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Mafic, monogenetic vol ca nism is in creas ingly rec og nized as a com mon man i fes ta tion of post-collisional vol ca nism in late
Variscan, Permo-Car bon if er ous intramontane bas ins of Cen tral Eu rope. Al though iden ti fi ca tion of in di vid ual erup tive cen tres 
is not easy in these an cient suc ces sions, the Perm ian Rožmitál andesites in the Intra-Sudetic Ba sin (NE Bo he mian Mas sif)
pro vide an ex cep tion ally de tailed re cord of ex plo sive, ef fu sive and high-level in tru sive ac tiv ity. Based on field study and
petrographic and geo chem i cal data on pyroclastic and co her ent rocks, the Rožmitál Suc ces sion is in ter preted as the prox i -
mal part of a tuff ring sev eral hun dred metres in di am e ter. Ini tial ac cu mu la tion of pyroclastic fall and surge de pos its oc curred
dur ing phreatomagmatic erup tions, with tran si tions to wards Strombolian erup tions. Gul lies filled with re worked tephra doc u -
ment pe ri ods of ero sion and redeposition. Andesitic blocky lavas capped the volcaniclastic suc ces sion. In va sion of lavas into 
un con sol i dated sed i ments and em place ment of shal low-level in tru sions in near-vent sec tions re sulted in the for ma tion of jig -
saw- and ran domly-tex tured peperites. Most geo chem i cal dif fer ences be tween co her ent andesites and pyroclastic rocks can 
be linked to in cor po ra tion of quartz-rich sed i ments dur ing the ex plo sive erup tive pro cesses and to later ce men ta tion of the
volcaniclastic de pos its by do lo mite. The Rožmitál tuff ring could have been one of sev eral phreatomagmatic cen tres in a
monogenetic vol ca nic field lo cated on an al lu vial plain.
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INTRODUCTION

Small vol ca noes, such as sco ria cones, tuff cones, tuff rings 
and maars, usu ally clus tered in monogenetic vol ca nic fields,
rep re sent the most wide spread vol ca nic cen tres on the Earth’s
land sur face (e.g., Cas and Wright, 1987; Németh, 2010, and
ref er ences therein). They may be also com mon on other
Earth-type plan ets of the So lar Sys tem (e.g., on Mars: Brož and 
Hauber, 2013). Al though gen er ally char ac ter ized by rel a tively
short and sim ple erup tive his to ries, many of these vol ca noes
re veal com plex struc tures re sult ing from multi-stage ac tiv ity,
changes in erup tive styles and shifts in vent lo ca tions (e.g.,
Clark et al., 2009; Kereszturi and Németh, 2013, and ref er -
ences therein). In di vid ual monogenetic vol ca noes and their
erup tions are typ i cally small in scale (be low 1 km3); how ever,
the cu mu la tive vol umes of magma erupted from monogenetic
vol ca nic fields matches that of large, poly gen etic, com pos ite

vol ca noes (e.g., Connor and Conway, 2000). The dif fer ences
be tween mono- and poly gen etic styles of vol ca nism are ba si -
cally linked to ep i sodic or more con tin u ous rates of man tle melt -
ing and magma sup ply (Takada, 1994). Erup tions of mafic mag -
mas are most com mon in such sys tems, al though more
evolved, andesitic to rhyolitic, or more ex otic, al ka line com po si -
tions are also not rare (Connor and Conway, 2000; Davidson
and Silva, 2000; Tait et al., 2009; Németh et al., 2012).

Mafic to in ter me di ate vol ca nic rocks of ba saltic-an de site to
trachyandesite com po si tion, usu ally ac com pa nied also by silicic 
vol ca nic rocks, oc cur fre quently within Permo-Car bon if er ous
se quences in Eu rope (Fig. 1). These dis tinc tive red-beds
(“Rotliegend”) and their vol cano-sed i men tary suc ces sions wit -
nessed a pe riod of large-scale extensional and wrench tec ton -
ics, ba sin for ma tion and as so ci ated vol ca nism dur ing the late
stages of the Variscan orog eny and the fol low ing post-orogenic
pe riod (Wil son et al., 2004; McCann et al., 2006; Geiss ler et al.,
2012, and ref er ences therein). In these an cient vol ca nic se -
quences, the for mer erup tive cen tres and vents are usu ally hard 
to iden tify, be cause ero sion, tec ton ics and diagenetic al ter ation
ob scure key ev i dence and ham per de tailed volcanological in -
ter pre ta tions. On the other hand, rapid siliciclastic sed i men ta -
tion and burial, char ac ter is tic for that type of post-collisional
intramontane bas ins (e.g., Burbank and John son, 1983) have
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the po ten tial to pre serve spec tac u lar vol ca nic land forms and
struc tures, such as lava-domes, tuff- and pum ice-cones (e.g.,
Geißler et al., 2008; Seghedi, 2011) or ropy struc tures on
pahoe-hoe lavas (Stárková et al., 2011). In the east ern part of
the Eu ro pean Variscan Belt, in the Bo he mian Mas sif (Fig. 1),
monogenetic vol ca nism is in creas ingly rec og nized as a com -
mon man i fes ta tion of post-collisional vol ca nic ac tiv ity. For ex -
am ple, a belt of rhyolitic maars (the Rusinowa–Grzmi¹ca belt;
Nemec, 1981; Awdankiewicz, 1999a), as well as a clus ter of
small trachyandesitic shield vol ca noes and as so ci ated lava
fields (Kamienna Góra and Lesieniec–Soko³owsko ba saltic
trachyandesites; Awdankiewicz, 1997, 1999a; Awdankiewicz et 
al., 2003) were iden ti fied in the Car bon if er ous and Perm ian de -
pos its of the Intra-Sudetic Ba sin (Fig. 1), which is the big gest
intramontane trough in that re gion. In re cent years Stárková et
al. (2011) rec og nized Ha wai ian, Strombolian and phreato -
magmatic erup tive prod ucts among the suc ces sions of ol iv ine
bas alts to ba saltic andesites of the Perm ian Levín Vol ca nic
Field in the ad ja cent Krkonoše Piedmont Ba sin, west of the
Intra-Sudetic Ba sin (Fig. 1). In the same ba sin, Valenta et al.
(2014) dis cov ered the Principálek vol ca nic struc ture us ing a
geo phys i cal sur vey. The Principálek vol cano started its ac tiv ity
as a maar pen e trat ing poorly con sol i dated con ti nen tal de pos its. 
Sub se quent Strombolian to Ha wai ian ac tiv ity as so ci ated with
lava ef fu sions filled part of the maar-crater with rel a tively
high-den sity mafic vol ca nic rocks. The var i ous pat terns of
monogenetic-type vol ca nic ac tiv ity in these bas ins ap par ently

re flect the in flu ence of both deep-seated and shal low-level con -
trols (e.g., var i ous magma com po si tions in volved as well as dif -
fer ent palaeoenvironments of erup tions in clud ing vari able
palaeo-hydrogeological con di tions), but the pres ent un der -
stand ing of these re la tion ships is far from sat is fac tory.

This pa per deals with the Perm ian an de site suc ces sion at
Rožmitál, in the cen tral part of the Intra-Sudetic Ba sin, Czech
Re pub lic (Fig. 1). A wide range of lithologies with abun dant
volcaniclastic rocks are ex cep tion ally well-ex posed in a se ries
of quar ries. Based on de tailed char ac teri sa tion of sev eral
lithofacies we doc u ment vari able styles of the andesitic vol ca -
nism, rang ing from ex plo sive erup tions to ef fu sions and in tru -
sions, with ep i sodes of ero sion and redeposition. Us ing
bulk-rock chem i cal data we dis cuss pro cesses that af fected the
com po si tion of the pyroclastic de pos its. Al though the orig i nal
vol cano – in ferred to be a tuff ring – is no lon ger pre served as a
mor pho log i cal fea ture, the lo ca tion and char ac ter is tics of this
vol ca nic cen tre are con strained by the re cord of its ac tiv ity, the
spa tial re la tion ships of var i ous lithofacies and palaeoslope and
trans port di rec tion in di ca tors. De spite known oc cur rences of
phreatomagmatic pyroclastic de pos its, the Rožmitál quar ries
are, to our knowl edge, the first site within the Perm ian bas ins of
the Bo he mian Mas sif where a tuff ring and re lated volcanogenic 
de pos its have been doc u mented. Our re sults pro vide a snap -
shot of com plex vol ca nic pro cesses that con trib ute to the for -
ma tion of vol cano-sed i men tary suc ces sions in post-collisional,
intracontinental bas ins.
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Fig. 1A – location of the Intra-Sudetic Basin (ISB) in the Bohemian Massif in the eastern part of the Variscan Belt of Europe; 
B – simplified geological map of the Intra-Sudetic Basin and adjacent areas (modified from Kodym et al., 1967; Bossowski 

et al., 1981; Sawicki, 1988; Milewicz et al., 1989)

A: EFZ – Elbe Fault Zone; ISF – Intra-Sudetic Fault; KPB – Krkonoše Piedmont Ba sin; MGH – Mid-Ger man High; MO – Moldanubian Zone;
MS – Moravo-Silesian Zone; MT – Moldanubian Thrust; NP – North ern Phyllite Zone; OFZ – Odra Fault Zone; RH – Rheno-Hercynian Zone;
SBF – Sudetic Bound ary Fault; SX – Saxo-Thuringian Zone; B: ar row points to the lo ca tion of the Rožmitál quar ries; BU – Bardo Unit, GSM –
Góry Sowie Mas sif, IKM – Izera-Karkonosze Mas sif, KC – Kaczawa Unit, KU – K³odzko Unit, OSM – Orlica-Œnie¿nik Mas sif, SD –
Œwiebodzice De pres sion



GEOLOGICAL SETTING

THE INTRA-SUDETIC BASIN – ORIGIN AND OUTLINE OF EVOLUTION

The Variscan col li sion and orog eny were amongst the ma jor
large-scale pro cesses which con trib uted to the for ma tion of the
West ern and Cen tral Eu ro pean litho sphere in Late Pa leo zoic
times (e.g., Ziegler and DÀzes, 2006; Mazur et al., 2006, and ref -
er ences therein). The fol low ing pe riod of extensional and wrench 
tec ton ics, pos si bly as so ci ated with orogenic delamination
(Geiss ler et al., 2012), re sulted in the de vel op ment of nu mer ous
con ti nen tal sed i men tary bas ins upon the de cay ing Variscan
orogenic belt and its fore land. These bas ins ac com mo dated
thick vol cano-sed i men tary suc ces sions of, dom i nantly, silici -
clastic al lu vial de pos its in ter ca lated with mafic to silicic vol ca nic
rocks dur ing the Car bon if er ous and Perm ian (e.g., Breitkreuz
and Ken nedy, 1999; McCann et al., 2006; Breitkreuz et al., 2007; 
Timmerman, 2008; Awdankiewicz et al., 2014, and ref er ences
cited there). The late- to post-collisional, wide spread and vo lu mi -
nous Permo-Car bon if er ous vol ca nism, to gether with co eval gra -
nitic plutonism, orig i nated due to orogenic delamination, man tle
upwelling and melt ing, underplating of man tle melts, crustal
anatexis, as well as ex ten sive dif fer en ti a tion of the man tle melts
at shal low lithospheric lev els (Fin ger et al., 1997; Wil son et al.,
2004; Ziegler and DÀzes, 2006; Mazur et al., 2007; Timmerman,
2008; Geiss ler et al., 2012; Oberc-Dziedzic et al., 2013a, b). The
ba sin and range prov ince of south west ern North Amer ica is con -
sid ered a mod ern an a logue of the Permo-Car bon if er ous vol ca -
nic prov ince of Eu rope (Lorenz and Nicholls, 1976; Menard and
Molnar, 1988).

