Al2O3 16.98 17.68 17.05 15.00 15.44 15.65 16.22 16.00 15.00 16.15

Fe2O3 9.84 8.07 9.48 8.96 5.82 8.63 8.21 7.54 6.53 6.83

MnO 0.19 0.18 0.08 0.12 0.19 0.13 0.25 0.15 0.09 0.06

MgO 3.54 3.01 3.64 6.05 3.57 5.91 7.43 4.83 2.23 4.27

CaO 8.52 10.12 6.92 7.01 12.78 7.13 7.94 2.59 3.45 6.58

Na2O 3.28 3.36 3.63 2.94 2.75 2.83 2.43 5.08 4.00 3.03

K2O 1.59 1.55 2.14 1.97 1.36 1.96 1.58 3.25 3.13 2.54

P2O5 0.62 0.56 0.53 0.56 0.00 0.00 0.36 0.47 0.45 0.00

LOI 1.81 2.08 1.21 1.37 8.34 0.96 1.00 2.00 1.89 2.89

to tal 100.11 100.17 100.48 98.91 100.05 99.89 100.49 99.05 98.88 99.36

Mg# 41.60 42.48 43.42 57.21 54.85 57.56 64.19 55.92 40.35 55.32

Cr 26 40 38 219 220 216 346 197 165 228

Ni 37 46 24 155 127 112 172 125 88 152

Co 48 67 48 48 45 51 58 45 45 47

Sc 20 21 21 19 22 21 23 17 17 20

V 150 170 135 127 155 135 155 123 104 123

Cu 40 24 19 18 49 30 91 10 19 14

Pb 15 20 30 20 24 22 19 49 54 30

Zn 94 105 200 89 163 87 74 295 41 234

W 101 220 128 82 111 125 141 130 208 106

Rb 40 39 62 57 36 57 30 87 130 76

Ba 717 575 506 538 276 504 430 612 616 493

Sr 333 345 311 294 243 280 249 202 291 291

Cs 0.5 0.8 1.1 0.7 1.4 1.1 0.5 0.9 4.9 1.3

Zr 328 302 315 370 265 329 247 390 381 402

Hf 6.5 6.2 5.9 4.5 5.4 5.9 5.3 7.1 7.2 4.7

Y 42 40 41 45 34 41 33 46 41 46

Nb 28 27 27 30 22 27 22 29 27 32

Ta 2.0 2.0 1.5 1.6 1.3 1.9 1.3 1.9 1.6 1.7

Th 5.1 5.0 6.5 7.7 6.6 7.3 6.5 10.7 11.1 8.2

U 1.0 1.2 1.2 1.5 1.3 1.3 1.0 1.9 1.5 1.2

La 45.2 43.8 47.5 55.1 46.6 50.5 39.1 61.1 60.6 65.0

Ce 96 92 100 117 94 108 85 127 122 129

Nd 46 44 43 55 41 49 38 60 55 60

Sm 8.24 8.04 8.25 9.38 7.44 8.73 6.74 9.88 9.40 10.50

Eu 2.27 2.12 2.03 2.36 1.86 2.10 1.60 2.05 1.98 2.55

Tb 1.20 1.20 1.10 1.30 1.00 1.20 1.00 1.40 1.30 1.50

Yb 3.55 3.54 3.41 3.74 3.04 3.71 3.00 3.86 3.21 4.13

Lu 0.55 0.53 0.48 0.55 0.49 0.54 0.42 0.57 0.44 0.60

BTa – ba saltic trachyandesite, BAm – microcrystalline ba saltic an de site, BAf – fine-grained ba saltic an de site. A gen eral sam ple lo ca tion is shown in
Fig. 2. The list be low gives de tailed lo ca tions in the form: [sam ple num ber; lo cal ity; top o graphic co or di nates]; the co or di nates are af ter the
Pañstwowy Uk³ad Wspó³rzêdnych 1965. Sam ples: [11; Sêdziszowa; 645.85, 556.09], [12; Lubiechowa; 644.68, 552.53], [18; Bucze Ma³e; 644.30,
554.48], [19; Soko³owiec; 643.88, 556.74], [25; Stefanów; 640.95, 556.89], [26; Stefanów; 640.48, 556.13], [30; So³tysia Czuba; 638.21, 557.05], [33; Góra 
Folwarczna; 633.59, 557.63], [41; Górczyca; 632.15, 559.66], [73; Mogi³a; 624.04, 562.05].



Con se quently, the geo chem i cal char ac ter iza tion and
ge netic in ter pre ta tion of the vol ca nic rocks in the fol low -
ing chap ters, as well as the nu mer i cal mod el ling of the
chem i cal evo lu tion of the mag mas, are es sen tially based on
the im mo bile el e ments. When the mo bile el e ments are
used (e.g. for the chem i cal clas si fi ca tion of vol ca nic rocks)
only the fresh sam ples are con sid ered sig nif i cant. The fresh 
sam ples, as used here af ter in this pa per, are those which
show both petrographic and geo chem i cal ev i dence of
fresh ness: 1) a lack of sig nif i cant al ter ation in the py rox -
enes and plagioclase, and 2) LOI < 2%. 14 sam ples of the
43 ana lysed for geo chem is try were thus clas si fied as fresh.
The dis cussed geo chem i cal data (Fig. 8) and the other di a -
grams fur ther on in this pa per show that the 14 fresh sam -
ples are rep re sen ta tive of the whole sample set (cover the
compositional spectrum of the whole set).

