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Petrographic, cathodoluminescence, and phase chem is try stud ies of de tri tal grains were car ried out on sand stones from the
Perm ian Malužiná For ma tion in the Malé Karpaty Mts. (Hronic Unit, West ern Carpathians, Slovakia) to de ter mine their prov -
e nance and tec tonic set ting dur ing the Perm ian. The re sults of the pres ent study sug gest der i va tion of the Malužiná For ma -
tion sand stones from mul ti ple source ar eas. Ma jor source lithologies were acid (fel sic) plutonic rocks and low- to high-grade
meta mor phic rocks (prob a bly meta mor phosed ig ne ous rocks and metasedimentary rocks), but no ta ble amounts of de tri tus
were also de rived from fel sic and mafic vol ca nic rocks. There was only a mi nor con tri bu tion from sed i men tary rocks. De tri tus
was stripped rap idly from bro ken, high-re lief source ar eas be fore weath er ing pro cesses could de stroy un sta ble frame work
con stit u ents, as doc u mented by the rel a tively high con tent of un sta ble rock frag ments and the high feld spar con tent in the
sand stones in ves ti gated. The prov e nance char ac ter is tics in di cate that de po si tion of the sand stones of the Malužiná For ma -
tion oc curred in a rifted con ti nen tal mar gin en vi ron ment sup plied from an up lifted area on a thick con ti nen tal crust com posed
of rocks of older fold belts.

Key words: West ern Carpathians, sand stone pe trog ra phy, cathodoluminescence, min eral chem is try, prov e nance.

INTRODUCTION

Most re search on prov e nance of siliciclastic sed i men tary
rocks has fo cused on sand stones (e.g., Skilbeck and Cawood,
1994; Wanas and Abdel-Maguid, 2006; Ghosh et al., 2012).
Much of this re search has been con cerned with at tempts to in -
ter pret source-rock li thol ogy from de tri tal min eral as sem blages
(e.g., Chappell, 1968; Laird, 1972; MacKinnon, 1983). Petro -
graphic anal y sis of quartz, feld spars, micas, heavy min er als
and rock frag ments forms the ba sis for most such stud ies (e.g.,
Jafarzadeh and Hosseini-Barzi, 2008; Dey et al., 2009; Naja -
fzadeh et al., 2010). How ever, some in ves ti ga tors uti lize also
sup ple men tary tech niques, such as cathodoluminescence mi -
cros copy and geo chem i cal stud ies of ma jor and trace el e ments 
in de tri tal min er als (e.g., Triebold et al., 2007; Malila et al.,
2008; Asiedu et al., 2009).

Cathodoluminescence (CL) mi cros copy is a par tic u larly
use ful tool for study ing sed i men tary rocks be cause this tech -
nique pro vides in for ma tion about the prov e nance of min eral

grains that con sti tute sed i men tary rocks (Götze and Zimmerle,
2000; Boggs et al., 2002; Götte and Rich ter, 2006; Boggs,
2009). Spe cif i cally, the CL char ac ter is tics, such as col our and
fab ric, of mainly quartz grains have been used to link them to
their source rocks. The ap pli ca tions of CL tech niques to in ter -
pre ta tion of prov e nance are splen didly re viewed in Boggs and
Krinsley (2006). 

Both the min er al ogy and chem is try of feld spars may have
prov e nance sig nif i cance. For in stance, microcline tends to be
de rived from fel sic ig ne ous or meta mor phic rocks, while calcic
plagioclase from ba sic ig ne ous or meta mor phic rocks. Also, the 
chem i cal com po si tion of feld spars is known to be a func tion of
the source rocks (e.g., Helmold, 1985; Boggs, 2009).

In this study, prov e nance anal y sis of the Perm ian sand -
stones of the Malužiná For ma tion in the Malé Karpaty Mts.
(Hronic Unit, West ern Carpathians, Slovakia) has been car ried
out us ing petrographic mi cros copy, the cathodoluminescence
tech nique, and the phase chem is try of de tri tal feld spar grains.
The study of rocks from the Hronic Unit is ex tremely im por tant
for the geodynamic re con struc tion of the West ern Carpathian
Variscan Orogen. Fur ther more, the basal siliciclastic de pos its
of the Hronicum may pro vide in for ma tion on the orig i nal base -
ment of this unit and cast light on the con ti nen tal rift ing pro cess
re spon si ble for the for ma tion of these sed i ments. The re sults
ob tained in the pres ent study con trib ute sig nif i cantly to a better
un der stand ing of the li thol ogy of the par ent rocks of the
Malužiná For ma tion sand stones in the source area.
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GEOLOGICAL OVERVIEW

Sam ples of sand stones rep re sent ing the Perm ian Malužiná 
For ma tion in the Malé Karpaty Mts. were ana lysed. The geo lo g -
i cal char ac ter is tics and evo lu tion of this for ma tion are de scribed 
in de tail by Vozárová and Vozár (1981, 1988), Vozárová and
Túnyi (2003) and Vozárová et al. (2009), and are sum ma rized
be low.

The Perm ian Malužiná For ma tion to gether with the Penn -
syl va nian Nižná Boca For ma tion are lower-or der lithostra ti -
graphic units of the Ipoltica Group which rep re sents the Late
Pa leo zoic vol cano-sed i men tary suc ces sions in the basal part of 
nappes of the Hronic Unit (Vozárová and Vozár, 1981, 1988).
The Late Pa leo zoic of the Hronic Unit is vari ably pre served and
oc curs as re duced tec tonic frag ments in the basal part of the
multi-nappe struc ture in var i ous re gions of the West ern Carpa -
thians (Fig. 1).