The Intra-Sudetic Ba sin, sit u ated in the north east ern part of
the Bo he mian Mas sif (Fig. 1) is a ma jor Late Pa leo zoic
intramontane trough in the east ern part of the Eu ro pean
Variscan Belt, host ing the most com plete re cord of Permo-Car -
bon if er ous sed i men ta tion and vol ca nism in that re gion. The
late- to post-orogenic suc ces sion in this ba sin spans the Up per
Visean–Up per Saxonian/Wuchiapingian and is fol lowed by
plat form-type, con ti nen tal and ma rine, Up per Tri as sic and Up -
per Cre ta ceous de pos its (Tásler, 1979; Dziedzic and
Teisseyre, 1990; Mastalerz and Prouza, 1995). The
Permo-Car bon if er ous de pos its at tain a to tal strati graphic thick -
ness of 11 km.

The dis tinc tive cy clic struc ture of the ba sin fill re veals a
strong tec tonic con trol on sed i men ta tion, and the de creas ing
age of de pos its from the north-west to the south-east can be at -
trib uted to a grad ual SW-ward mi gra tion of depositional cen tres
with time. The dom i nant lithologies are con glom er ates, sand -
stones and mudstones which ac cu mu lated in al lu vial fan, flu vial 
and lac us trine en vi ron ments. Deltaic to ma rine in ter ca la tions
are char ac ter is tic of the Visean. A shift from warm and hu mid,
through semi-arid, to arid cli mate dur ing the ac cu mu la tion of the 
ba sin fill is re flected in the tran si tion from coal-bear ing, grey de -
pos its char ac ter is tic of the Car bon if er ous, to red-beds typ i cal
for the lat est Car bon if er ous and Perm ian (Nemec et al., 1982;
Wojewoda and Mastalerz, 1989; Mastalerz and Prouza, 1995;
McCann et al., 2008).

Vol ca nic ac tiv ity ac com pa nied sed i men ta tion in the Car -
bon if er ous and Perm ian pe ri ods (Dziedzic and Teisseyre,
1990; Awdankiewicz, 1999a, b, and ref er ences therein). Re -
cent SHRIMP zir con age de ter mi na tions sug gest that vol ca -
nism oc curred ep i sod i cally over some 30 mil lion years be tween
313 and 283 Ma, cul mi nat ing at ca. 290 Ma in the Early Perm -
ian (Awdankiewicz and Kryza, 2012; Kryza and Awdankiewicz,
2012 and un pub lished data). Sil ica-rich vol ca nic rocks
(rhyodacites in the Car bon if er ous, rhyolites in the Perm ian) pre -

dom i nate over in ter me di ate-com po si tion vol ca nic rocks
(andesites, ba saltic andesites, trachyandesites and ba saltic
trachyandesites). The geo chem i cal sig na tures of the vol ca nic
rocks shifts from calc-al ka line (arc-like) of the older, Car bon if er -
ous suites, to wards mildly al ka line (within-plate like) of the youn -
ger, Perm ian erup tive rocks in the north ern and cen tral parts of
the ba sin (Awdankiewicz, 1999a, b). The or i gin of mag mas is
linked with melt ing of metasomatized man tle sources fol lowed
by shal low-level dif fer en ti a tion dom i nated by frac tional crys tal li -
za tion (Awdankiewicz, 1999a, b) or by as sim i la tion-frac tional
crys tal li za tion (Dziedzic, 1998; Ulrych et al., 2004, 2006). The
mag mas were emplaced from sev eral vol ca nic cen tres, in clud -
ing maar-type vol ca noes, small trachyandesite shield vol ca -
noes, in ter me di ate-silicic multivent cen tres, and an
ignimbrite-re lated cal dera (Nemec, 1981; Awdankiewicz,
1999a, b, 2004; Awdankiewicz et al., 2003, 2013). The ac tiv ity
of these vol ca nic cen tres in cluded also the em place ment of
subvolcanic in tru sions, pref er en tially in thicker sed i men tary
suc ces sions ad ja cent to intrabasinal depositional cen tres
(Awdankiewicz, 1999a, b, 2004).

GEOLOGICAL SETTING OF THE VOLCANIC SUCCESSION AT RO¦MITÁL

In the Intra-Sudetic Ba sin, the ex ten sive out crop of Perm ian 
vol ca nic and volcaniclastic rocks (ca. 60 km from north-west to
south-east, up to 700 m in thick ness) is dis tin guished as the
Lower Perm ian Vol ca nic Com plex (Awdankiewicz, 1999a and
ref er ences therein). In the lo cal lithostratigraphic sub di vi sion
(Fig. 2) it is a part of the S³upiec For ma tion, equiv a lent to the
Broumov For ma tion (Mastalerz and Prouza, 1995). The two
names of the for ma tion re sult from its out crop ping across the
Czech-Pol ish bor der and the var i ous strati graphic schemes in
use. The S³upiec/Broumov For ma tion is in cluded in the Lower
Rotliegend (Autunian), gen er ally cor re spond ing to the Asselian
and Sakmarian stages of the in ter na tional chronostratigraphic
scale (ICS, 2013). The Broumov For ma tion is fur ther sub di -
vided into the Nowa Ruda, Olivìtín and Martínkovice mem bers
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Fig. 2. Tentative lithostratigraphic scheme of the Broumov
Formation in the central part of the Intra-Sudetic Basin (based
on Prouza, 1988; Mastalerz and Prouza, 1995; Awdankiewicz,
1999a; Štamberg and Zajíc, 2008), together with the
lithostratigraphic position and working subdivision of the
“Rožmitál Succession” discussed in this paper
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(Fig. 2) in our study area lo cated in the cen tral part of the
Intra-Sudetic Ba sin. The rocks dis cussed in this pa per are part
of the Olivìtín Mem ber, cor re spond to the up per most part of the 
Lower Perm ian Vol ca nic Com plex and thus are amongst the
youn gest erup tive prod ucts in the Intra-Sudetic Ba sin.

The com plete thick ness of the Olivìtín Mem ber ex ceeds
200 m. This mem ber com prises sand stones with sub or di nate
con glom er ates, mudstones, siltstones and lime stones, in ter ca -
lated with andesites as well as volcaniclastic rocks of andesitic
and, less com monly, rhyolitic com po si tion (Prouza, 1988). Sed -
i men ta tion of these strata has been in ter preted to rep re sent al -
lu vial plains with ephem eral lakes (Tásler, 1979). A tran si tion
from al lu vial fan de pos its to the north into lac us trine de pos its to
the south was rec og nized in the up per part of this mem ber
(Blecha, 1992).

The or i gin of the in ter me di ate-com po si tion volcanogenic
rocks in ter ca lated in the Olivìtín Mem ber has been gen er ally
linked to some lo cal cen tres of vol ca nic ac tiv ity (Fediuk and
Schovánková, 1979). Nei ther the lo ca tion, nor the types of
these vol ca noes have been dis cussed so far. Fediuk (1966)
sub di vided the mafic vol ca nic rocks of the Olivìtín Mem ber into
two main ho ri zons and sev eral smaller, com po nent units, tens
of metres thick and sev eral kilo metres in lat eral ex tent each.
Sim i lar units were dis tin guished by Prouza (1988), who clas si -
fied the mafic rocks as andesites and in cluded some of the
volcaniclastic rocks into an “ag glom er ate unit”, and oth ers into a 
“volcanodetrital fa cies”. The sub ject of this pa per is a suc ces -
sion of volcanogenic rocks ex posed in the Rožmitál quar ries
(Fig. 1 and 3). The ex ist ing sub di vi sions for this part of the
Olivìtín Mem ber (Prouza, 1988) are con sid ered un sat is fac tory
due to partly in ac cu rate ter mi nol ogy. E.g., none of the rocks at
Rožmitál is an “ag glom er ate” – a pyroclastic rock rich in vol ca -
nic bombs (cf. Cas and Wright, 1987). There fore, the
volcanogenic se quence in the vi cin ity of the Rožmitál quar ries
is ten ta tively dis tin guished in this pa per as the “Rožmitál Suc -
ces sion” and sub di vided, from base to top, into: (1) a lower
volcaniclastic se quence, (2) andesites and an de site brec cias,
and (3) an up per volcaniclastic se quence (Figs. 2 and 3).

METHODS

The field work was car ried out in 2011 and 2012. Rep re sen -
ta tive sam ples were stud ied in thin sec tions us ing stan dard
petrographic tech niques. In one an de site spec i men the chem i -
cal com po si tion of min er als was de ter mined us ing the elec tron
microprobe CAMECA SX 100 at War saw Uni ver sity, Po land. In
ad di tion, min eral phases in four sam ples of strongly al tered
volcaniclastic rocks were de ter mined by X-ray dif frac tion us ing
the Siemens D 5005 diffractometer at the In sti tute of Geo log i cal 
Sci ences, Uni ver sity of Wroc³aw, equipped with a Co lamp and
Fe fil ter and us ing stan dard set tings. The chem i cal and XRD re -
sults in this pa per are only used for iden ti fi ca tion of the main
min eral phases and thus are not fully re ported.