The geo chem i cal char ac ter is tics
of the vol ca nic rocks

Chem i cal anal y ses of rep re sen ta tive sam ples of the vol -
ca nic rocks are shown in Ta ble 4. Fig. 9. shows the chem i -

cal clas si fi ca tion di a grams of the vol ca nic rocks. In the
Zr/TiO2-Nb/Y di a gram of Winchester and Floyd (1977),
used for the clas si fi ca tion of al tered and meta mor phosed
vol ca nic rocks, the Perm ian lavas of the North-Sudetic Ba -
sin form an aligned, tight clus ter that strad dles the bound -
ary of sev eral clas si fi ca tion fields. Be cause of rel a tively
small vari a tion in the Zr, Ti, Nb and Y ra tios, and their
spe cific val ues, this di a gram was not very help ful in the
clas si fi ca tion of the stud ied rocks. How ever, this plot in di -
cated the in ter me di ate com po si tion (ba saltic to andesitic)
and the tran si tional, subalkaline/al ka line af fin ity of this
suite (the Nb/Y ra tio of 0.67 is sug gested as the bound ary
value be tween the subalkaline and al ka line bas alts by
Winchester and Floyd, 1977). In the TAS and K2O-SiO2 di -
a grams, the data plot ted with a wider dis tri bu tion. How -
ever, this scat ter was prob a bly due to the mo bil ity of the
sil ica and al ka lis on al ter ation, as the fresh sam ples showed
a much more re stricted compositional range. The en rich -
ment in sil ica and al ka lis typ i cal of the al tered sam ples is
prob a bly due to the crys tal li za tion of sec ond ary quartz, al -
bite and clay min er als re plac ing plagioclase and vol ca nic
glass, the main pri mary com po nents of these rocks (see the
pre vi ous chap ters).
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Fig. 9. The chem i cal clas si fi ca tion of the vol ca nic rocks. A. The to tal al kali-sil ica di a gram (TAS) af ter Le Maitre (Ed.) (2002). B. The
Zr/TiO2-Nb/Y plot af ter Winchester & Floyd (1977). C. The K2O-SiO2 plot af ter Le Maitre (Ed.) (2002). D. The AFM plot af ter
Irvine & Baragar (1971). In all the di a grams, two sam ples of re cent vol ca nic rocks are plot ted for com par i son: BA-An – ba saltic an de site,
Cen tral Vol ca nic zone, An des; and TA-Af – trachyandesite, the East Af ri can Rift Sys tem (de tails in the text).



Con sis tently with the mod er ate Nb/Y ra tios, the fresh 
sam ples also plot along the bound ary of the subalkaline
and al ka line suites in the TAS di a gram (Fig. 9). The AFM
and K2O-SiO2 di a grams show the calc-al ka line and high-K
af fin ity of this suite, re spec tively. From the TAS plot, the
two-pyroxene lavas are clas si fied as ba saltic andesites, and
fur ther sub di vided into main se ries ba saltic andesites (the
microcrystalline lavas) and evolved ba saltic andesites (the
fine-grained lavas, Tab. 1). There is a gra da tion be tween
the two types of ba saltic andesites in terms of their ma jor
el e ment com po si tions. The plagioclase-phyric lavas are en -
riched in al ka lis at a sil ica level sim i lar to the ba saltic
andesites, and are clas si fied as ba saltic trachyandesites.

In terms of their sil ica con tents (52–57%), Mg# ra tios
(< 0.7), and Ni and Cr con tents (< 200 ppm and < 470
ppm, re spec tively), the vol ca nic rocks rep re sent mod er -
ately evolved magma com po si tions (Tab. 4). The geo chem -
i cal vari a tion is fur ther il lus trated in Fig. 10. The Zr con -

tent is plot ted at the hor i zon tal axis as the dif fer en ti a tion
in dex. The Cr-Zr plot en ables a clear dis tinc tion to be
made be tween the ba saltic trachyandesites char ac ter ized
by the low est Cr con tents, and the ba saltic andesites char -
ac ter ized by higher Cr con tents and a well-de fined in -
flected Cr-Zr trend. The microcrystalline ba saltic andesites 
plot along the low-Zr and the main part of that trend,
while the fine-grained ba saltic andesites plot at the Zr-rich
end, usu ally show ing some de ple tion in Cr. Sim i lar re la -
tion ships are found be tween Ni and Zr, al though there is a
greater scat ter, pos si bly due to a vari able Ni en rich ment of
the sam ples con tain ing ol iv ine pheno crysts. In ad di tion, a
sys tem atic up-se quence in crease in Zr and Cr con tents is
ob served in the P³awna2, Wleñ and Lubiechowa sec tions
(Fig. 3B). This vari a tion, to gether with the field and petro-
graphic data (see pre vi ous chap ters) points to systematic
changes in the lava compositions during the eruptive
episodes.
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Fig. 10. The vari a tion in se lected trace el e ment con tents and ra tios of the vol ca nic rocks plot ted against the Zr con tent. (Th/Nb)n and
(La/Nb)n are prim i tive man tle-nor mal ized ra tios (Wood et al., 1979). Also plot ted are nu mer i cal mod els of dif fer en ti a tion, see the text
and Ap pen dix 1.



The ba saltic andesites are char ac ter ized by pos i tive,
lin ear cor re la tions be tween Zr and sev eral other in com pat -
i ble trace el e ments. The Zr-P and Zr-Nb trends for the mi -
cro-crys tal line ba saltic andesites are al most per fectly lin ear
(Fig. 10, cor re la tion co ef fi cients R2 = 0.9842 and 0.9559,
re spec tively), and less dis tinc tive, in flected or more scat -
tered for other el e ment pairs (e.g. Zr-Ti). Com pared to the
microcrystalline ba saltic andesites with a sim i lar Zr con -
tent, the fine grained ba saltic andesites show dis tinc tive de -
ple tion in P, Nb and Ti (Fig. 10), and en rich ment in Th and 
LREE over Nb (higher Th/Nb and La/Nb ra tios, Fig. 10).
By con trast, the ba saltic trachyandesites show en rich ment
in Ti, P (and much less clear in Nb), and de ple tion in Th
(relatively low Th/Nb ratio, Fig. 10).