The Malužiná For ma tion has a grad ual tran si tion from the
un der ly ing Nižná Boca For ma tion. The Malužiná For ma tion is
of Cisuralian to the Lopingian age (Autunian–Saxonian–Thurin -
gian) (e.g., Planderová and Vozárová, 1982; Vozárová et al.,
2005). Lithologically, it con sists of a thick suc ces sion of red-
 beds (al ter nat ing polymict con glom er ates, sand stones, silt sto -
nes, and shales) and spo radic chemogenic sed i ment inter beds
(ca liches and evaporites) of vari able thick ness. One of the ba -
sic lithological char ac ters of the Malužiná For ma tion is the in ter -
nal cy clic struc ture of the sed i men tary se quences which are ar -
ranged in three re gional mega cy cles one above the other. A fur -
ther im por tant phe nom e non is the polyphase synsedimen tary

andesitic-ba saltic vol ca nism rep re sented by rift-re lated con ti -
nen tal tholeiites (Vozár, 1997; Dostal et al., 2003). The max i -
mum thick ness of the Malužiná For ma tion is 2,200–2,400 m
(Vozárová and Vozár, 1988). Vol ca nic and sed i men tary rocks
in the Malužiná For ma tion are gen er ally very low-grade meta -
mor phosed. The al ter ation is char ac ter ized by the pumpel -
lyite-prehnite-quartz min eral as so ci a tion (Vrána and Vozár,
1969; Šucha and Eberl, 1992). Lithofacial anal y ses of the
Malužiná For ma tion se quences, the char ac ter of vol ca nism and 
the struc tural ar range ment of strata in the en tire megase -
quence sug gest an intracontinental, rift-re lated type of orig i nal
depositional ba sin (Vozárová and Vozár, 1988). Fur ther, these
au thors sup posed that the depositional en vi ron ment was con ti -
nen tal and was char ac ter ized by deltaic-lac us trine and al lu vial
sub-en vi ron ments, in clud ing microenvironments con trolled by
arid to semiarid cli mate.

The Perm ian sed i men tary ba sin of the Malužiná For ma tion
be longed to a large geodynamic zone con nected with the in ter -
nal part of the Variscan orogenic do main, in which rift-re lated
and strike-slip con ti nen tal post-orogenic bas ins were formed
dur ing the Penn syl va nian-Perm ian in ter val (Vozárová et al.,
2009). As a con se quence of post-Variscan extensional tec ton -
ics, the Malužiná rift sys tem orig i nated on a high-grade crys tal -
line core com plex pen e trated by large masses of syn- and
late-orogenic ig ne ous rocks, as is char ac ter is tic for the Vari -
scan ter ranes of the Cen tral West ern Carpathians (e.g., Biely et 
al., 1996; Vozárová et al., 2009).

In the Malé Karpaty Mts., the Ipoltica Group rep re sents the
basal part of the lower (Šturec) nappe of the Hronicum. The
Ipoltica Group oc cu pies the area to the SW of Smolenice and
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Fig. 1. Dis tri bu tion of the Ipoltica Group in the West ern Carpathians (af ter Vozárová and Vozár, 1988)

Rect an gle marks the study area, for de tails see Fig ure 2



Lošonec in a belt 1.5–2.5 km wide, NE–SW-ori ented, and ex -
tends to the west ern mar gin of the moun tain range to the S of
Sološnica (Fig. 2). The Me so zoic of the Krížna Nappe is the
tec tonic base ment of the Ipoltica Group across the whole area.
The basal part of the Ipoltica Group (the Nižná Boca For ma tion) 
is mark edly re duced. In tense tec tonic re duc tion also af fected
the pres er va tion of in di vid ual parts of the Malužiná For ma tion.

SAMPLING AND METHODS

Field work was car ried out on the Malužiná For ma tion in the
north ern part of the Malé Karpaty Mts. dur ing No vem ber, 2009
and July, 2010. Twenty-five rep re sen ta tive sand stone sam ples
were col lected from sev eral main sec tion pro files be tween the
vil lages of Sološnica and Smolenice as well as from se lected lo -
cal i ties be tween these vil lages, ac cord ing to the geo log i cal sit u -
a tion. The whole re gional oc cur rence of the lithostratigraphic
unit stud ied, in clud ing its lower and up per parts, was cov ered
dur ing sam pling (Fig. 2).

Thin sec tions were pre pared from the sam ples col lected. A
de tailed petrographic study of these thin sec tions was per -
formed with a LEICA DM 2500 P po lar iz ing mi cro scope at the

De part ment of Min er al ogy and Pe trol ogy, Fac ulty of Nat u ral
Sci ences, Comenius Uni ver sity in Bratislava. Modal anal y sis
(frame work min eral com po si tion) was con ducted on the thin
sec tions by count ing 500 points on each slide, us ing the Gazzi-
 Dickinson point-count ing method as de scribed by Ingersoll et
al. (1984). Compositional de pend ence on grain size is minima -
lized by this point-count ing method which, in fact, en ables com -
par i son of sand stones hav ing dif fer ent grain sizes.

Con ven tional heavy min eral anal y sis was re al ized on ten
me dium-grained sand stone sam ples which were disaggre -
gated, sieved, cleaned and dried. Heavy min er als were sep a -
rated from the 0.063–0.250 mm frac tion with the grav ity sep a ra -
tion method us ing bromoform hav ing a mea sured spe cific grav -
ity of 2.8. In or der to es ti mate min eral pro por tions, 350 opaque
and non-opaque grains were point-counted in each heavy min -
eral mount.

Cathodoluminescence mea sure ments were per formed on
ex tremely smooth, highly pol ished, and car bon-coated thin sec -
tions to pre vent charg ing un der elec tron bom bard ment. Catho -
doluminescence was car ried out us ing a “hot cath ode” Si -
mon-Neuser HC2-LM CL mi cro scope (De part ment of Geo log i -
cal Sci ences, Fac ulty of Sci ence, Masaryk Uni ver sity, Brno),
which en ables light, po lar ized-light, and cathodoluminescence
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Fig. 2. Sim pli fied geo log i cal map of the Late Pa leo zoic rocks of the Hronic Unit in the Malé Karpaty Mts. 
(af ter Vozárová and Vozár, 1988) show ing sam pling sites (19)



mi cros copy with out sam ple re ad just ment. The elec tron gun

was op er ated at 14 kV with a cur rent den sity of 10–40 mA mm–2

in a vac uum (10–6 bars). The lu mi nes cence im ages were taken
with an Olym pus C-5060 dig i tal cam era. Lon ger ex po sure
times were set, ca. 8 s for short-lived CL and more than 15 s for
CL pass ing to sta ble CL. Emis sion spec tra were not gath ered
and thus CL colours were es tab lished vi su ally. The shift of CL
colours was not ana lysed.