Three sam ples of andesites from the northwesternmost
quarry (quarry I, Fig. 3) were ana lysed in the lab o ra to ries of the
Czech Geo log i cal Sur vey com bin ing flame atomic ab sorp tion
spec trom e try (FAAS), ti tra tion, spectrophotometry and in fra -
red-spec trom e try for ma jor ox ides, X-ray flu o res cence (XRF)
for Cr, Nb, Rb, Zn and Zr, and in duc tively cou pled plasma –
mass spec trom e try (ICP-MS) for other trace el e ments in clud ing 
the rare earth el e ments. The sam ples ana lysed by ICP-MS
were fused in LiBO2 prior to HNO3 dis so lu tion. De tec tion lim its
are 0.01 wt.% for ma jor ox ides ex cept for MnO (0.001 wt.%),
P2O5 and F (0.005 wt.%) and H2O

+, H2O
– and CO2 (0.05 wt.%).

De tec tion lim its vary be tween 1 ppm (Nb and Zr) and 2 ppm (Cr, 
Rb and Zn) for XRF anal y ses whereas for ICP-MS anal y ses are 
de pend ent on el e ment and more vari able (Ba, Sc, Sn 1 ppm;
Ni, Pb, Sr, V 0.5 ppm; Nd 0.3 ppm; Rb 0.2 ppm; Ce, Cu, Ga, Hf,
La, Th, U, Y 0.1 ppm; Dy, Gd, Sm, Yb 0.05 ppm; Er 0.03 ppm;
Eu, Ho, Pr 0.02 ppm; Lu, Tb and Tm 0.01 ppm). The sam ples
were care fully se lected and rep re sent fresh or only slightly al -
tered andesites. Ad di tion ally, three sam ples of strongly al tered
pyroclastic rocks from the mid dle quarry (quarry II, Fig. 3) were
ana lysed at ACME Lab o ra to ries (Van cou ver, Can ada) us ing
ICP-MS and in duc tively cou pled plasma – emis sion spec trom e -
try (ICP-ES) tech niques. De tec tion lim its were 0.01 wt.% for
ma jor el e ments, 0.1 ppm for most trace el e ments and 0.1 ppm
(La, Ce) to 0.01 ppm (Lu) for the rare earth el e ments.

STRUCTURES AND LITHOFACIES 
OF THE ROŽMITÁL ANDESITES

A geo log i cal sketch map of the vi cin ity of the Rožmitál quar -
ries is shown in Fig ure 3A. The out crops of volcanogenic rocks
are ar ranged in a NNW–SSE trending belt. These rocks dip at
10–35° to the SW, SSW, con cor dantly with the coun try rock
suc ces sion. There are four quar ries (num bered I–IV in Fig. 3)
dis trib uted along the out crop of the andesites and an de site
brec cias. The NW-most quarry (I) is the larg est and the only one 
cur rently work ing (in 2014), whereas the SE-most quarry (IV) is
the small est and is strongly over grown. The Rožmitál quar ries
ex pose a 50–60 m thick suc ces sion, in clud ing the lower
volcaniclastic se quence (ca. 12 m), fol lowed by the andesites
and an de site brec cias (ca. 45 m). The up per volcaniclastic se -
quence is not ex posed there.

The fol low ing four lithofacies have been dis tin guished in the
lower volcaniclastic se quence:

– tuffs and lapilli tuffs,

– lapillistones,

– finely lam i nated tuffs,

– tuffaceous brec cias.
The over ly ing andesites and an de site brec cias com prise

three main lithofacies:

– co her ent andesites,

– an de site brec cias,

– andesitic peperites (in clud ing jig saw-tex tured and ran -
domly tex tured peperites).

The ter mi nol ogy used in the above sub di vi sions fol lows rec -
om men da tions in Cas and Wright (1987) and McPhie et al.
(1993). Gen er al ized logs rep re sent ing var i ous parts of the vol -
ca nic se quence are shown in Fig ure 3B. An no tated pho tos of
quarry walls in Fig ure 4 il lus trate the dis tri bu tion and spa tial re -
la tion ships of the lithofacies dis tin guished. The lower
volcaniclastic se quence in quarry II com prises pre dom i nantly
dark brown and lo cally green ish tuffs and lapilli tuffs with in ter -
ca la tions of lapillistones (log II in Figs. 3 and 4A). The beds are
centi metres to decimetres thick (Fig. 5A). The larg est clasts in
the tuffs and lapilli tuffs are usu ally <1 cm in size and in dis tinct
nor mal or re verse grad ing oc curs in some beds. The tuffs and
lapilli tuffs are dom i nantly clast-sup ported but poorly sorted and
pre dom i nantly con sist of strongly al tered glass shards as well
as larger frag ments of finely-ve sic u lar sco ria gradational into
mas sive an de site clasts. Accretionary lapilli, com monly bro ken, 
are abun dant in some beds. The lapillistones are dis tin guished
by larger clasts (up to 5 cm), better sort ing and well-de fined nor -
mal grain-size grad ing, es pe cially in thicker beds. These rocks
con tain densely packed, rag ged to an gu lar, ve sic u lar to mas -
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Fig. 3A – geological sketch map of the Rožmitál quarries; B – generalized logs of the volcanogenic sequence at Rožmitál

A: sat el lite im age from GoogleEarth, ac quired in 2009; rock units, geo log i cal bound aries and faults based on Prouza (1988, mod i fied);
B: lo ca tions are in di cated in Fig ure 3A; the trans port and other di rec tions shown near logs II and III–N are ±45°, with out cor rec tion for
the re gional dip of the beds
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Fig. 4. Annotated photos of quarry walls at Rožmitál

A – quarry II, the main part; the to tal height of the quarry is ca. 25 m; the lower volcaniclastic se quence over lain by andesites and andesites
brec cias is ex posed; the rep e ti tion of tuffs, lapillistones and co her ent andesites in the SSE part is due to the in ter sec tion of SW-in clined beds
with step-like quarry lev els de scend ing in a sim i lar di rec tion; B – quarry I, north ern part; the to tal height of the quarry walls is ca. 25 m; two
sheets of SW-dip ping co her ent andesites are sep a rated by an de site brec cias; C – quarry I, south ern part; the quarry walls are ca. 18 m high;
in the east ern, lower part, the ran domly tex tured peperites man tle jig saw-tex tured peperites; in the west ern, up per part, co her ent andesites
wedge out within the ran domly tex tured peperites; D – quarry III, east ern part, ca. 20 m high; two main bod ies of co her ent andesites are set in
lithologically vari able peperites; a thin dyke of co her ent an de site (pass ing down wards into a larger, ir reg u lar body?) cuts the volcaniclastic
rocks in the NNE. Ex pla na tions: lower volcaniclastic se quence: Tl – finely lam i nated tuffs, B – tuffaceous brec cias, L – lapillistones; co her ent
andesites and brec cias: Pr – ran domly tex tured peperites, Pj – jig saw-tex tured peperites, AB – an de site brec cias, AC – co her ent andesites,
T – tuffs and lapilli tuffs; lo ca tion is shown in Fig ure 3A

Fig. 5. The lower volcaniclastic sequence

A – the lower part of the se quence, quarry II; tuffs and lapilli tuffs (T) in ter ca lated with lapillistones (L); the thick est, up per most bed of
lapillistone is dis tin guished as the lower marker unit and an no tated L in Fig ure 4A; B – up per part of the se quence, quarry II (left of cen tre in
Fig. 4A); the finely lam i nated tuffs (Tl) dis tin guished as the up per marker unit, with tuffaceous brec cias (B) fill ing a small chan nel cut in the
finely lam i nated tuffs; the in ferred strike of the chan nel (ar row) is NE–SW, roughly per pen dic u lar to the quarry wall; C – north ern part of quarry 
III, close-up of the finely lam i nated tuffs with in ter ca la tion of sco ria-rich lapillistone; an asym met ri cal im pact sag with bro ken scoriaceous
lapilli in side in di cates fall of bal lis tic clasts from the west (ar row); D – tuffaceous brec cia in the lower part of quarry II (lower right part in
Fig. 4A); the brec cia shows pla nar bed ding and cross-lam i na tion in finer-grained beds; the lat ter sug gest trans port of clastic ma te rial to the
west (ar row)



sive an de site clasts. In the mid dle part of the bed ded
volcaniclastic se quence there is a char ac ter is tic ca. 80 cm thick
bed of lapillistone (Fig. 5A, up per part) which is dis tin guished as 
the lower marker unit (marked L in Fig. 4A). In the up per most
part of the volcaniclastic se quence there is ca. 2 m thick in ter ca -
la tion of finely lam i nated tuffs dis tin guished as the up per marker 
unit (Tl in Figs. 4A and 5B). These light brown tuffs show
subhorizontal and, less com monly, low-an gle cross-lam i na tion
and in places con tain centi metres-thick in ter ca la tions of lapilli
tuffs rich in accretionary lapilli, or rich in sco ria. At quarry III the
low-an gle cross-lam i na tion dips to the north-west and in di cates
SE-ward trans port of pyroclastic ma te rial by a surge, and a sin -
gle ob served well-de fined asym met ri cal im pact sag (Fig. 5C)
sug gests fall of bal lis tic clasts from the west.

Two in ter ca la tions of tuffaceous brec cia have been iden ti -
fied within the lower volcaniclastic se quence in quarry II. These
tuffaceous brec cias are lithologically equiv a lent to the tuffs and
lapilli tuffs (they con sist of sim i lar andesitic clasts, with higher
amounts of mas sive an de site blocks in the coarser frac tions)
but show a lim ited lat eral ex tent and oc cur as chan nel-fill ing
units within the other volcaniclastic rocks. The up per, smaller
chan nel is cut within finely lam i nated tuffs of the up per marker
unit (Fig. 5B). The chan nel is ca. 2 m wide, 1 m deep and it is
NE–SW aligned. The tuffaceous brec cia is weakly bed ded and
ma trix-sup ported with the larg est clasts up to ca. 20 cm long.
An other, big ger chan nel in the lower part of the se quence oc -
curs within the tuffs and lapilli tuffs (Fig. 4A, lower right). It is
NE–SW aligned, ca. 8 m wide and ca. 4 m deep; how ever, its
lower part is not ex posed. The fill of this chan nel shows some
lat eral vari a tion: in the low est level of quarry II the chan nel-fill ing 
tuffaceous brec cia is over lain by the lapillistone of the lower
marker unit (Fig. 4A), whereas far ther east (on the higher level
of the quarry) the lower marker ho ri zon wedges out within the
tuffaceous brec cia of the chan nel-fill, and the lat ter is over lain
by co her ent andesites. The tuffaceous brec cia in this chan nel is 
well-bed ded. Some thicker beds are ma trix-sup ported with an -
gu lar an de site clasts up to 20 cm long en closed in a tuffaceous
ma trix, whereas the thin ner beds are finer-grained, better
sorted and clast-sup ported. West wardly dip ping cross-lam i na -
tion oc curs in one finer-grained bed (Fig. 5D). The li thol ogy, tex -
ture and lam i na tion of this de posit sug gest trans port of clastic
ma te rial by wa ter flow ing to the west.