Nor mal ized REE pat terns of rep re sen ta tive sam ples
are shown in Fig. 11. The pat terns are subparallel and show 
neg a tive slopes, rel a tively steep La-Sm seg ments, and flat -
ter Tb-Lu seg ments. These fea tures in di cate a dis tinc tive
LREE en rich ment rel a tive to the MREE and HREE, and a
less pro nounced MREE en rich ment over the HREE. In
the microcrystalline ba saltic andesites, with in creas ing Zr
con tents, the REE con tents sys tem at i cally in crease (Fig.
11A) at al most con stant nor mal ized Ce/Yb ra tios of ca. 7.7 
(Fig. 11B). The fine-grained ba saltic andesites show the
stron gest LREE en rich ment (chondrite-nor mal ized
Ce/Yb up to ca. 10), while the ba saltic trachyandesites are
less en riched (chondrite-nor mal ized Ce/Yb down to ca.
6.5). All these rocks are also char ac ter ized by a small neg a -
tive Eu anom aly which is rather in dis tinct in the ba saltic
trachyandesites (high est Eu/Eu* up to 0.94), clearer in the
microcrystalline ba saltic andesites (mean Eu/Eu* = 0.89),
and most pro nounced in the fine-grained basaltic andesites
(lowest Eu/Eu* down to 0.72).

Prim i tive man tle-nor mal ized trace el e ment pat terns of 
the vol ca nic rocks are shown in Fig. 12A. The pat terns of
all the rock types dis tin guished are very sim i lar, sub-par al -
lel, with gen er ally neg a tive slopes and sev eral neg a tive
anom a lies. These pat terns in di cate rel a tive en rich ment in
LILE and LREE over HFSE and se lec tive de ple tion in such 
el e ments as Sr, Ti, Nb, Ta, P, Hf, Cs and U. The pat terns
shown in clude the po ten tially mo bile LIL el e ments, but
the sam ples are fresh (low LOI, un al tered plagioclase and
py rox enes) ex cept for sam ple 19. How ever, even this al -
tered sam ple shows the LILE pat tern very sim i lar to the
other, fresh rocks (e.g. the Th-U-K-Ta seg ment) and doc u -
ments the high est LILE content in the fine-grained basaltic
andesites.

Two sam ples of re cent in ter me di ate-com po si tion vol -
ca nic rocks are plot ted in Fig. 12A for com par i son. Sam ple
BA-An is a calc-al ka line ba saltic an de site rep re sen ta tive of
the Cen tral Vol ca nic Zone of the An des, and sam ple
TA-Af is an al ka line trachyandesite rep re sen ta tive of the
East Af ri can Rift sys tem (from Wil son, 1989, ta bles 7.3 and 
11.3). These two sam ples were se lected for com par i son be -
cause: 1) they broadly bracket the compositional range of
the stud ied Perm ian suite in terms of ma jor el e ment com -
po si tion (Fig. 9); and 2) they may be con sid ered rep re sen ta -
tive of in ter me di ate lavas of ac tive con ti nen tal mar gins
(sam ple BA) and intra-con ti nen tal extensional set tings
(sam ple TA). The stud ied Perm ian rocks show nor mal ized

  PERM IAN MAFIC LAVAS OF THE NORTH-SUDETIC BA SIN 53

Fig. 11. The rare-earth el e ment (REE) geo chem is try of the vol -
ca nic rocks. A. Chondrite-nor mal ized REE pat terns. B. (Ce/Yb)
nor mal ized ra tio plot ted against nor mal ized (Ce). The bro ken
lines de lin eate the range of (Ce/Yb) ra tios in the microcrystalline
ba saltic andesites. Nor mal iza tion af ter Boynton (1984).



pat terns from La to Y gen er ally sim i lar to sam ple TA in
terms of both their trace el e ment ra tios and con tents.
How ever, sam ple TA shows a strong en rich ment in Nb
and Ta, while the Perm ian rocks show de ple tion in these
el e ments rel a tive to K and La, sim i larly as in sam ple BA.
The LIL el e ment con tents and ra tios of the Perm ian sam -
ples are gradational be tween sam ples BA and TA. This
com par i son shows that the Perm ian lavas of the North-
Sudetic Ba sin show trace el e ment char ac ter is tics tran si -
tional be tween ex ten sion-re lated within-plate lavas, and ac -
tive con ti nen tal mar gin lavas. These tran si tional char ac ter -
is tics are also seen in the Th/Yb-Ta/Yb plot (Fig. 12B)
where the stud ied rocks show high Ta/Yb ratios typical of
within-plate lavas, but also elevated Th/Yb ratios charac-
teristic of destructive plate margin lavas.

MAGMA DIF FER EN TI A TION
PRO CESSES

Qual i ta tive in ter pre ta tion

Over all, the vol ca nic rocks show very uni form geo -
chem i cal char ac ter is tics and rel a tively nar row ranges of
vari a tion of sev eral ma jor and trace el e ments, as ev i denced, 
for ex am ple, by the tight clus ter ing of points in the TAS
(the fresh sam ples) and Zr/TiO2-Nb/Y clas si fi ca tion di a -
grams, and also by the subparallel spi der di a grams. These
char ac ter is tics in di cate that the dis cussed rocks rep re sent a
suite of ge net i cally re lated mag mas, de rived from very sim -
i lar pa ren tal melts and, ul ti mately, sim i lar man tle sources.
The rel a tively high sil ica and low mag ne sium con tents sug -
gest that even the more prim i tive of the ana lysed com po si -
tions may not rep re sent pri mary, un mod i fied man tle mag -
mas but rather vari ably evolved melts. How ever, the sam -
ples with the low est Zr, and high est Mg-, Cr- and Ni con -
tents may ap prox i mate the pa ren tal magma com po si tion
of this suite. The ma jor dif fer en ti a tion pro cess in volved in
the evo lu tion of this suite must have been frac tional crys -
tal li za tion, as in di cated by the pro gres sive en rich ment in
in com pat i ble trace el e ments such as Zr, Nb, P, REE, at
con stant ra tios of these el e ments, cor re lated with the rel a -
tive de ple tion in com pat i ble el e ments as such Cr, Ni, V
and Eu (Fig ures 10, 11, 12). These de ple tions fur ther in di -
cate the frac tional crys tal li za tion of ol iv ine, py rox enes,
Fe-Ti ox ides and plagioclase. How ever, for sev eral el e -
ments in Fig. 10, the vari a tion di a grams re veal com plex
trends, sug gest ing that other pro cesses apart from frac -
tional crys tal li za tion were also in flu en tial dur ing the mag -
matic evo lu tion of this suite.