The chem i cal com po si tion of de tri tal feld spars in the Malu-
žiná For ma tion sand stones was ob tained by a CAMECA

SX-100 elec tron microprobe housed in the lab o ra to ries of the
State Geo log i cal In sti tute of Dionýz Štúr in Bratislava. The op -
er at ing con di tions were as fol lows: ac cel er at ing volt age (15 kV); 

beam cur rent (20 nA); and elec tron-beam di am e ter (5–10 mm).
Anal y ses of in di vid ual el e ments in feld spars were car ried out

us ing the fol low ing stan dards: al bite (Na Ka), wollastonite (Si,

Ca Ka), orthoclase (K Ka), Al2O3 (Al Ka), bar ite (Ba La), SrTiO3

(Sr La), for ster ite (Mg Ka), and faya lite (Fe Ka). Cal cu la tion of
the feld spar struc tural for mula was based on 8 ox y gen at oms.
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OBSERVATIONS AND RESULTS

SANDSTONE PETROGRAPHY

The sed i men tary struc ture of the Malužiná For ma tion sand -
stones is mostly mas sive and hor i zon tal cur rent-lam i nated, oc -
ca sion ally cross-bed ded. The sand stones are typ i cally me dium
to coarse grained and mod er ately well to poorly sorted. The
frame work grains are typ i cally subangular to an gu lar, while
subrounded grains are much less com mon (Fig. 3). Grain con -
tacts are tan gen tial, straight and rarely also concavo-con vex
(Fig. 3C, E, thin ar rows). The sand stones are tex tur ally and
min er al og i cally im ma ture, and have un der gone very lit tle or no
meta mor phism (see also Vrána and Vozár, 1969; Šucha and
Eberl, 1992).

The pro por tion of the quartz (in clud ing microcrystalline chert) 
ranges from 40.2 to 75.4% of the de tri tus (Ta ble 1). Mono -
crystalline quartz (~40.4%) is more abun dant than the poly -
crystalline va ri ety (~17.0%). A few of the monocrystalline quartz
grains are of vol ca nic or i gin as they typ i cally show euhedral
shapes, non-un du la tory ex tinc tion, embayments, and in clu sion-
 free clear trans par ency (Fig. 3A, thin ar row). Such vol ca nic
quartz is pres ent in all sam ples ana lysed. Mono crystalline quartz
crys tals, show ing tec tonic fab ric, mostly con tain min eral in clu -
sions of white mica. Polycrystalline quartz grains are com posed
mainly of non-ori ented crys tal lites, com monly three or more crys -
tals per grain, with straight to undulose ex tinc tion and straight
grain bound aries (Fig. 3D, F). Some polycrystalline quartz grains
dis play su tured in ter nal bound aries be tween com pos ite crys tals,
in di cat ing a prob a ble early stage in the de vel op ment of meta -
mor phic polycrystalline quartz.

Euhedral to subhedral feld spar grains con sti tute be tween
15.2 and 43.2% of the to tal frame work grains of the sand stones
(Ta ble 1). Both po tas sium feld spar (~13.4%) and plagioclase
(~11.1%) are pres ent mostly in al most equal amounts. Micro -
cline and microperthite were ob served in a few sam ples. Micro -
cline grains have well-de vel oped grid twinning, with the two sets 
of twin lamellae ap prox i mately at right an gles to each other. The 
lamellae are com monly ta pered (Fig. 3D). Many plagioclase
grains are char ac ter ized by dis tinc tive al bite twinning, with twin
lamellae that are straight and par al lel (Fig. 3D, F). The feld -
spars in the sand stones stud ied range from fresh, un al tered

grains to those show ing some de grees of al ter ation to seri cite or 
kaolinite.

Lithic frag ments make up on av er age 14.0% of the to tal
frame work con stit u ents. As con cerns par tic u lar kinds of rock
frag ments, vol ca nic rock frag ments con sti tute on av er age
6.8%, meta mor phic frag ments 3.8%, and sed i men tary ones
3.4% of the to tal frame work grains of the sand stones (Ta ble 1).
Two broad cat e go ries of lithic vol ca nic clasts were iden ti fied:
fel sic vol ca nic and mafic vol ca nic clasts. The fel sic vol ca nic
clasts are more abun dant and are char ac ter ized by a micro -
crystalline mo saic of in di vid ual quartz crys tals with rel ict feld -
spar. Vitric va ri et ies also oc cur and have a groundmass con -
sist ing mainly of al tered and devitrified glass. Mafic vol ca nic
frag ments mostly show a microlitic tex ture with laths of plagio -
clase in an al tered apha ni tic groundmass (Fig. 3E, F). Meta -
mor phic rock frag ments in clude grains of schist, seri cite- and
quartzose phyllite, paragneiss, and metaquartzite (Fig. 3F).
Sed i men tary rock frag ments are gen er ally poorly rep re sented
in the sand stones. They in volve fine-grained sand stone, mud -
stone, and chert frag ments (Fig. 3A, B). Microcrystalline chert
grains were dis tin guished from microcrystalline fel sic vol ca nic
rock frag ments by a lack of marked in ter nal re lief be tween in di -
vid ual crys tals, a lack of feld spar microphenocrysts and some -
times by the pres ence of criss-cross ing veinlets.

Mica con sti tutes on av er age 1.5% of the to tal frame work
grains (Ta ble 1). White mica is the most dom i nant phyllosilicate
min eral in all sand stones ana lysed and oc curs mainly as short
plates (Fig. 3A, D). Bi o tite is gen er ally rare and is usu ally
baueritized, i.e., bleached (Fig. 3C, E).

