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Up per Cre ta ceous quartz arenites that fill the North Sudetic Synclinorium on the north ern pe riph ery of the Variscan Bo he mian Mas sif
show high compositional but low tex tural ma tu rity. They have been in ter preted for years as de rived largely from nearby gran ite plutons,
i.e. as first-cy cle sed i ments. A dif fer ent prov e nance was re vealed on the ba sis of a com bined light and heavy min eral anal y sis, and par tic -
u larly a de tri tal tour ma line study, given that tour ma line is a sen si tive in di ca tor of gra nitic/meta mor phic/sed i men tary (multi-re cy cling)
or i gin. Cenomanian, Turonian, Coniacian and Santonian sand stones con tain abun dant an gu lar tour ma line grains, to gether with zir con
and rutile, and subordinately staurolite, gar net, ana tase, kyan ite, sillimanite and monazite. The suc ces sive – Cenomanian to Santonian –
tour ma line pop u la tions are sim i lar with re gard to shape, col our and chem i cal com po si tion. The lat ter points un am big u ously to var i ous
meta mor phic rocks with a pre dom i nant group of Al-rich metapelites (Al-rich, F-poor dravite). It is con cluded that, in the Late Cre ta -
ceous, large Sudetic gran ite plutons such as the Karkonosze and Strzegom–Sobótka mas sifs were not ex posed but were bur ied un der a
thick siliciclastic cover. These re sults cou pled with pub lished ap a tite fis sion-track data from the gra nitic Karkonosze Pluton and the
gneissic/migmatitic Góry Sowie Mas sif re veal that Late Cre ta ceous quartz arenites of the North Sudetic Synclinorium re flect grad ual ex -
hu ma tion of the sur round ing mas sifs, but do not re cord the fi nal ex po sure of crys tal line rocks. Since the lat est Turonian, this ex hu ma tion
cor re sponded to the Late Cre ta ceous in ver sion ep i sode in Cen tral Eu rope. The tex tural im ma tu rity of Up per Cre ta ceous sand stones is
mis lead ing in terms of their re cy cled or i gin, and it is in her ited from im ma ture clastic source rocks. 
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INTRODUCTION

Up per Cre ta ceous sand stones fill ing sed i men tary bas ins
within the Bo he mian Mas sif are dom i nated by ma ture to
supermature quartz-rich arenites (Skoèek and Valeèka, 1983;
Milewicz, 1997, 1998; Wojewoda, 1997; Ulièný, 2001; Götze
and Siedel, 2007; Caracciolo et al., 2011). Quartz arenites as
the end-prod ucts of sand stone evo lu tion are gen er ated ei ther by 
mul ti ple re cy cling of older siliciclastic de pos its, or by an ex -
cep tional com bi na tion of trop i cal cli mate, low re lief and slow
sed i men ta tion rate pro duc ing first-cy cle arenites from crys tal -
line source rocks (Suttner and Basu, 1981). The lat ter pro cess,
al though rare, has been doc u mented from both re cent
(Johnsson et al., 1991) and an cient en vi ron ments (Avigad et
al., 2005; van Hattum et al., 2006; Bernet et al., 2007). None of
the above sce nar ios can be ex cluded a pri ori in the case of the
Up per Cre ta ceous sand stones. A long-term green house cli mate 
with sub trop i cal con di tions in Cen tral Eu rope in the

Cenomanian (Fal con-Lang et al., 2001) and the peneplained
Bo he mian Mas sif cov ered with deep weath er ing zones
(Kužvart and Konta, 1968; Migoñ and Lidmar-Bergström,
2002) cre ated fa vour able con di tions for the or i gin of first-cy cle
quartz arenites. On the other hand, the north ern part of the Bo -
he mian Mas sif might have been bur ied un der a thick sed i men -
tary cover of Late Variscan to post-Variscan age (Mazur et al.,
2010), and these rocks might have been re cy cled dur ing the
Late Cre ta ceous. 

The North Sudetic Ba sin, sit u ated on the north ern pe riph ery 
of the Bo he mian Mas sif, was one of a num ber of Late Cre ta -
ceous bas ins partly filled with coarse-grained quartz-rich sand -
stones (Fig. 1). The North Sudetic Synclinorium is a
post-deformational rem nant of this ba sin. The clastic rocks of
the North Sudetic Synclinorium have been in ter preted for years 
as largely de rived from the nearby Karkonosze and Strzegom
gran ite mas sifs (Scupin, 1912–13; Milewicz, 1965, 1997,
1998; Skoèek and Valeèka, 1983) and, subordinately, from
meta mor phic rocks (e.g., Biernacka and Józefiak, 2009), i.e. as



first-cy cle arenites. Re cently, Danišík et al. (2010) eval u ated
the ero sional his tory of the Karkonosze Mas sif on the ba sis of
ap a tite fis sion track and thermochronological meth ods, and in -
ter preted rapid ero sion since the late Turonian re sult ing in the
re moval of as much as 6 km of over bur den in some 15 Myr.
They sug gested ei ther the ero sion of the gran ite it self or of a hy -
po thet i cal Me so zoic sed i men tary cover, but did not find con -
clu sive ev i dence. The ma ture quartz-rich com po si tion of sand -
stones fill ing the North Sudetic Synclinorium has hin dered a
more pre cise de ter mi na tion of their source rocks. 