In quarry II the lower volcaniclastic se quence is over lain by
co her ent andesites with a dis con tin u ous layer of an de site brec -
cias at the base (Fig. 4A). In the lower cen tral part of this quarry, 
the andesites with brec cias rest upon the lapillistone of the
lower marker unit, whereas in the north ern part of quarry II (and
also in the north ern part of quarry III – log III–N, Fig. 3), the
andesites over lie the finely lam i nated tuffs of the up per marker
unit, 5–6 m up-se quence. These re la tion ships show that the
base of the andesites is un con form able and cuts var i ous lev els
of the lower volcaniclastic se quence. In ad di tion, in quarry II the
sharp con tact sur face of the bed ded tuffs and the andesites is
lo cally rough, with troughs and ridges up to 5–6 m wide and
2–3 m deep/high (Figs. 4A and 6A). The align ment of the
troughs and ridges, in ferred from their in ter sec tion with quarry
walls, is close to N–S.

The andesites and as so ci ated brec cias crop out ex ten sively 
in quar ries I, III and IV. Two sheets of co her ent andesites, over
30 and 20 m thick in up ward suc ces sion, sep a rated by an de site 
brec cias, are ex posed in the north ern half of quarry I (log I–N in
Figs. 3B and 4B). The co her ent andesites are rel a tively densely 
frac tured. In the lower sheet there are tab u lar joints gently in -
clined to the south-west, par al lel to the top and, pre sum ably, the 
base of the an de site sheet. There are also steeply in clined to
subvertical joints, roughly per pen dic u lar to the mar gins of the

an de site sheet. Joints in the up per co her ent an de site are more
ir reg u lar. The bound aries be tween the co her ent andesites and
the an de site brec cias are pla nar and sharp to gradational over
short dis tances (ca. 1 m). The an de site brec cias are ca. 5 m
thick in the WSW part of this sec tion, but their thick ness in -
creases eastwards to 10–15 m, where the up per co her ent
andesites wedge out. The brec cias (Fig. 6B) are monomict and
com prise iso met ric to elon gate, an gu lar to subrounded blocks
of ve sic u lar to mas sive an de site, usu ally less than 0.5 m in di -
am e ter, set in sim i lar but finer-grained, strongly al tered ma te -
rial. The over all fab ric of the brec cias is cha otic and pre dom i -
nantly clast-sup ported, but with poor sort ing.

Shar ing a sim i lar over all struc ture, the sec tion in the south -
ern half of quarry I is lithologically dif fer ent (log I–S in Figs. 3B
and 4C). The lower, east ern part com prises tex tur ally vari able
andesitic peperites. In the core there is a dome-like zone,
15–20 m wide, of jig saw-tex tured peperite. This peperite
(Fig. 6C) con sists of an gu lar, iso met ric to elon gated blocks of
ve sic u lar an de site, from tens of centi metres to over 1 metre in
size, sep a rated by zones and an gu lar pock ets of sand stones
(to mudstones), centimetric to decimetric in size. Ad ja cent an -
de site blocks show only small dis place ments and a jig saw fit,
with spaces in be tween filled with green ish to red dish,
fine-grained sand stone. Ad ja cent sand stone do mains show a
sim i lar dip of lam i na tion. The jig saw-tex tured peperite is man -
tled by ran domly tex tured peperite, 15 to 5 m thick in the east
and west, re spec tively (Fig. 4C). The ran domly tex tured
peperite (Fig. 6D) con sist of ve sic u lar to mas sive an de site
clasts, up to a few tens of centi metres in size, sep a rated by
veins and pock ets of red dish to green ish sand stone and
mudstone with smaller an de site frag ments. The an de site frag -
ments are subangular to subrounded and, in sed i ment-rich do -
mains, ir reg u lar with lobate out lines. The sed i men tary do mains
are mas sive to poorly lam i nated. The over all fab ric is cha otic.

The up per, west ern part of the south ern sec tion in quarry I
(Fig. 4C), com prises co her ent andesites man tled by ran domly
tex tured peperites. The co her ent andesites are ca. 5–20 m
thick and are struc tur ally sim i lar to the up per co her ent an de site
in the north ern part of quarry I. Con tacts with the peperites are
sharp and pla nar to wavy.

The bound ary zone be tween the north ern and south ern
sec tions in quarry I is not well-ex posed. Pos si bly, there is a lat -
eral tran si tion from the lower co her ent an de site to the north into
the jig saw-tex tured peperite to the south; a sim i lar tran si tion
from the an de site brec cia into the ran domly tex tured peperite;
and a con ti nu ity of the up per co her ent an de site sheet. How -
ever, the two sec tions may also be (partly?) sep a rated by a
west-east fault.

Co her ent andesites as so ci ated with peperites and an de site
brec cias are ex posed in quarry III (log III–S in Figs. 3B and 4D).
The ran domly tex tured peperites pre dom i nate in the north ern
part of this quarry. How ever, lo cally they pass into vari able an -
de site brec cias, e.g., com posed of tightly spaced and aligned
an de site plates, or com posed of mas sive to ve sic u lar an de site
blocks set in co her ent, ve sic u lar an de site. In the north-east, a
south erly dip ping (165/75°) co her ent an de site dyke ca. 1 m
thick cuts these brec cias but down wards pos si bly passes into a
larger body of co her ent an de site. In the cen tral part of quarry III
there are two bod ies of co her ent an de site sep a rated by 4–8 m
thick an de site brec cias and peperites. The lower co her ent an -
de site shows well-de vel oped platy joints, mostly with east erly
dips (265/35°), but lo cally folded. This co her ent an de site may
rep re sent an east ern rem nant of a larger body orig i nally oc cu -
py ing the pres ent quarry III, or it is an in clined, platy-jointed dyke 
within brec cias. The up per co her ent an de site rep re sents a
subhorizontal, partly ir reg u lar sheet. Both co her ent an de site
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bod ies wedge out SE-wards, pass ing into a thicker ac cu mu la -
tion of an de site brec cias with less com mon peperites. How ever, 
fur ther south, in quarry IV, a rel a tively thin sec tion (ca. 12 m)
again ex poses two sheets of co her ent an de site interstratified
with an de site brec cias (log IV, Fig. 3B).

PETROGRAPHIC CHARACTERISTICS 
OF THE VOLCANOGENIC ROCKS

All the volcaniclastic rocks at Rožmitál quar ries are strongly
al tered. The pri mary ig ne ous com po nents, such as glass,
pyroxene, plagioclase, are re placed by var i ous as sem blages of
sec ond ary min er als. X-ray dif frac tion con firms the pres ence of
pre dom i nat ing quartz and al bite, with vari able amounts of he -
ma tite, do lo mite, cal cite and clay min er als (mainly kaolinite?).
Mi nor sanidine oc curs in the finely lam i nated tuffs. De spite al -
ter ation, the tex tures are rel a tively well-pre served and the orig i -
nal frag ments are usu ally well-de fined.

The tuffs and lapilli tuffs (Fig. 7A) con sist of tex tur ally vari -
able andesitic clasts. Ve sic u lar glass shards (glass re placed by

car bon ates and quartz) and small sco ria frag ments pre dom i -
nate, but the fin est frac tions are recrystallized into an al most
opaque, he ma tite-stained, microcrystalline ag gre gate (Fig. 7E). 
More mas sive frag ments with blocky shapes are com mon in the 
coarser frac tions. Some mas sive an de site clasts show perlitic
and por phy ritic tex tures with albitized plagioclase micropheno -
crysts. Accretionary lapilli and frag ments of bro ken accretionary 
lapilli are lo cally abun dant (Fig. 7B). Some accretionary lapilli
are ar moured, with rel a tively coarse lithic frag ments in their
cores. In some spec i mens lapilli-sized an de site clasts show thin 
coat ings of recrystallized very fine ash ma te rial, sim i lar to the
mar gins of accretionary lapilli. An gu lar frag ments of quartz crys -
tals, typ i cally 0.1–0.7 mm in size, are a dis tinc tive though mi nor
com po nent of the tuffs. Rarely, larger quartz crys tals, ca. 1 mm
long, show rounded edges and embayments.

The lapillistones (Fig. 7C, F) are dis tin guished by densely
packed clasts up to a few cm in size. The clasts are iso met ric to
elon gated, an gu lar to ir reg u lar in shape and range from
microvesicular sco ria to rel a tively mas sive, microcrystalline an -
de site. Glass is re placed by mi cro- to cryptocrystalline inter -
growths of feld spars, quartz and clay min er als. Some an de site
frag ments con tain pheno crysts and micro liths of albitized

A Permian andesitic tuff ring at Rožmitál (the Intra-Sudetic Basin, Czech Republic) 767

Fig. 6. The andesites with associated breccias and peperites

A – at quarry II, the co her ent andesites (AC) and an de site brec cias (AB), re spec tively, over lie a rough sur face of the bed ded volcaniclastic
se quence (T, L, Tl – tuffs and lapilli tuffs, lapillistones and finely lam i nated tuffs, re spec tively) marked by N–S aligned (ar row) troughs and
ridges; the wavy ar range ment of platy joints in the co her ent andesites high lights the shape of the con tact sur face; B – close-up of an de site
brec cia at quarry I; the brec cia com prises an gu lar to sur rounded clasts of ve sic u lar andesites in a ma trix of sim i lar, but smaller and strongly
al tered frag ments; C – jig saw-tex tured peperite at quarry I (A – an de site, S – sand stone); note the good fit be tween large an de site blocks and
sim i lar ori en ta tion of lam i na tion in ad ja cent sand stone do mains; D – ran domly tex tured peperite in quarry III; an gu lar and subrounded to
lobate frag ments of ve sic u lar an de site (A) are set in a sand stone ma trix (S) with dis persed smaller an de site clasts



plagioclase or show rel ics of spherulitic and perlitic tex tures.
The andesitic clasts are ce mented by he ma tite-stained car bon -
ate ag gre gates, mostly do lo mite and less abun dant cal cite. In
the ma trix there are also small amounts of an gu lar quartz
grains, usu ally 0.1–0.2 mm in size.