Heavy min er als in the sand stones stud ied are pres ent in
con cen tra tions of less than 1%. Af ter the en rich ment pro ce -
dure, the heavy-min eral as sem blage in the Malužiná For ma tion 
sand stones in cludes in or der of de creas ing per cent age (Ta ble
2): bi o tite (~29.55%), mag ne tite, il men ite and he ma tite
(~27.58%), ti tan ite (~13.86%), tour ma line (~10.21%), gar net
(~8.68%), ap a tite (~5.78%), zir con (~3.93%), and rutile
(~0.39%). Only the mor phol ogy of zir con grains is treated be low 
be cause fea tures of all other heavy min er als were de stroyed
dur ing disaggregation of the sand stone sam ples. Fur ther, zir -
con mor phol ogy may be re lated to the source-rock char ac ter is -
tics of the sand stones. The de tri tal zir con grains from the
Malužiná For ma tion sand stones are mostly colour less and
range from 0.08 to 0.25 mm in length. Ob served zir con grains
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Fig. 3. Pho to mi cro graphs of se lected sand stone sam ples from the Malužiná For ma tion

A – gen eral view show ing sub-rounded to subangular quartz grains (Qm) and mi nor K-feld spar grains (K); note the lithic grains of sed i men -
tary or i gin – lam i nated and silty shale (Ls); thin ar row shows the monocrystalline quartz grain of vol ca nic or i gin; grains are coated with he ma -
tite, giv ing red/brown rims (plane-po lar ized light); B – gen eral view show ing mono- (Qm) and polycrystalline (Qp) quartz as well as
plagioclase (P) grains; no tice also the mudrock frag ment show ing lam i na tion (Ls) and the lithic grain of vol ca nic or i gin (Lv); there is a red he -
ma tite coat ing around grains (plane-po lar ized light); C – typ i cal im ma ture sand stone of the Malužiná For ma tion; note the com mon pres ence
of many an gu lar quartz (Qm, Qp), feld spar (K) and lithic (Lv, Lm) grains; large bi o tite micas (brown) show ef fects of com pac tion; he ma tite re -
places bi o tite along some cleav age planes (black); see also the concavo-con vex grain to grain con tact (thin ar row); he ma tite coat ings around 
sand grains are ap par ent (plane-po lar ized light); D – thin ar row marks a grain of al bite with granophyric inter growth (myrmekite) of quartz;
quartz inter growths are white to light grey and have a wormy-tu bu lar mor phol ogy; also pres ent are many quartz (Qm, Qp) and feld spar (K, P)
grains; note the microcline grain (K, cen tre of pho to graph) with well-de vel oped grid twinning (cross-po lar ized light); E – in the cen tre of the
field of view, there is a large vol ca nic rock frag ment of fine-grained ba sic rock (Lv); it con sists of plagioclase microphenocrysts set in a
groundmass of feld spar crys tals and op aques; both the quartz (Qm) and the K-feld spar (K) grains sur round this rock frag ment; thin ar row de -
notes the concavo-con vex grain to grain con tact (cross-po lar ized light); F – litharenite of the Malužiná For ma tion with meta mor phic (Lm) and
vol ca nic (Lv) rock frag ments; quartz (Qm, Qp) and plagioclase (P) grains are also pres ent; note the meta mor phic rock frag ment of mus co -
vite-bear ing quartz-rich rock in the cen tre of the pho to graph; the mica flakes show a pref er en tial align ment re sult ing in a schis tose tex ture; a
vol ca nic rock frag ment (in the cen tre, near the top) con sists of plagioclase laths set in an al tered groundmass; sev eral mul ti ple-twinned
plagioclase crys tals are also vis i ble (lower right of pho to graph) (cross-po lar ized light); for ex pla na tion of ab bre vi a tions see also Ta ble 1



have the fol low ing morphologies: euhedral with slightly rounded 
ends, rounded to well-rounded, and anhedral. The euhedral zir -
con grains typ i cally dis play pris matic forms among which grains 
with bipyramidal hab its oc cur very rarely.

The sand stones are char ac ter ized by a very low pro por tion
of ma trix (Ta ble 1). The mean ma trix con tent of the sand stone
sam ples ana lysed from the Malužiná For ma tion is 2.6%. The
sand stone ma trix is gen er ally com posed of fine-grained quartz
(grain size <0.03 mm), clay min er als, iron ox ide min er als,
chlorite, highly al tered un sta ble grains (sec ond ary ma trix), and
ma te rial too fine to be iden ti fied. Pseudomatrices de scribed by
Dickinson (1970) as rep re sent ing de for ma tion and com pres -
sion of lithic frag ments also oc cur.

Ac cord ing to the clas si fi ca tion of Pettijohn et al. (1972), the
Malužiná For ma tion sand stones are rep re sented by ar kos es,
subarkoses, and litharenites (Fig. 4). These sand stone types
are scat tered through out the re gional oc cur rence of the Malu -
žiná For ma tion in the Malé Karpaty Mts. with out any clear con -
cen tra tion in a spe cific re gion.

CATHODOLUMINESCENCE CHARACTERISTICS

The CL study of the Malužiná For ma tion sand stones re -
veals brown, dark blue, bright blue, vi o let, red, and green lu mi -
nesc ing quartz grains (Fig. 5). Most of the quartz par ti cles show
brown, dark brown or brown ish-vi o let CL colours, de scribed as
typ i cal of low-grade meta mor phic quartz (Rich ter et al., 2003).
Zinkernagel (1978) re ported that brown lu mi nes cence is char -
ac ter is tic of quartz in meta mor phosed ig ne ous rocks, metasedi -
mentary rocks, some con tact meta mor phic rocks, and re gion -
ally meta mor phosed rocks. A part of the quartz grains show
dark blue, blue, and vi o let CL colours (Fig. 5), which are typ i cal
of vol ca nic, plutonic, and high-grade meta mor phic quartz (e.g.,
Zinkernagel, 1978; Götze and Zimmerle, 2000). Sev eral quartz
grains dis play red lu mi nes cence (Fig. 5A, B, H), which in di cates 
that these grains are of vol ca nic or i gin. A few quartz grains
show a typ i cal green CL col our (Fig. 5D) that is sug ges tive of
hy dro ther mal and peg ma titic or i gin.