In par tic u lar, the in flec tions in the Cr-Zr, Ni-Zr and
Ti-Zr trends for the ba saltic andesites at ca. 270–300 ppm of 
Zr may re flect some changes in the fractionating min eral
as sem blages, e.g. from Cr-spinel-bear ing as sem blages in the 
less evolved (Zr-poor) mag mas into Ti-spinel- or il men -
ite-bear ing as sem blages in the more evolved (Zr-en riched)
mag mas, fractionating Cr and Ti, re spec tively. How ever,
an other pos si ble ex pla na tion is a con tin u ous re plen ish -
ment of the magma cham ber where the frac tional crys tal li -
za tion pro cesses took place with a prim i tive, Cr- and
Ni-rich magma, buff er ing the com pat i ble el e ment con tents 
at a high level. An other char ac ter is tic fea ture is the de ple -
tion in Ti, Nb and P, and en rich ment in Th and La rel a tive
to Nb in the ba saltic andesites with the high est Zr con -
tents. These trends can be linked with frac tional crys tal li -
za tion of some ac ces sory min er als from the more evolved
melts (e.g. ap a tite and zir con, in cor po rat ing P and Zr, re -
spec tively), and/or con tam i na tion of the fractionating
mag mas with some crustal ma te rial (Nb-poor and Th and
LREE-rich). In ad di tion, the ba saltic trachyandesites rep re -
sent a dis tinc tive group in many of the vari a tion di a grams
shown (Fig. 10). Their strong de ple tion in Cr and Ni re -
flects ad vanced frac tional crys tal li za tion of ferro mag nesi an 
min er als and/or Fe-Ti ox ides (and no in flu ence of mafic re -
plen ish ment). The sub-trends (par al lel to the main, ba saltic 
an de site trend) ob served in the Ti-Zr and P-Zr di a grams
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Fig. 12. A. Prim i tive man tle-nor mal ized (af ter Wood et al.,
1979) trace el e ment pat terns of the vol ca nic rocks. B. The
Th/Yb-Ta/Yb di a gram of Perace (1983). In both di a grams, two
sam ples of re cent vol ca nic rocks are plot ted for com par i son:
BA-An – ba saltic an de site, Cen tral Vol ca nic zone, An des; and
TA-Af – trachyandesite, the East Af ri can Rift Sys tem (de tails in
the text).



also sug gest that the ba saltic trachyandesites were derived
from parental magmas of slightly different composition
compared to the parental magmas of the basaltic andesites.

Nu mer i cal mod el ling

The pos si ble ef fects of the var i ous dif fer en ti a tion pro -
cesses dis cussed above were tested quan ti ta tively us ing sim -
ple nu mer i cal mod els. Sev eral mod els were cal cu lated
based on the ob served rock com po si tions and their min eral 
as sem blages, and those which best fit the ob served trends
are shown in Fig. 10. The equa tions ap plied and the data
used in the mod el ling, in clud ing melt com po si tions, frac-
tionating min eral as sem blages and min eral-melt par ti tion
co ef fi cients, are given in Ap pen dix 1. Im por tantly, the mo- 
dels are con sid ered only a rough ap prox i ma tion of the na-
tural dif fer en ti a tion pro cesses, as many com plex i ties can -
not be in cor po rated into the sim ple equa tions used (e.g.
grad ual changes in fractionating min eral as sem blages), and
some of the par ti tion co ef fi cients used (e.g. for ap a tite and
zir con in ba sic/in ter me di ate melts) are not con strained
well.

Model 1a rep re sents the frac tional crys tal li za tion of
plagioclase, ol iv ine, clinopyroxene and mi nor spinel from
a pa ren tal magma with a com po si tion close to the Zr-poor -
est and Cr-rich est sam ple of the data set (Cc(1a) in App.
1C). Mod els with orthopyroxene in the fractionating min -
eral as sem blage (not shown) give sim i lar re sults. Model 1b
(cal cu lated for se lected el e ments only) il lus trates the frac -
tional crys tal li za tion of the same min eral as sem blage but
from a slightly dif fer ent parental melt (Cc(1b) in App. 1C).

Mod els 1a and 1b show that frac tional crys tal li za tion
of a min eral as sem blage equiv a lent to the phenocryst as -
sem blage ob served in the ba saltic trachyandesites ex plains
well the for ma tion of ba saltic trachyandesite mag mas from 
more prim i tive melts rang ing in com po si tion from the
least evolved ba saltic andesites to (hypothectical) slightly
more al ka line, Ti- and P-en riched, mag mas. A range of pa -
ren tal magma com po si tions in volved ex plains best the dis -
tinc tive ba saltic trachyandesite sub-trends in the Ti-Zr and
P-Zr plots, and also the vari a tion in the Th/Nb and La/Nb 
ra tios mea sured in these rocks. How ever, some of these pa -
ren tal mag mas were not erupted and/or not sam pled, and
their real com po si tion re mains poorly con strained. Al -
though the cal cu lated mod els give sim i lar re sults if ei ther
clinopyroxene or orthopyroxene are in volved, the petro-
graphic ev i dence ar gues for the crystallization of clino-
pyroxene and not orthopyroxene.