The finely lam i nated tuffs (Fig. 7D) show an in dis tinct
vitroclastic tex ture over printed by al ter ation and
recrystallization. In places larger frag ments of ve sic u lar glass
re placed by car bon ates are rel a tively well seen in a ma trix of
microcrystalline quartz, feld spars, clay min er als and car bon -
ates, where out lines of platy, curved, or bub ble-wall shards can
be partly dis cerned. Opaque-rich, dark clasts of microcrystalline 
an de site, as well as bro ken quartz pheno crysts, are lo cally vis i -
ble. In some spec i mens of lam i nated tuff there are oval spots

and nod ules, ei ther pale (he ma tite-free) or dark (he ma tite-rich).
Some of the dark ones are accretionary lapilli, but most oth ers
are diagenetic con cre tions su per im posed on lam i na tion.

The tuffaceous brec cias are petro graphi cally equiv a lent to
the tuffs and lapilli tuffs.

The co her ent andesites (Fig. 7G) are por phy ritic and con -
tain 5–10% of pheno crysts up to 5 mm long in a microcrystalline 
to hypocrystalline groundmass. The pheno crysts are
plagioclase (an de sine) and less com monly clinopyroxene
(augite). The plagioclase pheno crysts are tex tur ally vari able:
euhedral to anhedral, of ten zoned, with embayments and vari -
ably de vel oped sieve-tex tures. There are also rounded and
embayed xeno crysts of al kali feld spars and quartz, the lat ter
with re ac tion co ro nas of clinopyroxene. The groundmass con -
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Fig. 7. Scanned thin sections (A–D) and photomicrographs (E, F – plane-polarized light; 
G – crossed polarizers) of the volcaniclastic rocks and the andesites

A – interbedded laminae of tuff and lapilli tuff; B – lapilli tuff rich in accretionary lapilli, some of which are bro ken; C – lapillistone with com pact
fab ric, com posed of mas sive to ve sic u lar, hypo- to microcrystalline an de site clasts; D – finely lam i nated tuff; the round, light and dark spots
(some re sem bling accretionary lapilli) are diagenetic fea tures su per im posed on lam i na tion; E – an de site tuff, the same sec tion as in 7A,
close-up of fine-grained frac tion; the larger, ve sic u lar, orig i nally glassy shards are re placed by car bon ates and clay min er als; abun dant
Fe-ox ides/hy drox ides ob scure tex tures in the fin est frac tions; F – lapillistone, the same thin sec tion as in 7C; al tered, hypocrystalline, ve sic u -
lar to mas sive an de site clasts are ce mented by abun dant car bon ates (do lo mite, mi nor cal cite); G – co her ent an de site from quarry II; this por -
phy ritic rock con tains a het er o ge neous as sem blage of plagioclase pheno crysts, in clud ing euhedral, ho mo ge neous and zoned crys tals
(lower right), as well as strongly resorbed, sieve-tex tured crys tals (up per left); a cor roded, embayed quartz xenocryst at lower left; the
microcrystalline groundmass con sists mainly of plagioclase laths, anhedral clinopyroxene and op aques



sists mainly of plagioclase (lab ra dor ite, an de sine) with less
abun dant clinopyroxenes (augite and pigeonite), op aques (il -
men ite) as well as in ter sti tial quartz, al kali feld spar, mi nor bi o tite 
and magnesiohornblende. In some spec i mens there is
well-pre served in ter sti tial, op ti cally iso tro pic glass. More com -
monly, the andesites show vari able re place ment of glass and
py rox enes by cal cite, do lo mite and chlorite.

An de site frag ments in the brec cias and peperites are
strongly al tered. Plagioclase is re placed by al bite and kaolinite,
whereas py rox enes and glass are re placed by dark,
microcrystalline min eral ag gre gates rich in he ma tite. The al -
tered andesites con tain also small patches and veins rich in
quartz. The sed i men tary com po nent in the peperites com prises 
mainly de tri tal quartz grains, seri cite and vari able amounts of
car bon ates and he ma tite.

BULK-ROCK GEOCHEMISTRY

All the co her ent andesites doc u mented in the Rožmitál
quar ries (Ap pen dix 1*) fall within a nar row compositional span.
The andesitic pe trog ra phy is in agree ment with SiO2 con cen tra -
tions rang ing be tween 58.2–58.4 wt.%, to tal al ka lis
5.09–5.81 wt.% and MgO 2.6–3.2 wt.%. The co her ent sam ples
plot in an de site field in the TAS di a gram (Fig. 8A) and at the
bound ary be tween trachyandesite and an de site fields in the
Nb/Y vs. Zr/Ti di a gram (Fig. 8B). Chondrite-nor mal ized REE
pat terns (Fig. 8C) are gently in clined with LREE slightly en -
riched over HREE (LaN/YbN = 9.75–10.5) and with a rel a tively
weak Eu-anom aly (Eu/Eu* ca. 0.7).

The volcaniclastic rocks dif fer sig nif i cantly from co her ent
andesites in ma jor ox ide con cen tra tions. The ma jor ox ide com -
po si tion de ter mined in the lapillistone is sug ges tive of a more ba -
sic com po si tion (40.9 wt.% SiO2, 7.45 wt.% MgO and 13.2 wt.%
CaO), but with an ex tremely high con tent of volatiles (LOI =
20 wt.%!). Sil ica con tent shifts from the ultrabasic to ba sic range
af ter re cal cu la tion on vol a tile-free ba sis. How ever, the
ultrabasic/ba sic com po si tion is in con sis tent with low con tents of
com pat i ble el e ments (e.g., Cr 9 ppm and Ni 6 ppm). In sev eral
ma jor el e ment di a grams (Fig. 9A, B) such as SiO2 vs. MgO,
Na2O or CaO (the lat ter not shown) this rock plots on a line be -
tween co her ent andesites and do lo mite com po si tion – the high
MgO and LOI are con sis tent with the abun dant pres ence of do lo -
mite con firmed by pe trog ra phy and X-ray dif frac tion. Over all,
trace el e ment con cen tra tions and ra tios in the lapillistone are
vari able: some fea tures link this rock to co her ent lavas, e.g., the
Nb/Y ra tio and the heavy- to mid dle-REE pat tern, whereas other
char ac ter is tics, such as the lower con cen tra tions of the light
REE, less pro nounced light REE en rich ment and lower Zr/Ti ra -
tio (Fig. 8B, C) are dif fer ent from those of the co her ent lavas.

Two other tuff sam ples are char ac ter ized by high SiO2 con -
tents (74 and 76.2 wt.%) and plot in the rhy o lite field in the TAS
di a gram (Fig. 8A). In sev eral ma jor el e ment di a grams, such as
SiO2 vs. MgO or Na2O (e.g., Fig. 9A, B) these sam ples plot be -
tween co her ent andesites and pure quartz com po si tion, which
is con sis tent with mod er ately abun dant quartz con firmed in thin
sec tions and by XRD anal y sis. Other ma jor and trace el e ment
char ac ter is tics are vari able. The lapilli tuff (rich in accretionary
lapilli) has con tents of MgO (1.9 wt.%), Ni (14 ppm), Nb
(20 ppm) and V (49 ppm) close to those of the co her ent
andesites, and in the Nb/Y vs. Zr/Ti di a gram (Fig. 8B) plots
close to the andesites, with a slightly lower Nb/Y ra tio. Its

chondrite-nor mal ized REE pat tern (Fig. 8C) is also sim i lar to
that of the co her ent andesites, dif fer ing in gen er ally lower REE
con tents and in a weaker en rich ment in the LREE (LaN/YbN =
5.33 com pared to 9.75–10.5 in the co her ent andesites). How -
ever, the finely lam i nated tuff shows a more dis tinct com po si tion 
with an even lower Nb/Y ra tio (0.287), de creased TiO2

(0.51 wt.%), MgO (0.9 wt.%) and Ni (8 ppm) con tents, a gently
in clined REE pat tern (LaN/YbN only 3.9) and a more pro -
nounced Eu anom aly (Eu/Eu* = 0.61). Com pared to the co her -
ent andesites this tuff is en riched in HREE with a slightly
“U-shaped” pat tern be tween Tb and Er.

In Fig ures 8 and 9 the volcanogenic rocks were plot ted to -
gether with ar kos es, siltstones and lime stones from the coun try
rocks, to check the pos si ble pres ence of sed i men tary com po -
nents in the volcaniclastic rocks (e.g., re lated to sed i ment in cor -
po ra tion dur ing erup tion). Over all, these volcaniclastic and sed -
i men tary rocks are gen er ally dif fer ent in terms of ma jor el e ment
com po si tions (e.g., Figs. 8A and 9A, B). How ever, some trace
el e ment ra tios (e.g., Zr/Ti, Nb/Y, Ce/Yb) and con tents (e.g., Ga, 
Yb, Sr) in the volcaniclastic rocks are sim i lar to those in ar kos es
and siltstones and dif fer ent from those in the lime stones
(Fig. 9C, D). The finely lam i nated tuff shows some spe cific char -
ac ter is tics, such as high con tents of heavy REE and a rel a tively
weak en rich ment in light REE, dis tinct from all other rocks
(Fig. 9D).

DISCUSSION

ERUPTIVE AND DEPOSITIONAL PROCESSES OF THE LOWER
VOLCANICLASTIC SEQUENCE

Con sid er ing the geo log i cal con text and, in par tic u lar, the
palaeogeographic re con struc tion for the Olivìtín Mem ber
(Blecha, 1992, Fig. 5 therein), the sec tion at the Rožmitál quar -
ries dis cussed in the pres ent pa per may rep re sent a suc ces sion 
ac cu mu lated on an al lu vial plain and/or a shal low, near-shore
part of a lake. How ever, de pos its in dic a tive of sub aque ous em -
place ment and depositional pro cesses (e.g., pil low lavas,
hyaloclastites, subaqueously re worked de pos its) were not dis -
cerned at Rožmitál quar ries. This sug gests that the Rožmitál
Suc ces sion formed in a subaerial set ting.