Four char ac ter is tic CL fea tures of de tri tal quartz ob served in
the Malužiná For ma tion sand stones are healed frac tures
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T a  b l e  1

Modal com po si tions of Perm ian sand stones from the Malužiná For ma tion

Sam ple no Qm [%] Qp [%] P [%] K [%] Lm [%] Lv [%] Ls [%]  Mica [%] Matrix [%]

10-VD 53.2   8.6 16.8 17.4 3    0.2 0.4 0   0.4

11-VD 47.2 16.8 12.4 13.8 1    0.6 4.2 0   4   

12-VD 29.8 13.6 13.4 17.2 3.2 16.2 5   0.6 1   

13-VD 32.6 13.4 12.6 11.4 4   20.4 5.2 0   0.4

16-VD 51.8 9   9.6 12.2 1.2  3.4 4   4.6 4.2

17-VD 43.4 12.6 12.6 10.6 2.6 7  4.8 0.8 5.6

18-VD 48.2 26    7.8   8.4 2     0.8 4.6 2   0.2

19-VD 55.4 16.8 10   13.8 0   0  1   1   2   

20-VD 42.4 12.8 24.4 18.8 0   0  0   0   1.6

21-VD 40.6 23.4 15.6 15.4 2.6  0.2 1   0   1.2

22-VD 18   24  9   9.8 16.4   9.2 10.6 2.2 0.8

23-VD 24.6 19.8 10.2 11.4 12.2   7.8  5.8 7.8 0.4

26-VD 49.4 17.2   6.6 10.2 2.2  4.4  7.4 2   0.6

27-VD 64.2 11.2   8.2 11  0.8  1.2  0.4 2.2 0.8

30-VD 31.2 17.6 13  12.4 1.8 15    6.6 1   1.4

31-VD 24.6 15.6 14.2 11.6 4.6 17.4  8.6 1.8 1.6

32-VD 36.6 25.8 10   16.8  1.6  3.8  3.4 0.6 1.4

33-VD 59.6 12     3.2 19    2.4  0.2  1.4 0   2.2

34-VD 48.4 13     4.8 26    4.8 0   0.4 0.6 2  

36-VD 35.6 16.6  6  9.2 7   2.2  3.4 9.6 10.4

38-VD 25.4 19   12.6 12.6  5.8 18    2.6 0   4 

39-VD 35.6 15.4 10.8   6.2  5.2 16.6  3.6 0    6.6

40-VD 22.6 28.6   8.4 10  6  15    0.4 0   9  

42-VD 31.6 29.4   8.6 12   4.2 10    0.4 0   3.8

43-VD 57  7 17.8 17.2 1 0 0  0   0   

Minimum 18   7   3.2 6.2 0 0 0 0   0 

Maximum 64.2 29.4 24.4 26    16.4 20.4 10.6 9.6 10.4

Mean 40.4 17.0 11.1 13.4   3.8   6.8   3.4 1.5   2.6

St. Dev. 12.8    6.2   4.5   4.3   3.7   7.2   2.9 2.5   2.8

Al though a few heavy min er als were ob served in the thin sec tions dur ing the petrographic in ves ti ga tion, data on their vol u met ric pro por -
tions are not in cluded in this Ta ble be cause no heavy min eral grains were re corded dur ing point-count ing; Qm – monocrystalline quartz
grains, Qp – polycrystalline quartz grains, P – plagioclase feld spar grains, K – po tas sium feld spar grains, Lm – meta mor phic lithic
grains, Lv – vol ca nic-hypa bys sal lithic grains, Ls – sed i men tary lithic grains



(Fig. 5A, B, F), low-in ten sity dark-CL streaks and patches (Fig.
5A, G), mot tled-tex ture (Fig. 5G), and ho mo ge neous (non -
differential) CL (Fig. 5D, G). The healed frac tures ap pear as thin

(<5–>20 mm wide), dis tinct, black lines (CL weak or ab sent) (Fig.
5A, B, F). The frac ture-heal ing ma te rial is SiO2. The ob served
frac tures prob a bly orig i nated dur ing the tran si tion of beta quartz
to al pha quartz, which takes place dur ing cool ing be low the in ver -
sion tem per a ture of about 570 to 600°C. The beta-al pha tran si -
tion is as so ci ated with large distortional stra ins, which can cause
ex ten sive crack ing of the quartz grains (e.g., Heaney, 1994;
Müller et al., 2000). Healed frac tures are par tic u larly com mon in
plutonic quartz, are pres ent in some meta mor phic quartz, and
are un com mon in vol ca nic quartz (Boggs and Krinsley, 2006).

The pres ence of ir reg u larly sha ped, CL-dark patches and stre -

aks (~10 to >100 mm), in for mally dubbed “spi ders”, in de tri tal
quartz in the Malužiná For ma tion sand stones most likely in di -
cates plutonic or i gin (Fig. 5A, G). Müller (2000) sug gested that
the or i gin of “spi ders” is re lated to decrepitation (break age) of
fluid in clu sions in duced by dif fer ences be tween fluid pres sure
and lithostatic pres sure dur ing up lift. An al ter na tive ex pla na tion
for the or i gin of “spi ders” in volves late-stage in va sion of quartz
grains by ex ter nal flu ids (Boggs and Krinsley, 2006). The mot tled
tex ture ob served, which is very com mon in meta mor phic quartz
(and is pres ent in some plutonic and vol ca nic quartz), in di cates
ir reg u lar dis tri bu tion of ac ti va tor ions or de fect struc tures within
the grains (Fig. 5G). The brighter CL ar eas con tain more ac ti va -
tor ions or de fect struc tures than do the darker ar eas. The mot -
tled tex ture may be caused by in com plete recrystallization or an -
neal ing ac com pa ny ing meta mor phism or it may be the re sult of
de for ma tion dur ing meta mor phism (Boggs and Krinsley, 2006;
Boggs, 2009). Sev eral quartz grains dis play nearly uni form CL
in ten sity (CL ap pears es sen tially ho mo ge neous) (Fig. 5D, G).
Ho mo ge neous bright-CL grains ap par ently form by recrystal -
lization at high tem per a tures (Boggs, 2009). A ho mo ge neous
tex ture is very com mon in meta mor phic quartz (Boggs and
Krinsley, 2006).