Model 2 rep re sents frac tional crys tal li za tion cou pled
with the re plen ish ment of the magma cham ber with a
prim i tive melt. This pro cess was mod elled us ing the as sim -
i la tion-frac tional crys tal li za tion (AFC) equa tion, with the
ini tial melt com po si tion rep re sent ing the magma con -
tained in the cham ber (Cc(1a), the same pa ren tal melt as
used in model 1a) and the assimilant be ing the prim i tive
magma that re plen ished the cham ber (Cp, App. 1C). The
com po si tion of the lat ter, hy po thet i cal magma was cal cu -
lated by ex trap o lat ing from the ba saltic an de site trends to
lower Zr con tents as sum ing Cr = 1000 ppm in the pri -

mary, man tle-de rived magma (af ter Wil son, 1989). The
fractionating min eral as sem blage con sisted of plagioclase,
orthopyroxene, ol iv ine and mi nor spinel. It is found that
such mod els re quire a very high Cr con tent in the re plen -
ish ing magma batches (partly de pend ing on the par ti tion
co ef fi cients ap plied, but not much less than 1000 ppm) and
high ra tios of mass as sim i lated to mass frac tion ated: ca. 0.8, 
i.e. vo lu mi nous re plen ish ment with the prim i tive melt.
Mod els with clinopyroxene in the fractionating min eral as -
sem blage (not shown) fail to re pro duce the ob served trends 
be cause clinopyroxenes fractionate Cr which leads Cr-de -
pleted melts, de spite the mafic re plen ish ment. An other set
of mod els tested as sumed a two-step frac tional crys tal li za -
tion, with or with out the mafic re plen ish ment, with a
change of min eral as sem blages at ca. 300 ppm of Zr. These
mod els (not shown) also failed to re pro duce the high Cr
and Ni of the evolved ba saltic andesites, un less the frac tion -
ated as sem blages in step 2 (Zr > 300 ppm) consisted almost 
exclusively (> 90%) of plagioclase, which is unrealistic for
the magma compositions involved.

It is thus con sid ered that model 2 con firms that the
geo chem i cal vari a tion of most trace el e ments in the ba -
saltic andesites can be ex plained by frac tional crys tal li za -
tion of plagioclase, ol iv ine and orthopyroxene, with mi nor 
spinel (which com pares well with the phenocryst as sem -
blage and modal com po si tion of the ba saltic andesites),
cou pled with mas sive re plen ish ment of the magma cham -
ber with a very prim i tive melt. How ever, the vari a tion of
Ti, V and partly Nb prob a bly re quires the on set of crys tal -
li za tion of a Ti-V-Nb-bear ing phase, likely il men ite, at a
frac tion ation de gree cor re spond ing to ca. 300 ppm of Zr.
This rel a tively com plex case (frac tional crys tal li za tion +
re plen ish ment + vari a tion of min eral as sem blages) can not
be eas ily mod elled be cause the equa tion used is valid for a
con stant value of the bulk par ti tion co ef fi cient, which ef -
fec tively means that no changes in the fractionating mine-
ral assemblage are allowed.

Model 3 rep re sents frac tional crys tal li za tion of an
evolved ba saltic an de site magma (Cc3, App. 1C) cou pled
with the re plen ish ment of the magma cham ber with the
prim i tive melt. Sim i larly to model 2, the AFC equa tion
was used. The fractionating min eral as sem blage was also
sim i lar to that in model 2 (Pl, Opx, Ol, Sp), but in cluded
very small frac tions of il men ite, ap a tite and zir con. Due to
the poorly con strained par ti tion co ef fi cients for the lat ter
two min er als in the ba sic/in ter me di ate melts (App. 1E)
model 3 pro vides only a very gen eral guide to possible
fractionation paths.

It is found that rel a tively small changes in the min eral
pro por tions, par ti tion co ef fi cients and as sim i la tion/frac -
tion ation ra tio strongly in flu ence the re sult ing chem i cal
trends. The model pre sented semi-quantitavely dem on -
strates that the co-vari a tion of sev eral trace el e ments (e.g.
Zr, Ti, V, P) in the most evolved ba saltic andesites can be
ex plained by frac tional crys tal li za tion of the ac ces sory
min er als. How ever, the P de ple tion in that model re quires
ap a tite crys tal li za tion, which also leads to LREE de ple tion
due to the high par ti tion co ef fi cients of the LREE such as
La in ap a tite. Con se quently, the model pre dicts that the
La/Nb ra tio of the most evolved melts should de crease,
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but the op po site ef fect is ob served in the stud ied suite.
Thus, it seems likely that the frac tional crys tal li za tion of
ac ces sory min er als, if it occurred, was not the only process
involved at that stage of differentiation.

The last model, 4, il lus trates the ef fects of crustal con -
tam i na tion and rep re sents a lin ear two-end-mem ber mix -
ing be tween the evolved ba saltic an de site magma and a
mean greywacke com po si tion (com po si tions Cc3 and Ca,
re spec tively, App. 1C). Other con tam i nants tested in -
cluded the av er age lower crust, the av er age up per crust and
the NASC (North Amer i can Shale Com pos ite). None of
these com po si tions pro vide a per fect fit to the ob served
trends. How ever, con tam i na tion of the evolved ba saltic
andesite magma with a rel a tively mafic, im ma ture sed i -
men tary com po nent (= greywacke) or a par tial melt of
such a source, ex plains rel a tively well the vari a tion in Zr,
Nb, P, Cr and the in crease in the Th/Nb and La/Nb ra tios
of the most evolved ba saltic andesites. In con clu sion, it is
sug gested that the most evolved mag mas of the suite were
af fected by both frac tional crystallization of accessory
minerals and also by crustal assimilation.