The lower volcaniclastic se quence at Rožmitál con sists pre -
dom i nantly of pyroclastic rocks (tuffs, lapilli tuffs and
lapillistones) with in ter ca la tions of re worked pyroclastic de pos -
its (tuffaceous brec cias). Dif fer ences in struc tures and tex tural
char ac ter is tics of these de pos its re flect the var i ous erup tive and 
depositional pro cesses in volved. Such fea tures of the tuffs and
lapilli tuffs as the rel a tively fine grain-size (com pared to the
lapillistones), abun dant accretionary lapilli and ash-coated
andesitic clasts, and the ad mix ture of an gu lar frag ments of
quartz crys tals point to an ef fi cient frag men ta tion mech a nism,
for ma tion of vapour-sat u rated erup tion clouds, ag gre ga tion of
fine ash par ti cles and in cor po ra tion of ac ci den tal de tri tal ma te -
rial into ju ve nile tephra. These char ac ter is tics are con sis tent
with phreatomagmatic frag men ta tion and erup tion mech a -
nisms, due to magma – wa ter/wet sed i ment in ter ac tions; how -
ever, the as so ci a tion of both strongly ve sic u lar and more mas -
sive pyroclasts in di cates also that ex pan sion of mag matic
volatiles con trib uted to the erup tive pro cesses (Morrisey et al.,
2000). The pla nar bed ding, rel a tively poor sort ing (com pared to
the lapillistones; Fig. 7A–C) and the lo cally pres ent grain-size

A Permian andesitic tuff ring at Rožmitál (the Intra-Sudetic Basin, Czech Republic) 769

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1184

https://gq.pgi.gov.pl/article/downloadSuppFile/13081/2322


grad ing are sug ges tive of tephra de po si tion by a com bi na tion of 
pyroclastic fall and surge pro cesses (e.g., Cas and Wright,
1987). Over all, the char ac ter is tics dis cussed sug gest for ma tion 
of the tuffs and lapilli tuffs dur ing phreatomagmatic erup tions,
pos si bly in rapid se ries of phreatomagmatic ex plo sions gen er -
at ing tran sient erup tion clouds and re lated pyroclastic fall and
surge de pos its (cf. Hought on et al., 2000).

The in ter ca la tions of lapillistones are partly dif fer ent from
the tuffs and lapilli tuffs in tex ture and types of pyroclastic frag -
ments. The clast-sup ported fab ric is con sis tent with de po si tion
by pyroclastic fall. The much better sort ing, com pared with the
tuffs and lapilli tuffs, may re flect rel a tively dry erup tion clouds,
as well as more ef fec tive frac tion ation of lapilli and ash dur ing
their fall from more sus tained erup tion col umns (Hought on et

al., 2000). The abun dance of mi cro-ve sic u lar frag ments with ir -
reg u lar out lines (typ i cal of sco ria ejected dur ing Strombo -
lian-type erup tions) with less com mon non-ve sic u lar, more an -
gu lar frag ments of hypocrystalline lava (in dic a tive of quench-re -
lated frag men ta tion due to magma–wa ter in ter ac tion) could be
in ter preted as a re sult of vol ca nic erup tion driven dom i nantly by
mag matic gas with a lesser in flu ence of magma– wa ter in ter ac -
tion. Such pulses should be clas si fied as tran si tional be tween
phreatomagmatic and Strombolian (e.g., Clarke et al., 2009),
re sult ing from a weaker wa ter sup ply to the erup tion site.
Strombolian-style erup tions of ten be come dom i nant in later
stages of ac tiv ity of phreatomagmatic cen tres (e.g., Kereszturi
and Németh, 2011; Agustín-Flores et al., 2014).
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Fig. 8. Geochemical classification and rare earth element patterns of the rocks analysed

A – the TAS diagram (Bas et al., 1986); B – Nb/Y vs. Zr/Ti diagram (Pearce, 1996); C – chondrite-normalized spider plot
(Boynton, 1984), country-rock sedimentary deposits plotted for comparison (from Èadková et al., 1985)



The finely lam i nated tuffs re flect a dis tinc tive erup tive and
depositional event. The very fine grain-size sug gests
phreatomagmatic frag men ta tion and erup tive style, whereas
the subhorizontal and low-an gle cross-lam i na tion in di cate de -
po si tion by pyroclastic surges, pos si bly hot and dry
base-surges (cf. Val en tine and Fisher, 2000). How ever, thin in -
ter ca la tions of lapillistone rich in sco ria may re flect some fluc tu -
a tions of the erup tion style to wards Strombolian-type erup tions, 
with re lated fall-out de po si tion. Al ter na tively, these in ter ca la -
tions may also have been linked with such pro cesses as den sity 
seg re ga tion of clasts or elutriation dur ing pul sat ing surge-gen -
er at ing ex plo sive events (e.g., Chough and Sohn, 1990; Dellino 
et al., 2004). De tails are hard to es tab lish in these al tered and
indurated de pos its. At quarry III the low-an gle cross-lam i na tion
in surge de pos its in di cates the trans port di rec tion of pyroclastic
ma te rial from the north-west. Gen er ally sim i lar tra jec to ries of
bal lis tic clasts, from the west, are sug gested by the asym met ri -
cal im pact sag. These fea tures sug gest a vent lo ca tion for the

finely lam i nated tuffs to, broadly, north-west of quarry III (how -
ever, the di rec tional data come from a sin gle point and may be
in con clu sive).

The tuffaceous brec cias, though lithologically equiv a lent to
the pyroclastic de pos its dis cussed above, are dis tinc tive in
other as pects. This lithofacies is in ter preted as a re de pos ited lo -
cal tephra that fills ero sional chan nels: gul lies on a vol cano
slope. The gul lies are NE–SW aligned, in di cat ing the
palaeoslope in cli na tion in one of these two di rec tions. The more 
mas sive beds of ma trix-sup ported tuffaceous brec cias re sem -
ble lahars (Vallance, 2000) and could have been de pos ited by
volcanogenic mass flows, whereas the better sorted and lam i -
nated beds can be in ter preted as de pos its of ephem eral
streams. Cross-lam i na tion in the lat ter beds points to a west -
ward flow di rec tion of wa ter and thus a west ward in cli na tion of
the gul lies. The gul lies are found at least at two main lev els in
the se quence: near the base of the ex posed sec tion of bed ded
tuffs and within the finely lam i nated tuffs, close to the base of
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Fig. 9. Binary diagrams for selected major and trace elements (A–D) comparing andesites, pyroclastic deposits
 and country-rock sedimentary deposits (from Èadková et al., 1985)

In addition, ideal compositions of dolomite, calcite and quartz are plotted together with possible trends of geochemical
changes in the pyroclastic rocks (discussion in text); data plotted without recalculation on a volatile-free basis; 

symbols as in Figure 8



the over ly ing andesites. This may in di cate al ter nat ing pe ri ods of 
erup tive ac tiv ity and re pose, the lat ter long enough to set
stream val ley in ci sion pro cesses in ac tion. Ac cord ing to
Vespermann and Schmincke (2000, p. 689), “Sco ria cones in
New Guinea showed sig nif i cant gully ero sion 5 years af ter
erup tion, in con trast to more arid re gions, where ero sion is neg -
li gi ble af ter thou sands of years.” The Lower Perm ian Olivìtín
Beds, to gether with the Rožmitál Suc ces sion, orig i nated in a
pe riod of rel a tively arid cli mate, doc u mented by the redbed-type 
de pos its and other global to lo cal in di ca tors (e.g., Wojewoda
and Mastalerz, 1989; McCann et al., 2008 and ref er ences cited
there), so the for ma tion of gul lies at Rožmitál may have in -
volved rel a tively long time in ter vals. On the other hand, gul lies
on vol cano slopes may also form rap idly, e.g., dur ing syn-erup -
tive events of high-in ten sity rain fall (Manville et al., 2009;
Kereszturi and Németh, 2013, and ref er ences therein). Un for -
tu nately, the ev i dence avail able at pres ent from Rožmitál is not
de tailed enough to dis tin guish be tween long-term (years to
thou sands of years?) or rapid/syn-erup tive for ma tion modes of
the gul lies.

EMPLACEMENT OF THE ANDESITES AND THE ORIGIN OF RELATED
VOLCANICLASTIC ROCKS

The co her ent andesites with as so ci ated brec cias and
peperites over ly ing the lower volcaniclastic se quence re flect a
switch from early ex plo sive erup tions to later ef fu sive and
high-level in tru sive ac tiv ity. In three sec tions at the Rožmitál
quar ries (logs I–N, II and IV, Fig. 3) the co her ent andesites with
an de site brec cias can be in ter preted as blocky lava flows and
the or i gin of the an de site brec cias can be linked with autoclastic 
pro cesses. An ero sional un con formity at the base of an de site
lavas in quarry II is in di cated by the strati graphic re la tion ships
(the base of the lava over lies older de pos its in the south-west,
sug gest ing a SW-wardly in clined palaeoslope) as well as the
ridges and troughs cov ered by lavas (in ter preted as N–S to
NE–SW aligned, ero sional gul lies cov ered by lava). How ever, a 
NW-wards in clined palaeoslope can be in ferred from the po si -
tion of the an de site base in logs II and III–N. Pos si bly, the an de -
site flow(s) bur ied top o graph i cally com plex ter rain.

The two other sec tions at Rožmitál (I–S and III, Fig. 3) com -
prise, apart from co her ent andesites and an de site brec cias,
abun dant peperites, in di cat ing in situ frag men ta tion of hot an -
de site lava in con tact with wet, un con sol i dated sed i ments and
mix ing of lava frag ments with sed i ments (e.g., White et al.,
2000; Skil ling et al., 2002). Such in ter ac tion may oc cur dur ing
in tru sion of magma into wet, un con sol i dated sed i ment, flowage
of lava over such de pos its, or plung ing of lava into wet, un con -
sol i dated sed i ments as an in va sive lava flow (e.g., Skil ling et al., 
2002). In va sive flows are rec og nized, e.g., in the Co lum bia
River Ba salt Group (Swanson and Wright, 1981). A range of
fac tors such as the rhe ol ogy of magma and host sed i ment, host 
sed i ment li thol ogy and pore wa ter con tent, and the vol umes
and rates of magma-sed i ment in ter ac tion in flu ence the for ma -
tion of peperites and af fect re sult ing struc tures and tex tures
(Zimanowski and Büttner, 2002; Skil ling et al., 2002). At
Rožmitál, the shapes of the frag ments and the over all fab ric of
the jig saw-tex tured peperites re sem ble blocky peperites
(Busby-Spera and White, 1987) as well as in situ hyaloclastites
(McPhie et al., 1993). Jig saw tex tures are well rec og nized in
such de pos its (Skil ling et al., 2002; Mar tin and Németh, 2007).
The pres ence of un dis turbed lam i na tion in sed i men tary de pos -
its ad ja cent to lava frag ments in peperites is less com monly re -
ported, but sim i lar tex tures have been de scribed from the mar -
gin of an an de site sill by Kokelaar (1982: 26–27) and in ter -

preted as the re sult of the abil ity of magma to pen e trate wet, soft 
sed i ments with out their sig nif i cant de for ma tion. Thus, the jig -
saw-tex tured peperites at Rožmitál could have formed by
quench-frag men ta tion of an de site lava into an gu lar blocks at
con tacts with wet, sandy sed i ment. The fea tures de scribed are
con sis tent with rel a tively lim ited magma-sed i ment in ter ac tion.
Fol low ing the em place ment and ini tial frag men ta tion of the an -
de site magma, with lit tle dis place ment of re sult ing blocks, the
sys tem must have been rap idly “frozen” pre vent ing fur ther frag -
men ta tion and pre serv ing the well-or ga nized, jig saw fab ric and
lam i na tion in sed i ments. In con trast, the ran domly tex tured
peperites at Rožmitál bear fea tures of both blocky and glob u lar
peperites (cf. Skil ling et al., 2002; Mar tin and Németh, 2007)
and re flect more dy namic in ter ac tions be tween the an de site
lava and sed i ments. The vari able shapes of the an de site blocks 
and the ran dom fab ric, with an de site frag ments dis persed in
mas sive to poorly lam i nated sed i ment, in di cate: (1) frag men ta -
tion of an de site lava both by quench ing (re sult ing in an gu lar an -
de site frag ments) as well as by dy namic min gling of an de site
lava and fluidized sed i ment (pro duc ing ir reg u lar/lobate clasts),
and (2) vi o lent mix ing of the ig ne ous frag ments and the fluidized 
sed i men tary com po nent.