The prov e nance of quartz arenites is not straight for ward to
de ci pher. These sand stones, es sen tially com posed of quartz
grains and as so ci ated ultrastable heavy min er als, pro vide lim ited 
clues to their or i gin, so con ven tional petrographic anal y ses usu -
ally fail to solve this prob lem (Pettijohn et al., 1987). Var i ous ad -
di tional meth ods have been adopted: de tailed
cathodoluminescence mi cros copy of quartz grains (e.g., Götte
and Rich ter, 2006), scan ning elec tron mi cros copy cou pled with
other meth ods (Moral Cardona et al., 1997; Bernet et al., 2007),
de tri tal zir con geo chron ol ogy (e.g., Avigad et al., 2005), and
min eral chem is try of tour ma line or rutile (e.g., von Eynatten et
al., 2008). In this con tri bu tion, the prov e nance of quartz-rich
sand stones from the North Sudetic Synclinorium is con strained

on the ba sis of a com bined light and heavy min eral anal y sis, and
par tic u larly a the de tri tal tour ma line study. The phys i cal fea tures
and chem i cal com po si tion of the de tri tal tour ma line are com -
pared with those of tour ma line oc cur ring in the pre sumed source
rocks of nearby mas sifs. The anal y ses have been con ducted for
the en tire spec trum of Cre ta ceous siliciclastic de pos its fill ing the
North Sudetic Synclinorium, that is for Cenomanian, Turonian,
Coniacian, and Santonian sand stones.

Tour ma line is a com mon ac ces sory min eral in granitoids,
meta mor phic rocks and clastic sed i men tary rocks, and ex hib its
fea tures use ful for prov e nance stud ies. Not only does this boro -
sili cate per mit nu mer ous ionic sub sti tu tions, thus show ing a
wide va ri ety of pos si ble chem i cal com po si tions, but it is also
ex cep tion ally re sis tant to weath er ing and diagenetic al ter ation.
The clas sic work of Krynine (1946) al ready dem on strated that
care ful ob ser va tion of tour ma line phys i cal prop er ties, i.e. its di -
verse colours and forms, might carry valu able prov e nance in -
for ma tion. Fur ther study by Henry and Guidotti (1985) showed 
that the ex ten sive compositional vari abil ity of tour ma line re -
sponds to the host en vi ron ment in which the min eral crys tal -
lised and, by in fer ence, was the ba sis for in tro duc ing dis crim i -
na tion di a grams link ing the chem i cal com po si tion of tour ma -
line to spe cific source rocks. This method was fur ther de vel -
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Fig. 1. Lo ca tion of the North Sudetic Synclinorium within the NE frag ment of the Bo he mian Mas sif

Strata youn ger than Cre ta ceous are omit ted; com piled and mod i fied from Aleksandrowski et al. (1997) and Krenz et al. (2000);  in set shows the
en tire Bo he mian Mas sif (sim pli fied from Dallmeyer et al., 1995); GSM – Góry Sowie Mas sif, SM – Strzelin Mas sif, WG – Wleñ Graben 



oped and elab o rated in the work of Henry and Dutrow (1992).
Since then, tour ma line has be come an ef fec tive in di ca tor of the
prov e nance of clastic rocks (e.g., Nascimento et al., 2007). Re -
cent re views emphasise the re mark able sta bil ity of tour ma line
and its grow ing po ten tial in petro gen etic stud ies (Dutrow and
Henry, 2011; van Hinsberg et al., 2011b). Tour ma line is not
con sid ered cur rently to be a sin gle min eral, but a supergroup
con sist ing of a dozen spe cies (Henry et al., 2011). 

THE NORTH SUDETIC BASIN
 IN THE LATE CRETACEOUS

The North Sudetic Ba sin orig i nated as an intramontane
trough at the end of the Variscan orog eny on the north east ern
pe riph ery of the Bo he mian Mas sif (Fig. 1). The trough formed
within the low-grade meta mor phic Kaczawa Belt and was suc -
ces sively filled with up per Car bon if er ous to Up per Tri as sic de -
pos its, and af ter a hi a tus with Up per Cre ta ceous strata. The to -
tal thick ness of the sed i men tary suc ces sion amounts to ca.
2500 m (Ba³aziñska and Bossowski, 1979; Milewicz, 1985).
As a re sult of tec tonic move ments that in ten si fied dur ing the
lat est Cre ta ceous and Paleogene, the for mer ba sin was de -
formed into the North Sudetic Synclinorium (Fig. 1), which is
com posed of a set of sub sid iary syn clines, grabens and

half-grabens (Oberc, 1972; Ba³aziñska and Bossowski, 1979;
Bossowski and Ba³aziñska, 1982). 