MINERAL CHEMISTRY OF FELDSPARS

Elec tron microprobe anal y ses car ried out on fresh feld spar
crys tals with lit tle or no re place ment tex tures show an abun -
dance of perthitic orthoclase or microcline and a compositional
range of al bite-oligoclase, with most be ing oligoclase (Fig. 6).
Al kali feld spars pres ent in the sand stones from the Malužiná
For ma tion have com po si tions in the range of Ab10.2An0.3Or89.5 to 
Ab3.4An0.1Or96.5. The com po si tion of plagioclase feld spars in the 
Malužiná For ma tion sand stones var ies from Ab73.1An25.4Or1.5 to
Ab99.6An0.3Or0.1. Rep re sen ta tive anal y ses are shown in Ta ble 3.

The use of feld spars in prov e nance anal y sis is greatly ham -
pered by the pro cess of albitization dur ing diagenesis (see also
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T a  b l e  2

Rel a tive abun dance of opaque and non-opaque heavy min er als in the 63–250 mm frac tion of Perm ian sand stones 
from the Malužiná For ma tion, ex pressed as fre quency [%]

Sam ple no Ap Bt Grt Hem, Ilm,
Mag Rt Ttn Tur Zrn

10-VD    3.65 17.52 15.33   4.38 0.00 26.28 24.82 8.03

12-VD   2.46   3.17 15.85 67.25 0.00   5.28 3.17 2.82

13-VD   8.84   3.31 26.52 45.86 0.00   5.52 8.29 1.66

17-VD 25.00   7.03 13.67 34.77 0.00   5.47 7.03 7.03

19-VD   3.89 33.85   6.61   3.89 2.72 37.74 7.78 3.50

21-VD   9.64 25.30   1.20   0.00 1.20 19.28 33.73 9.64

22-VD   1.41 84.86   1.06   7.39 0.00   2.11 2.11 1.06

23-VD   1.23 90.80   0.92   3.07 0.00   1.53 1.84 0.61

26-VD   1.36 11.56   2.72 53.06 0.00 23.47 6.46 1.36

31-VD   0.36 18.12   2.90 56.16 0.00 11.96 6.88 3.62

Min i mum   0.36   3.17 0.92  0.00 0.00  1.53  1.84 0.61

Max i mum 25.00 90.80 26.52 67.25 2.72 37.74 33.73 9.64

Mean   5.78 29.55 8.68 27.58 0.39 13.86 10.21 3.93

St. Dev.   7.46 32.21 8.73 26.45 0.90 12.26 10.52 3.19

Ap – ap a tite, Bt – bi o tite, Grt – gar net, Hem – he ma tite, Ilm – il men ite, Mag – mag ne tite, Rt – rutile, Ttn – ti tan ite, Tur – tour ma line, Zrn – zir con

Fig. 4. Clas si fi ca tion of the Malužiná For ma tion
sand stones ac cord ing to Pettijohn et al. (1972)

Points within the tri an gle rep re sent rel a tive pro por -
tions of Qt (to tal quartzose grains), F (to tal feld spar
grains), and L (to tal un sta ble lithic frag ments) end
mem bers
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Asiedu et al., 2000, 2009). Albitization of feld spar grains dur ing
sed i ment burial has been ob served at depths greater than
2,500 m (Dutta and Wheat, 1993). The Malužiná For ma tion
sand stones have un der gone some de gree of low-grade meta -
mor phism (Vrána and Vozár, 1969; Šucha and Eberl, 1992)
which may fa vor al ter ation of calcic plagioclase to al bite. To min i -
mize the ef fect of albitization, only de tri tal feld spars with no re -
place ment tex tures were ana lysed. The de tri tal feld spars show
bi modal dis tri bu tion (Fig. 6), even in a sin gle thin sec tion. Dutta
and Wheat (1993) have sug gested that such compositional
bimo dality may in di cate that the feld spar com po si tion is pri mary.

DISCUSSION

SANDSTONE PETROGRAPHY

The pro por tions of frame work grains of the Malužiná For -
ma tion sand stones sug gest der i va tion from sev eral dis tinct

lithologies that may be con nected with one or more source ar -
eas. The high pro por tion of strained monocrystalline quartz and
the sodic com po si tions of plagioclase feld spars in the Malužiná
For ma tion sand stones sug gest that sub stan tial amounts of de -
tri tus were de rived from ter ranes built of fel sic plutonic rocks.
On the other hand, con tri bu tion of de tri tus from a meta mor phic
terrane is in di cated by the oc cur rence of strained polycrystalline 
quartz with su tured con tacts be tween subgrains, by the pres -
ence of quartz with a tec tonic fab ric, and by frag ments of
quartz-mica schist, phyllite, slate, and less com monly gneiss.
Some of the strained quartz may, how ever, be due to post -
depositional de for ma tion pro cesses as the sand stones have
un der gone some de gree of meta mor phism (Vrána and Vozár,
1969; Šucha and Eberl, 1992). Vol ca nic rock frag ments with
felsitic and microlitic tex tures sug gest der i va tion from fel sic and
mafic vol ca nic ter ranes, re spec tively. The small amount of chert 
and sed i men tary lithic frag ments sug gest a mi nor con tri bu tion
from sed i men tary rocks.