At Rožmitál, the pres ence of an de site sheets as so ci ated
with autoclastic brec cias and as so ci ated with peperites in di -
cates that, in the vi cin ity of quarry I, the andesites could have
been ex truded as sev eral lobes, most of which formed “nor mal”
block lavas while oth ers came into con tact with wet sed i ments
ei ther as shal low-level sills or as in va sive flows. Upon the in tru -
sive or in va sive em place ment into sed i ments, more vi o lent
lava-sed i ment in ter ac tions in the outer parts of the lava bod ies
trans formed co her ent andesites and their host sed i ments into
ran domly tex tured peperites, whereas a more lim ited lava-sed i -
ment in ter ac tion in the in ner parts of the lava bod ies re sulted ei -
ther in the jig saw-tex tured peperitic core (Fig. 3B, log I–S, lower
part) or left the co her ent core in tact (Fig. 3B, log I–S, up per
part). The up per co her ent andesites in sec tions I–N and I–S
(Fig. 3B) form a phys i cally con tin u ous an de site sheet and thus
doc u ment lat eral tran si tion be tween a lava in the north and an
in tru sive (or in va sive) sheet in the south. Due to in com plete ex -
po sure, it is dif fi cult to judge whether the lower parts of these
two sec tions are re lated by a sim i lar tran si tion, or rep re sent dis -
tinc tive, un re lated an de site lobes (though at sim i lar strati -
graphic lev els).

A dif fer ent struc ture is ob served in the quarry III (Fig. 3).
There, the abun dant volcaniclastic fa cies, the com plex tran si -
tions be tween vari able autoclastic an de site brec cias and ran -
domly tex tured peperites, as well as the as so ci a tion of geo met -
ri cally vari able co her ent an de site bod ies, are sug ges tive of a
near-vent re gion, where a tran si tion zone be tween in tru sive fa -
cies (the dyke and the lower co her ent an de site) and ex tru sive
fa cies (the up per co her ent an de site) is ex posed. The ge om e try
of the lower co her ent an de site in quarry III re sem bles a
cryptodome. Lava domes and cryptodomes of even more mafic
com po si tion (bas alts to trachybasalts) in vent fa cies of
pyroclastic cones were re cently doc u mented from Nic a ra gua
and the Chaîne des Puys (Petronis et al., 2013). The vents in
the vi cin ity of quarry III could have fed an de site flows ex posed
fur ther south, in quarry IV, and/or the lavas ex posed in quarry II.

A TUFF RING AT RO¦MITÁL

As dis cussed above, the volcaniclastic se quence ex posed
at Rožmitál quar ries orig i nated in a subaerial set ting dur ing
phreatomagmatic and tran si tional, phreatomagmatic to
Strombolian erup tions with re lated ac cu mu la tion of pyroclastic
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fall and surge de pos its and mi nor re work ing of tephra. The gen -
e sis of this se quence can be linked with the ac tiv ity of a
monogenetic, hydrovolcanic erup tive cen tre, such as a tuff ring
or a tuff cone (cf. Cas and Wright, 1987; Vespermann and
Schmincke, 2000; Kereszturi and Németh, 2013). These two
vol cano types dif fer in gen eral evo lu tion ary trends – tuff cones
are ini ti ated in sub aque ous set tings and later evolve into a
subaerial stage, whereas tuff rings form en tirely in subaerial
set tings; other dif fer ences in clude the dom i nant erup tive styles,
re lated depositional pro cesses and also the ge om e try of the re -
sult ing vol ca nic ed i fice (for de tails see Kereszturi and Németh,
2013 and ref er ences therein). The bal ance of ev i dence, in par -
tic u lar the lack of proof of a sub aque ous vol ca nic stage, sug -
gests that the Rožmitál Suc ces sion can best be linked to the ac -
tiv ity of a tuff ring – a vol cano char ac ter ized by a rel a tively wide
cen tral crater (a few hun dred metres across) with a base lo -
cated close to the pre-erup tive ground level, sur rounded by a
rel a tively low rim (tens of metres) with mod er ately in clined outer 
slopes (up to ca. 10–20°). 

Most of the di rec tional data (log II in Fig. 3) sug gest, gen er -
ally, a south west wardly in clined slope of the vol cano in the area
of quarry II. Vari able and partly in con sis tent di rec tions may be
due to er rors in di rec tion es ti mates of some fea tures, but may
also re flect some com plex i ties in palaeotopography and/or var i -
ous sites of erup tions in a rel a tively wide crater. If the pres ent
low-an gle dip of strata to the south-west is not much dif fer ent
from their orig i nal ori en ta tion, then the suc ces sion in quarry II
rep re sents ei ther an outer, south west ern slope of the vol cano
(the wall fa cies) with a crater lo cated north-east of quarry II, or
an in ner, north east ern scarp of a crater lo cated south-west of
quarry II (the up per crater fa cies). Trans port di rec tions of
pyroclastic ma te rial in quarry III (log III–N, Fig. 3) are con sis tent

with the lat ter in ter pre ta tion. Pos si ble mod els of the orig i nal lo -
ca tion of the vol cano and its main mor pho log i cal fea tures are il -
lus trated in Fig ure 10. In ei ther case, the tuff ring must have
been sev eral hun dred metres in basal di am e ter, as the dips of
bed ding in pyroclastic rocks at quar ries II and III show no sys -
tem atic vari a tion, which should mir ror a curved palaeosurface
of the cone. Basal di am e ters of up to 1 km are not un com mon
for tuff rings (Kereszturi and Németh, 2013). A more com plex
mor phol ogy of the vol cano, e.g., an asym met ric, breached mor -
phol ogy (Fig. 10A) or nested or su per im posed cones (Fig. 10B), 
are also pos si ble. One of the ex tru sive vents for the an de site
lavas was likely lo cated near the pres ent quarry III; such a vent
pos si bly formed in side the crater (Fig. 10A) or on the outer
slope, near the base of the vol cano (Fig. 10B). How ever, the
more ex ten sive and thicker an de site sheets to the north, both
ex tru sive and in tru sive/in va sive, could have also been fed from
other vents, cur rently not ex posed.

As dis cussed by Németh and White (2009), the for ma tion of 
a tuff ring in volves mod i fi ca tion of the lo cal to pog ra phy and
hence an erup tive en vi ron ment; in par tic u lar, the crater, where
ac cu mu la tion of wa ter-bear ing sed i ments is en hanced, may in -
flu ence the course and style of youn ger erup tive ep i sodes. The
an de site lavas and shal low-level in tru sions at Rožmitál could
have been pref er en tially emplaced and trapped within the crater 
of the tuff ring, and the abun dance of the in tru sive bod ies with
as so ci ated peperites may re flect en hanced magma-wet sed i -
ment in ter ac tions with the crater fill. Pos si bly, the em place ment
of the andesites shortly fol lowed the de po si tion of the un der ly -
ing lower volcaniclastic se quence, as a part of, es sen tially, the
same erup tive ep i sode. The pres ence of near-vent fa cies at
Rožmitál (quarry III) sup ports the in ferred close links be tween
the erup tion sites of the an de site tuffs and the an de site lavas.

A Permian andesitic tuff ring at Rožmitál (the Intra-Sudetic Basin, Czech Republic) 773

Fig. 10. Tentative models illustrating the types of volcanic structures formed in the vicinity of Rožmitál in Permian times

A – a breached cone with lava flows extruded from vents in the main crater; B – a system of overlapping cones; the main one extruded
lavas from vents on the flanks; discussion in the text



How ever, one can not ex clude that the em place ment of
andesites at Rožmitál oc curred in a youn ger erup tive ep i sode,
more loosely re lated to the pre ced ing, ex plo sive vol ca nic stage
(cf. Németh and Mar tin, 2007).

The ca. 700 m long sec tion ex posed along Rožmitál quar -
ries rep re sents the cen tral sec tor and the up per most level of a
larger out crop of andesites and re lated volcanogenic rocks (the
Up per Šonov melaphyres of Fediuk, 1966), ex tend ing for some
8 km be tween Janovièky in the north-west and Šonov to the
south-east. These vol ca nic rocks, to gether with interlayered
sed i ments, formed along an al lu vial plain, be tween al lu vial fans
in the north-west and a lake in the south-east (Tásler, 1979;
Blecha, 1992). It is likely that the tuff ring in ferred at Rožmitál
was a part of larger field of monogenetic vol ca noes, mostly of
phreatomagmatic char ac ter. How ever, the ex po sure in other
parts is not good and there is in suf fi cient data at pres ent to dis -
cuss the evo lu tion of this field in more de tail.

A ma jor Perm ian vol ca nic event in the Intra-Sudetic Ba sin
was the erup tion of the Góry Suche Rhyolitic Tuffs, form ing a
dis tinc tive marker ho ri zon in the Lower Perm ian Vol ca nic Com -
plex (Awdankiewicz, 1999a and ref er ences therein). The Góry
Suche Rhyolitic Tuffs com prise fall and surge de pos its over lain
by non-welded to welded ig nim brites, with the to tal vol ume
roughly es ti mated at a few tens of cu bic kilo metres. It has been
sug gested that the erup tion of these tuffs re sulted in the for ma -
tion of a cal dera, ca. 10 km in di am e ter, in the cen tral part of the
Intra-Sudetic Ba sin near Broumov (Awdankiewicz, 1999a,
2004). The Rožmitál Suc ces sion dis cussed in this pa per is a
part of the vol cano-sed i men tary se quence over ly ing the Góry
Suche Rhyolitic Tuffs in side the in ferred cal dera. In this con text, 
the monogenetic andesitic vol ca nism at Rožmitál may be con -
sid ered a post-cal dera vol ca nic stage, typ i cal of many cal de ras
world wide (e.g., Lipman, 2000).