The evo lu tion of the mag matic sys tems

The field re la tion ships and the petrographic and geo -
chem i cal vari a tion in the vol ca nic rocks dis cussed in this
pa per can be in te grated into a model that shows how the
mag matic sys tems of the Perm ian vol ca noes of the
North-Sudetic Ba sin worked and evolved with time. The
main pro cesses in volved are sche mat i cally il lus trated in
Fig. 13. The pa ren tal mag mas of the suite dif fer en ti ated in
crustal cham bers and erupted ef fu sively in sev eral ep i sodes
sep a rated by re pose pe ri ods. The pa ren tal magma com po -
si tions and, more sig nif i cantly, magma cham ber pro cesses
changed with time dur ing the erup tive ep i sodes, and suc -
ces sive lavas showed a sys tem atic up-se quence geo chem i cal 
and petrographic vari a tion. The lavas that erupted early
(stage I in Fig. 13) were of rel a tively low vol ume and of ba -
saltic trachyandesite com po si tion. At that stage, the mag -
mas evolved pri mar ily by the frac tional crys tal li za tion of
plagioclase, clinopyroxene and ol iv ine from the prim i tive
melts, lead ing to the Cr-poor com po si tions. In the fol low -
ing, main erup tive stage (II), the vol u met ri cally dom i nant
microcrystalline ba saltic an de site lavas were emplaced.
The pa ren tal magma com po si tion shifted to slightly less al -
ka line. The magma cham bers pos si bly at tained a larger size 
due to a more con tin u ous and more vo lu mi nous sup ply,
and might have been lo cated at shal lower crustal lev els.
The melts evolved by frac tional crys tal li za tion of plagio-
clase, orthopyroxene and ol iv ine (with mi nor Fe-Ti

oxides: Cr-spinel first, titanomagnetite or il men ite later),
cou pled with mix ing of evolved and prim i tive re plen ish ing 
melts, lead ing to the Cr-rich com po si tions. The as sim i la -
tion of crustal ma te ri als did not oc cur dur ing stages I and II, 
and con stant ra tios of in com pat i ble trace el e ments (e.g.
Zr/P, Zr/Nb, Th/Nb) of the melts were main tained. Pro -
gres sive dif fer en ti a tion re sulted in still more evolved melts, 
and the most evolved, fine-grained ba saltic an de site lavas
were pro duced and emplaced dur ing the fi nal stage, III. As
in the pre vi ous stage, the main dif fer en ti a tion pro cesses re -
mained frac tional crys tal li za tion and mafic re plen ish ment, 
but the trace el e ment char ac ter is tics of the mag mas were
af fected by the frac tional crys tal li za tion of ac ces sory min -
er als (e.g. zir con and ap a tite) and also by con tam i na tion
with up per crustal com po nents that were sim i lar in com -
po si tion to greywackes. These pro cesses re sulted in the de -
ple tion of Zr, Cr, Nb and P, and en rich ment in Th and La.

Sim i lar erup tive ep i sodes con sist ing of stages I-II-III, or 
some of the stages only, were re peated sev eral times as vol -
ca nism re sumed af ter re pose pe ri ods. Sev eral magma cham -
bers evolv ing in a sim i lar way must have been suc ces sively
cre ated un der neath the vol ca nic cen tres. The most com -
plete spec trum of erupted lava com po si tions was char ac ter -
is tic of the vol ca noes in the cen tral part of the North-
Sudetic Ba sin. By con trast, fur ther east, where the in ter me -
di ate lavas are as so ci ated with rhyolites, the ba saltic
trachyandesite lavas did not erupt, and so the evolved ba -
saltic andesites are rel a tively more com mon. The rhyolites
pos si bly re flect a more ex ten sive crustal melt ing be neath
vol ca noes in the east, which both pre vented the rise of ini -
tial, low-vol ume ba saltic trachyandesite mag mas to the sur -
face, and also fa voured a more ad vanced dif fer en ti a tion in
the magma cham bers, lead ing to the more common empla-
ce ment of the evolved basaltic andesite lavas.

Some as pects of the pro posed model re main less clear.
For in stance, the lavas of stage I (ba saltic trachyandesites)
bear stron ger petrographic ev i dence of dis equi lib rium cry-
stallization (plagioclase zonation), sug ges tive of open sys -
tem pro cesses, com pared to lavas of stage II (ba saltic andesi- 
tes). How ever, a larger magma cham ber, a lon ger res i dence 
time for the mag mas, and a re sult ing more thor ough ho -
mog e ni za tion of the stage II melts could ac count for these
char ac ter is tics. An other prob lem is why crustal as sim i la -
tion oc curred at the very late stage of dif fer en ti a tion only.
It can be spec u lated that both magma cham ber pro cesses
(e.g. a de crease in the magma sup ply and/or the for ma tion
of a thick cu mu late pile, dis abling ef fec tive re plen ish ment)
and wall rock pro cesses (e.g. melt ing of the coun try rocks
only af ter enough heat was sup plied from the cooling
magma chamber) contributed to this situation.

THE MAN TLE SOURCES, CRUSTAL COM PO NENTS
AND PA REN TAL MAG MAS OF THE SUITE

Al though the vol ca nic rocks of the North-Sudetic Ba -
sin rep re sent rather evolved melts, some ba sic char ac ter is -
tics of their man tle sources and other com po nents in -
volved in their petro gen esis can be dis cussed. The en rich -
ment in the more in com pat i ble el e ments of the HFS

group, doc u mented by the rel a tively high Nb/Y, Nb/Zr
and Ta/Yb ra tios, in di cates der i va tion of the melts from
mod er ately en riched man tle sources. The REE pat terns, in
par tic u lar the lack of HREE de ple tion (high chondrite-
nor mal ized Yb con cen tra tions of ca. 16) fur ther sug gest
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that gar net was ab sent from the man tle sources of the mag -
mas, likely due to the rather shal low or i gin of the melts (at
pres sures lower than those re quired for the sta bil ity of gar -
net-peridotite as sem blages) and/or rel a tively high de grees
of par tial melt ing. Al to gether, it may be ar gued that the
mag mas were de rived from trace el e ment-en riched, spinel-
peridotite sources lo cated in the sub con ti nen tal lithosphe-
ric man tle. In ad di tion, the geo chem i cal dif fer ences be -

tween the ba saltic andesites and the ba saltic trachyande-
sites sug gest also some het er o ge ne ity of the man tle source
and/or vari a tion in the de grees of par tial melt ing for the
var i ous pa ren tal magmas.