Heavy-min eral petrographic data of the Malužiná For ma tion 
sand stones pro vide very sim i lar in for ma tion on prov e nance to
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T a  b l e  3

Rep re sen ta tive anal y ses of de tri tal feld spar grains from the Malužiná For ma tion sand stones

Sam ple
no 17-VD 24-VD 19-VD 24-VD 24-VD 31-VD 19-VD 22-VD 12-VD 12-VD 12-VD 23-VD

Anal y sis
no 7 5 2 4 6 3 4 7 15 1 4 9

SiO2 64.13 64.11  64.25  63.81  61.69  63.80 64.60 65.82 66.79 68.08 68.00    68.75

Al2O3 18.47 18.51  18.20  18.50  23.71  22.40 21.45 21.86 21.00 19.71 19.61    19.43

CaO    0.06   0.04    0.02    0.01   5.35   3.70   3.01   2.39   1.04   0.62   0.26     0.06

Na2O   1.14   0.75    0.56    0.37   8.50   9.56 10.02 10.34 10.69 11.15 11.65   11.99

K2O  15.11 15.40  15.92 15.89   0.26   0.22   0.16   0.08   0.44   0.03   0.05     0.02

FeO    0.02   0.03    0.01   0.00   0.07   0.03   0.03   0.01   0.02   0.04   0.10     0.14

To tal 98.93 98.84 98.96 98.59 99.57 99.71 99.26 100.50  99.98 99.63 99.66 100.39

For mula on the ba sis of 8 ox y gen atoms

Si 2.979 2.988 2.997 2.985 2.748 2.823 2.865 2.879 2.931 2.995 2.979 2.986

Al 1.011 1.017 1.000 1.020 1.245 1.168 1.121 1.127 1.086 1.022 1.013 0.995

Ca 0.003 0.002 0.001 0.000 0.255 0.175 0.143 0.112 0.049 0.029 0.012 0.003

Na 0.102 0.067 0.051 0.034 0.734 0.820 0.861 0.877 0.910 0.951 0.989 1.010

K 0.896 0.916 0.947 0.948 0.015 0.013 0.009 0.004 0.024 0.001 0.003 0.001

Fe2+ 0.001 0.001 0.000 0.000 0.003 0.001 0.001 0.000 0.001 0.002 0.003 0.005

To tal 4.991 4.991 4.997 4.987 5.000 5.000 5.000 5.000 5.000 5.000 5.000 5.000

End-mem ber com po si tions [%]

Ab 10.2   6.8  5.1  3.4 73.1 81.4 85.0 88.3 92.5 96.9 98.5 99.6

An   0.3   0.2  0.1  0.1 25.4 17.4 14.1 11.3   5.0   3.0   1.2   0.3

Or 89.5 93.0 94.8 96.5   1.5   1.2   0.9  0.4   2.5   0.1    0.3   0.1

Fe2+/Fe3+ charge bal ance

Fig. 5A–H – cathodoluminescence pho to mi cro graphs of rep re sen ta tive sand stones from the Malužiná For ma tion

A–D – brown quartz grains are dom i nant in the sand stones stud ied; how ever, some quartz grains dis play dark blue, bright blue, vi o let, red or
green CL colours; thin ar rows (A, B) show healed frac tures, ar row head (A) de notes dark-CL streaks and patches, and as ter isks (D) mark
nearly ho mo ge neous CL across the en tire grains; E–H – there is a dom i nance of brown quartz grains in the stud ied sand stones; a few quartz
grains are dark blue, bright blue, dark vi o let, bright vi o let, red or green; thin ar rows (F) show healed frac tures, ar row heads (G) mark dark-CL
streaks and patches, thick ar rows (G) de note mot tled CL tex ture, and as ter isk (G) de notes nearly uni form CL in ten sity across the en tire
grain; for ex pla na tion of prov e nance sig nif i cance of the ob served CL colours and in ter nal fab rics, see Ob ser va tions and Re sults; for other
ex pla na tions see Ta ble 1



that from the bulk petrographic anal y sis. The heavy-min eral
suite of the sand stones stud ied sug gests a der i va tion mainly
from acid ig ne ous and meta mor phic rocks, ac com pa nied by re -
worked sed i men tary rocks. Spe cif i cally, a source of acid ig ne -
ous rocks is in di cated by the com mon as so ci a tion of ap a tite, bi -
o tite, rutile, ti tan ite, tour ma line, and zir con. Fur ther, an as so ci a -
tion of gar net and ti tan ite sug gests meta mor phic source rocks,
while an as sem blage of iron ores, rutile, tour ma line, and zir con
(rounded grains) hints at re worked sed i men tary source rocks
(Feo-Codecido, 1956). This is also cor rob o rated by the mor -
phol ogy of zir con grains from the Malužiná For ma tion sand -
stones. The euhedral pris matic zir cons, which very likely have a 
first-cy cle or i gin, may be de rived from fel sic plutonic rocks,
whereas the rounded zir cons are from sed i men tary or meta -
sedimentary  rocks (Blatt et al., 1980).

The gen er ally im ma ture na ture of the Malužiná For ma tion
sand stones (i.e., higher con tents of lithic frag ments and rar ity of 
rounded quartz grains) sug gests short-dis tance trans port of de -
tri tus. There fore, the source ar eas were prob a bly lo cated quite
close to the site of de po si tion. The rel a tively high con tent of un -
sta ble rock frag ments and the high feld spar con tent in the sand -
stones in ves ti gated are sug ges tive of their der i va tion from
source ar eas with bro ken high re lief (Boggs, 2009). In as much
as the weath er ing pro cesses did not man age to de stroy un sta -
ble clasts and other frame work grains, it is as sumed that the de -
tri tus of the Malužiná For ma tion sand stones was stripped rap -
idly from the el e vated ar eas.