Phreatomagmatic erup tive cen tres, es pe cially maar-dia -
treme sys tems, have been iden ti fied in sev eral
Permo-Carbonifeorous post-Variscan bas ins in Cen tral and
West ern Eu rope (e.g., Nemec, 1981; Lorenz and Haneke,
2004; Valenta et al., 2014). Com pared to tuff rings and cones,
the maar-diatreme sys tems must have rel a tively large pres er -
va tion po ten tial in an cient suc ces sions, as the diatremes ex -
tend well be low the palaeosurface and thus are not eas ily de -
stroyed by ero sion. To our knowl edge, the tuff ring de scribed in
this pa per from Rožmitál is the first vol cano of that type iden ti -
fied in Late Pa leo zoic bas ins of the Bo he mian Mas sif. This find -
ing con trib utes to a better un der stand ing of vol ca nic pro cesses
and of the for ma tion of vol cano-sed i men tary suc ces sions in
post-collisional intracontinental bas ins.

SYNERUPTIVE SEDIMENT INCORPORATION AND CEMENTATION 
BY DOLOMITE IN THE PYROCLASTIC ROCKS

The geo chem i cal data, to gether with petrographic and geo -
log i cal ob ser va tions, pro vide in sights into pro cesses that af -
fected the chem i cal com po si tions of the volcaniclastic rocks
from Rožmitál. The three pyroclastic rock sam ples dif fer in var i -
ous ways from the co her ent andesites. In the lapillistone, the
MgO en rich ment with trends to wards pure do lo mite com po si -
tion (Fig. 9A, B) and the very high LOI (Ap pen dix 1) can be
linked with post-depositional ce men ta tion by do lo mite (Fig. 7F). 
A sim i lar trend, due to dolomitization, is doc u mented also in
coun try-rock siltstones (Èadková et al., 1985; Fig. 8A, B
therein). Trace el e ment ra tios and con tents in the lapillistone,
partly re sem bling the coun try-rock sed i men tary de pos its, sup -
port also some mix ing with a sed i men tary com po nent dur ing

the phreatomagmatic erup tive pro cesses. How ever, the sed i -
men tary rocks in volved could have been chem i cally dif fer ent
from the ar kos es and siltstones used here for com par i son, and
rather quartz-rich, as sug gested by bro ken quartz frag ments in
the sam ples stud ied. The gen er ally low amount of such
xenocrystic quartz in the lapillistone fur ther in di cates that sed i -
ment in cor po ra tion was of rel a tively mi nor im por tance.

The lapilli tuff rich in accretionary lapilli dif fers from the co -
her ent andesites in con tain ing higher SiO2 (Fig. 9A, B), which
can be ex plained by the ad di tion of xenocrystic quartz grains
from the sed i men tary coun try rocks dur ing phreatomagmatic
erup tions. The lower con tents of the light LREE (Fig. 8C) and of
other trace el e ments (Fig. 9C, D) can be also ex plained in terms 
of a quartz-rich and trace el e ment-poor sed i men tary com po -
nent added to the erupted ma te rial. Ar gu ments sim i lar to those
dis cussed above sug gest that the sed i ment in volved could
have been partly dif fer ent from sam ples used here for com par i -
son. In the lapilli tuff there is also some ev i dence of post-em -
place ment ce men ta tion by do lo mite (Fig. 7E), but pos si bly of a
smaller im por tance in terms of the chem i cal in flu ence of this
pro cess. On the other hand, the chondrite-nor mal ized REE pat -
tern of the lapilli tuff is not much dif fer ent from that of the co her -
ent andesites, sug gest ing very sim i lar pa ren tal mag mas of the
lavas and tuffs.

The com po si tion of the lam i nated tuff is most dis tinct from
that of the co her ent andesites. Al though en rich ment in SiO2 due 
to con tam i na tion by quartz-rich (very fine grained?) sed i men -
tary ma te rial can not be ruled out (Fig. 9A, B), other geo chem i -
cal char ac ter is tics, in par tic u lar the higher HREE com pared to
the co her ent andesites and the coun try rock sed i ments, sug -
gest a more evolved com po si tion of the pa ren tal magma of the
lam i nated tuff. Also, the less frac tion ated REE pat tern (lower
LREE/HREE) con trast ing with the pro nounced Eu-anom aly
sug gests a dif fer ent source and or i gin of this evolved magma.

In sum mary, the volcaniclastic rocks stud ied show abun -
dant petrographic ev i dence of post-mag matic or diagenetic al -
ter ation (re place ment of the orig i nal mag matic phases by
post-mag matic min er als and ce men ta tion by car bon ates,
mostly do lo mite), as well as ev i dence of in cor po ra tion of sed i -
men tary com po nents (e.g., quartz-rich sand) dur ing the
phreatomagmatic erup tive pro cesses. The geo chem i cal data
are con sis tent with both these ef fects, al though the in flu ence of
these pro cesses was dif fer ent in the var i ous sam ples stud ied.
Also, some vari a tion in erupted magma com po si tion can be in -
ferred. In ad di tion, the chem i cal com po si tion of the
volcaniclastic sam ples stud ied was prob a bly af fected by (1) the
mo bil ity of some com po nents, such as sil ica, al ka lis or the
large-ion lithophile el e ments, dur ing al ter ation and
recrystallization (e.g., Rollinson, 1993), as well as by (2) mass
gain or loss dur ing the post-depositional pro cesses (Gifkins et
al., 2005). How ever, sev eral of the el e ments used in Fig ures 7
and 8 (e.g., the REE, Zr, Ti, Nb, Y) are con sid ered as rel a tively
im mo bile el e ments, the ra tios of which are not sig nif i cantly af -
fected dur ing post-mag matic/diagenetic pro cesses. A de tailed
in ter pre ta tion of all the pos si ble ef fects, in par tic u lar their quan ti -
fi ca tion, is ham pered by the lim ited data set pre sented here,
and is also be yond the scope of this pa per.

CONCLUSION

Al though monogenetic vol ca noes, such as sco ria cones,
maars and re lated phreatomagmatic erup tive cen tres, are com -
mon vol ca nic land forms on the pres ent land sur face of the
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Earth, these small vol ca noes are not eas ily rec og niz able in an -
cient vol ca nic suc ces sions, such as the Perm ian red-beds of
Cen tral Eu rope. Our study of the andesitic se quence crop ping
out at the Rožmitál quar ries, in the cen tral part of the
Intra-Sudetic Ba sin, show that the andesites with re lated
volcaniclastic de pos its orig i nated dur ing the ac tiv ity of a tuff
ring. This vol cano had a di am e ter of up to ca. 1 km and was lo -
cated close to the pres ent Rožmitál quar ries. This is pos si bly
the first tuff ring doc u mented in Perm ian de pos its of the Bo he -
mian Mas sif within the Cen tral Eu ro pean “ba sin and range” vol -
ca nic prov ince.

At Rožmitál, the bed ded volcaniclastic se quence ac cu mu -
lated on the outer slope (wall-fa cies) of the tuff cone, or on the
crater scarp of the cone (up per crater fa cies). The ex plo sive
erup tions of the vol cano ranged be tween dom i nantly phreato -
magmatic and, less com monly, tran si tional phreatomagmatic to 
Strombolian, the ex plo sive ac tiv ity be ing driven by in ter ac tion of 
ris ing an de site magma with wa ter-bear ing sed i ments, as well
as by mag matic gases. The erupted tephra was de pos ited by
pyroclastic fall and by pyroclastic surges. Gul lies formed on the
vol cano slopes and tephra was re de pos ited by tem po rary
streams and mass flows, grad u ally re fill ing the gul lies. These
pro cesses oc curred ei ther syn-erup tively, or dur ing lon ger re -
pose pe ri ods. A switch to ef fu sive ac tiv ity re sulted in the em -
place ment of blocky-type andesitic lava flows cap ping the partly 
eroded volcaniclastic se quence. A near-vent sec tion in the
south ern part of the cone ex poses a tran si tion zone from shal -
low-level subvolcanic in tru sions (a dyke and a sill or
cryptodome) into blocky lava flows. Thicker and more ex ten sive 
lava lobes and in tru sive sheets were emplaced in the north, and 
some of the lavas pos si bly plunged into un con sol i dated sed i -
ments, grad ing into in va sive flows. Both the subvolcanic in tru -
sions and the in va sive flows are as so ci ated with tex tur ally vari -
able peperites, orig i nat ing from non-ex plo sive lava-wet sed i -
ment in ter ac tions. The an de site lavas and subvolcanic in tru -
sions may have been pref er en tially emplaced within the crater
of the vol cano. The petrographic and bulk-rock geo chem i cal

data show that the pyroclastic de pos its are min er al og i cally and
chem i cally dis tinct from the co her ent andesites, which is the
com bined ef fect of sed i ment in cor po ra tion dur ing
phreatomagmatic erup tions and post-depositional ce men ta tion
by do lo mite. Pos si bly, some geo chem i cal vari a tion in these de -
pos its re flects also erup tion of a more evolved magma of dis -
tinc tive com po si tion and or i gin, pre ced ing the ef fu sion of the an -
de site lavas.

Com pared to other out crops of mafic vol ca nic rocks in the
late to post-orogenic Permo-Car bon if er ous in ter con ti nen tal
bas ins in the Bo he mian Mas sif and ad ja cent ar eas, the re cord
of vol ca nic pro cesses in the an de site suc ces sion at Rožmitál is
ex cep tion ally rich. This can be linked to the prox i mal lo ca tion of
the Rožmitál quar ries, close to the erup tive vents of the tuffs
and the lavas. How ever, the se quence in ves ti gated be longs to
a larger andesitic com plex and fur ther stud ies should re veal if
the Rožmitál tuff ring was part of a more ex ten sive monogenetic 
vol ca nic field, with sev eral vol ca nic cen tres dis trib uted across
an al lu vial plain. Our re sults pro vide in sights into com plex vol -
ca nic pro cesses that con trib uted to the for ma tion of the Perm -
ian vol cano-sed i men tary suc ces sion of the Intra-Sudetic Ba sin
and may also help to better con strain the or i gin of sim i lar de pos -
its in other Late Pa leo zoic intramontane ba sin in Cen tral Eu rope 
and else where.
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