How ever, un like typ i cal con ti nen tal intra-plate lavas
(e.g. sam ple TA-Af, Fig. 12) show ing low La/Nb and
Th/Nb ra tios, the dis cussed Perm ian rocks are char ac ter -
ized by dis tinc tive enrichement in Th, LILE and La over
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Nb, sim i lar to ac tive con ti nen tal mar gin lavas (e.g. sam ple
BA-An in Fig. 12). These en rich ments in di cate that some
com po nents rich in Th, LILE and LREE, most prob a bly
crustal rocks and/or flu ids de rived from such rocks, par tic -
i pated in the or i gin of the mag mas. The pos si ble mecha-
nism involved could have been:

1) con tam i na tion of the mag mas dur ing their dif fer en -
ti a tion within the crust, or

2) con tam i na tion of the man tle source of the mag mas
by subduction-re lated flu ids or deeply subducted crustal
rocks.

A strong con tam i na tion of the Perm ian “andesites” of
the North-Sudetic Ba sin with lower crustal rocks as the re -
sult of as sim i la tion-frac tion ation pro cesses was sug gested
by Dziedzic (1998). How ever, these sug ges tions were based 
on a very lim ited set of 5 sam ples, and the geo chem i cal and
petrographic vari a tion of the “andesites” was not rec og -
nized; thus, the model pre sented by Dziedzic (1998) must

be treated with cau tion. By con trast, the data dis cussed in
this pa per and the re sults of nu mer i cal mod el ling of trace
element variation show that:

1) crustal con tam i na tion was not in volved un til the
most ad vanced stages of dif fer en ti a tion, and

2) the magma cham bers were re plen ished with very
prim i tive (= un dif fer en ti ated) mag mas, which could
hardly have suf fered any ear lier frac tion ation or con tam i -
na tion.

These ar gu ments sug gest that the trace el e ment sig na -
tures of the dis cussed suite were largely in her ited from the
man tle sources. Con sid er ing the post-collisional set ting, it
is pos si ble that the man tle sources were con tam i nated dur -
ing the ear lier stages of the Variscan orog eny ei ther due to
subduction-re lated metasomatism or due to a deep sub-
duction of crustal rocks, as also sug gested for other sim i lar,
post-colllisinal rock se ries (e.g. Cabanis et al., 1990; Benek
et al., 1996; Aldanmaz et al., 2000; Coulon et al., 2002).

CON CLU SIONS

1. The Perm ian in ter me di ate-com po si tion vol ca nic
rocks of the North-Sudetic Ba sin rep re sent a high-K calc-al -
ka line suite that erupted in an extensional, intracontinen-
tal, post-collisional set ting in the east ern part of the Varis-
can belt of Eu rope.

2. The vol ca nic rocks, with a to tal vol ume ex ceed ing a
hun dred cu bic km, are mostly thick pahoe-hoe lava flows
and mi nor subvolcanic in tru sions that were emplaced
from fis sure vents and/or small shield-type vol ca noes. Lo -
cally, the lavas in ter acted with wet sed i ments pro duc ing
peperites and pil low-like struc tures. An ide al ized, sin gle
erup tive ep i sode com prised ini tial em place ment of ba saltic
trachyandesite lavas, fol lowed by main se ries ba saltic
andesites (the most vo lu mi nous and wide spread), and fi -
nally, evolved ba saltic andesites. Sev eral erup tive ep i sodes
sep a rated by re pose and sedimentation periods can be
recognized.

3. The geo chem i cal, petrographic and min er al og i cal
data in di cates that the suite rep re sents co-mag matic, vari -
ably evolved melts, com ing from mag matic sys tems in
which the dif fer en ti a tion pro cesses changed with time
from: (I) frac tional crys tal li za tion lead ing to the ba saltic
trachyandesite com po si tions, through (II) frac tional crys -
tal li za tion cou pled with mafic re plen ish ment, lead ing to

the Cr- and Ni-rich main-se ries ba saltic andesites, to (III)
frac tional crys tal li za tion, mafic re plen ish ment and crustal
as sim i la tion pro duc ing P-, Ti- and Nb-de pleted, but Th-
and La-en riched evolved ba saltic andesites. Im por tantly,
the fractionating min eral as sem blages changed from (I)
plagioclase, ol iv ine and clinopyroxene with mi nor spinel,
to (II) plagioclase, ol iv ine and orthopyroxene with mi nor
spinel and later il men ite, and (III) as in the pre vi ous stage,
but with ap a tite and zir con. The most evolved ba saltic
andesites un der went some con tam i na tion with crustal
com po nents with greywacke-like chem i cal af fin i ties. Some 
vari a tion in the pa ren tal magma com po si tions of succe-
ssive magmatic products may reflect source heterogeneity
and/or variable melting conditions.

4. The gen eral trace el e ment char ac ter is tics of the vol -
ca nic rocks (en rich ment in Th, LILE, Nb and Zr, but with
high Th/Nb and La/Nb ra tios) are tran si tional be tween
those of ex ten sion-re lated within-plate lavas and ac tive
con ti nen tal mar gin lavas. These char ac ter is tics re flect the
en riched lithospheric man tle sources of the mag mas, car ry -
ing a crustal sig na ture pos si bly re lated to subduction pro -
cesses (man tle metasomatism or deep subduction of crustal
rocks) dur ing the earlier stages of the Variscan orogeny.
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Ap pen dix 1. Nu mer i cal mod el ing – meth ods and data