In the QtFL ter nary di a gram of Dickinson (1985), the ma jor ity
of the Malužiná For ma tion sand stones plot within the re cy cled
orogenic field and some sam ples lie within the tran si tional con ti -
nen tal subfield (Fig. 7). Since most of the sam ples stud ied are
placed in the area which is typ i cal of sand stones hav ing col li sion
orogen tec tonic prov e nance, it can be as sumed that the Malu -
žiná For ma tion sand stones were de rived mainly from meta -
sedimentary, plutonic base ment and vol ca nic source rocks. This
as sump tion about petrographic types of rocks build ing the oro -
gen is also con sis tent with the pres ent petrographic data. In ad di -
tion, the tran si tional con ti nen tal prov e nance of some Malužiná

For ma tion sand stones hints at their der i va tion from pos i tive fea -
tures along mar ginal off sets at trans form seg ments or at other
struc tural dis con ti nu ities break ing the trend of a rifted con ti nen tal
mar gin. Based on this and on pre vi ous find ings (Dostal et al.,
2003; Vozárová et al., 2009), it can be con cluded that the de po si -
tion of the Malužiná For ma tion sand stones took place in a rifted
con ti nen tal mar gin en vi ron ment sup plied from a col li sion orogen
on a thick con ti nen tal crust com posed of rocks of older fold belts.
Also, the heterolithic na ture of the Malužiná For ma tion sand -
stones (i.e., meta mor phic rock frag ments, fel sic and mafic vol ca -
nic rock frag ments, and sed i men tary rock frag ments) sug gests
an ac tive mar gin tec tonic en vi ron ment such as rift-re lated and
strike-slip bas ins, which is com pat i ble with pre vi ous stud ies (e.g., 
Vozárová et al., 2009). Miall (1990) has in di cated that strike-slip
bas ins show com plex com po si tions be cause of the jux ta po si tion
of source ter ranes of var i ous kinds.

CATHODOLUMINESCENCE CHARACTERISTICS

The CL char ac ter is tics of quartz grains of the Malužiná For -
ma tion sand stones sug gest der i va tion from mul ti ple source ar -
eas or lithologies. Ma jor source lithologies are plutonic rocks and
low- to high-grade meta mor phic rocks, but no ta ble amounts of
de tri tus were also de rived from vol ca nic rocks. A con tri bu tion
from plutonic rocks is doc u mented by blue to vi o let CL colours of, 
and the healed frac tures and “spi ders” in, the quartz grains. An
ad di tion from low- to high-grade meta mor phic rocks is shown by
a brown CL col our and by the mot tled and ho mo ge neous tex ture
of the quartz grains. Fi nally, der i va tion from vol ca nic rocks is ev i -
dent from a red CL col our in quartz. A compositional mix ture of
sev eral dif fer ent de tri tal sources is also in di cated by the re sults of 
petrographic ex am i na tion of the Malužiná For ma tion sand sto -

70 Marek Vïaèný

Fig. 7. Ter nary plot of de tri tal com po nents of the
sand stones of the Malužiná For ma tion on the tec tonic

prov e nance dis crim i na tion di a gram of Dickinson (1985)

The solid and dashed lines mark the ma jor fields of prov e nance
in terms of tec tonic set ting; solid cir cles rep re sent the sam ples
stud ied; Qt – to tal quartz, F – to tal feld spar, L – to tal rock frag -
ments 

Fig. 6. Ter nary di a gram show ing the com po si tion 
of the de tri tal feld spar grains from the sand stones

of the Malužiná For ma tion

Compositional fields are from Pichler and Schmitt-Riegraf (1993)



nes. The co-oc cur rences of sev eral prov e nance types in the
sand stones stud ied, along with their tex tural and min er al og i cal
im ma tu rity, in di cate the close prox im ity of the source ar eas. Tak -
ing into con sid er ation the in ferred close prox im ity of the source
ar eas to the depositional site (see also Dostal et al., 2003;
Vozárová et al., 2009), I en vis age that a rifted con ti nen tal mar gin
pre sum ably sup plied the de tri tus to the sed i men tary ba sin where 
the Malužiná For ma tion formed.

MINERAL CHEMISTRY 
OF FELDSPARS

Trevena and Nash (1979, 1981) have pro vided prob a bly
the most com pre hen sive stud ies on de tri tal feld spar com po si -
tion and have shown that the chem is try of de tri tal feld spars is
use ful in prov e nance anal y sis. The po si tions of points in the dis -
crim i na tion di a gram of Trevena and Nash (1981) sug gest that
the feld spars in the Malužiná For ma tion sand stones are of
plutonic and/or meta mor phic or i gin (Fig. 8). This fea ture may,
there fore, in di cate that most of the de tri tus of the Malužiná For -
ma tion sand stones was di rectly de rived from plutonic ig ne ous
and meta mor phic rocks. Ev i dence for this in ter pre ta tion is also
sup ported by the re sults of the pres ent petrographic and catho -
doluminescence study.

CONCLUSIONS

The prov e nance of the Malužiná For ma tion sand stones has 
been as sessed us ing an in te grated pet ro graph i cal, cathodo -
luminescence, and phase chem is try ap proach of de rived de tri -
tal grains. This has re vealed that the sand stones of the Perm ian 
Malužiná For ma tion are min er al og i cally im ma ture and hetero -
lithic in na ture, and that their ma jor sources were acid (fel sic)
plutonic rocks and low- to high-grade meta mor phic rocks, but
no ta ble amounts of de tri tus were also de rived from fel sic and
mafic vol ca nic rocks. There was only a mi nor con tri bu tion from
sed i men tary rocks.

The gen er ally im ma ture na ture of the Malužiná For ma tion
sand stones sug gests short-dis tance trans port of de tri tus. The
source ar eas were prob a bly lo cated quite close to the site of de -
po si tion. The rel a tively high con tent of un sta ble rock frag ments
and the high feld spar con tent sug gest that the Malužiná For ma -
tion sand stones were de rived from source ar eas with bro ken
high re lief. Inasmuch as the weath er ing pro cesses did not man -
age to de stroy un sta ble frame work con stit u ents, the de tri tus of

the Malužiná For ma tion sand stones was stripped rap idly from
the el e vated ar eas.

The Malužiná For ma tion sand stones have tran si tional con -
ti nen tal to re cy cled orogen prov e nance. The de po si tion of the
Malužiná For ma tion sand stones took place in a rifted con ti nen -
tal mar gin en vi ron ment sup plied from an up lifted area on a thick 
con ti nen tal crust com posed of rocks of older fold belts. The
heterolithic na ture of the Malužiná For ma tion sand stones sug -
gests their ac cu mu la tion in rift-re lated and strike-slip con ti nen tal 
bas ins.
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