A. Equa tions used (based on Wil son, 1989 and
Ragland, 1989 and ref er ences therein)

frac tional crys tal li za tion
C = Cc * F(D–1)
as sim i la tion-frac tional crys tal li za tion (AFC)
C = Cc * [f’ + r/(r–1+D) * Cp(1–f’)/Cc]
and
bulk mix ing
C = (1–x)Cc + xCa
where:
C – the cal cu lated con cen tra tion of a given trace el e ment in

the frac tion ated melt
Cc – the ini tial con cen tra tion of that trace el e ment in the

magma in the cham ber
Cp – the con cen tra tion of that trace el e ment in the prim i tive

magma re plen ish ing the cham ber
Ca – the con cen tra tion of that trace el e ment in the as sim i -

lated crustal ma te rial
D – the bulk par ti tion co ef fi cient for the fractionating min -

eral as sem blage
F – the frac tion of the melt re main ing
f’ = F–(r–1+D)/(r–1)
r – the ra tio of the as sim i la tion rate to frac tion ation rate
x – the weight frac tion of the as sim i lated ma te rial

B. Mod els ap plied

Mod els 1a and 1b – frac tional crys tal li za tion, with Cc(1a)
and Cc(1b) as the ini tial melt com po si tions, re spec tively

Model 2 – as sim i la tion/frac tional crys tal li za tion (AFC) with 
Cc(2) as the ini tial melt com po si tion and Cp as the “assimilant”
(re plen ish ing prim i tive magma)

Model 3 – as sim i la tion/frac tional crys tal li za tion (AFC) with 
Cc(3) as the ini tial melt com po si tion and Cp as the “assimilant”
(re plen ish ing prim i tive magma)

Model 4 – bulk mix ing be tween Cc(3) and Ca

C. Melt com po si tions

Cp – prim i tive magma re plen ish ing the cham ber
The Zr con tent of this magma (= 128 ppm) was cal cu lated

from the ex trap o la tion of the lin ear re gres sion of Cr against Zr
for Cr = 1000. The other el e ment con tents were ex trap o lated
from their lin ear re gres sions vs Zr for Zr = 128 ppm. The re gres -
sion equa tions were based on 5 ba saltic an de site sam ples with the
low est Zr con tents (< 250 ppm) for most el e ments ex cept Ti, Th
and La, for which 4 sam ples were used (be cause of anom a lous Ti,
Th and La con tents in the sam ple with low est Zr con tent, see Fig.
10).

Cc(1a, 1b, 2) – the ini tial magma com po si tion in the cham -
ber in mod els 1a, 1b and 2, re spec tively. The com po si tion cal cu -
lated as for Cp as sum ing Cr = 500 ppm, which gives Zr = 221
ppm in the cham ber magma. In Cc(1b), the Ti, P and Th con tents 
are set ar bi trarily to il lus trate the pos si ble range of magma cham -
ber com po si tions.

Cc(3) – ini tial magma com po si tion in the chamber in
model 3

This com po si tion was ex trap o lated from lin ear re gres sions
of the mod eled el e ments against Zr for ba saltic andesites with Zr
> 250 ppm as sum ing Zr = 400 ppm in the cham ber magma.

Ca(4) – as sim i lated crustal ma te rial in model 4
The com po si tion of a mean greywacke af ter Wedepohl

(1995) was used.

D. Fractionating min eral as sem blages and
as sim i la tion/frac tion ation ra tios (weight frac tions)

Ol – ol iv ine, Opx – or thopyroxene, Cpx – clinopyroxene,
Pl – plagioclase, Mag – mag ne tite, Ilm – il men ite, Ap – ap a tite,
Zrn – zir con

E. Min eral/melt par ti tion co ef fi cients

Ol, Opx, Cpx, Pl, Mag, the el e ments Ti to Cr: par ti tion co -
ef fi cients in ba saltic and ba saltic an de site melts, val ues from the
com pi la tion of Rollinson (1993). Val ues for P from Baker and
Wyl lie (1992, for Cpx) and from An der son and Green land (1965,
for Ol, Opx, Pl. Mag).

Ilm – val ues from the com pi la tion of R. Niel sen (http://
earthref.org/): Ti – Stimac and Hickmott (1994); Zr, Th – Zack
and Brumm (1998); Nb – Green and Pearson (1987); La – Paster et 
al., 1974; Ni – Ewart and Grif fin (1994); Cr, V – Ring wood, 1970;
P – An der son and Green land (1965).

Ap, Zrn: par ti tion co ef fi cients in rhyolitic melts from the
com pi la tion of Rollinson (1993). * – P in Ap, and Zr and Nb in
Zrn – ar bi trary val ues.
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[ppm] Cp Cc(1a, 2) Cc(1b) Cc(3) Ca(4)

Zr 128 221 221 400 302

Ti 2792 6598 7800 8380 5400

Nb 14.3 19.8 19.8 32 8.4

Th 4.7 6.2 4 9.3 9

La 27 36 36 60 34

Ni 428 225 225 158 24

V 143 165 165 135 98

Cr 1000 500 500 229 88

P 770 1416 1850 2684 572

model Ol Opx Cpx Pl Mag Ilm Ap Zrn r

1a &
1b

0.30 - 0.19 0.485 0.025 - - - 0 

2 0.15 0.35 - 0.490 0.010 - - - 0.8

3 0.15 0.34 - 0.466 0.040 0.002 0.0015 0.00015 0.7

Ol Opx Cpx Pl Mag Ilm Ap Zrn

Ti 0.02 0.1 0.4 0.04 7.5 192 0.1 -

Zr 0.012 0.18 0.1 0.048 0.1 0.29 0.1 3000*

Nb 0.01 0.15 0.005 0.01 0.4 2.3 0.1 50*

Th - - 0.03 0.01 - 0.00055 76.8

La 0.07 0.01 0.1 0.14 2.2 0.098 14.5 16.9

Ni 17 5 8 - 29 3.8 - -

V 0.06 0.6 1.35 - 26 12 - -

Cr 0.7 10 34 - 153 6 - 189.5

P 0.055 0.0115 0.069 0.019 - 0.05 500* -
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