The Up per Cre ta ceous ba sin-fill con sists of an al most com -
plete suc ces sion of up per Cenomanian to lower Santonian
marls, mudstones, sand stones and lime stones (Milewicz,
1997). The stra tig ra phy is based pri mar ily on thick-walled bi -
valve shells (inoceramids). Re cently, Walaszczyk (in Voigt et
al., 2008b) re in ter preted the range of inoceramids of the North
Sudetic Synclinorium and sug gested an in ter val from the
mid-enomanian to the mid-Santonian. The Up per Cre ta ceous
lies slightly dis cor dantly on an older sub stra tum, pri mar ily Tri -
as sic sed i men tary rocks, and reaches some 1100 m of pre served 
thick ness in the cen tral part of the ba sin (Ba³aziñska and
Bossowski, 1979). The suc ces sion is pre dom i nantly com posed
of marls, with lime stone in ter ca la tions in the west and sand -
stone wedges in the east (Milewicz, 1997; Fig. 2D). The
Santonian part dif fers from the un der ly ing suc ces sion in the oc -
cur rence of mudstones in stead of marls; sand stones still oc cupy 
the south east ern part of the ba sin (Fig. 2D).

Since the mid-Cenomanian, the North Sudetic Ba sin had
been in un dated by a shelf sea and bor dered by emerged frag -
ments of the north east ern Bo he mian Mas sif – the so called
East ern and West ern Sudetic Is lands (Fig. 2A, B).  The size and 
bound aries of these is lands are poorly con strained. In some
palaeo geo graphi cal re con struc tions the North Sudetic Ba sin is
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Fig. 2. The North Sudetic Ba sin in the Late Cre ta ceous and at pres ent

A – palaeo ge ogra phy of cen tral-west ern Eu rope in the Late Cre ta ceous, sim pli fied from Ziegler (1990), palaeolatitude based on Hay et al.
(1999); B – hy po thet i cal Sudetic Is lands in the Turonian ac cord ing to Jerzykiewicz and Wojewoda (1986),  the pres ent-day rem nant out crops
of Cre ta ceous de pos its are dot ted. To wards the end of the Coniacian and in the Santonian, the is lands merged form ing a large Sudetic land; C
– the ex tent of the pre sumed Cre ta ceous Sudetic Is lands against the back ground of pres ent-day ge ol ogy (com pare Fig. 1); D – cross-sec tion
through the North Sudetic Synclinorium (sim pli fied from Milewicz, 1997), ver ti cal lines rep re sent bore holes, rect an gles show ap prox i mate
po si tion of sec tions stud ied in this con tri bu tion;  BM – Bo he mian Mas sif, GSM – Góry Sowie Mas sif, NSB – North Sudetic Ba sin, NSS –
North Sudetic Synclinorium



de picted as a nar row sea way be tween the Sudetic Is lands, link -
ing a vast Pol ish-Ger man sea with the sea of the Cre ta ceous
Bo he mian Ba sin (Skoèek and Valeèka, 1983; Ziegler, 1990;
Valeèka and Skoèek, 1991; Milewicz, 1997; Tröger, 2004).
Milewicz (1965, 1997) con tends that the sea en croached from
the north-west and raised its level un til the early Turonian peak
flood ing, as in ferred from the wide spread oc cur rence of marls
and the for ma tion of lime stones in the west ern part of the ba sin. 
Fully ma rine con di tions pre vailed dur ing the Turonian and
early Coniacian, with some poorly doc u mented rel a tive sea
level fluc tu a tions (Milewicz, 1997). Pro nounced Late Cre ta -
ceous rel a tive sea level fluc tu a tions have been doc u mented for
the nearby Bo he mian Cre ta ceous Ba sin (Ulièný et al., 1997,
2009a). The sea started to re treat from the North Sudetic Ba sin
in the mid-late Coniacian; Leszczyñski (2010) de scribed a set
of tran si tional ma rine – ter res trial fa cies from the east ern part of 
the ba sin whereas Milewicz (1965, 1997) pro posed that dur ing
that time the east ern most part was even sub jected to de nu da -
tion. A stepwise ap pear ance of brack ish and ter res trial en vi ron -
ments in the early (mid) Santonian (Milewicz, 1971, 1988,
1997; Alexandrowicz, 1976; Górniak, 1991) ul ti mately ended
the ma rine sed i men ta tion. Af ter the early (mid) Santonian, the
emerged area of the North Sudetic Ba sin was sub ject to ero sion
(Milewicz, 1965, 1997). 

The Up per Cre ta ceous sand stone wedges of the North
Sudetic Synclinorium reach ca. 800 m in to tal thick ness in its
east ern part, thin west wards and pass into basinal fine-grained
de pos its (Fig. 2D). Coarse siliciclastic ma te rial was pre sum ably
de rived from two sources – the East ern and West ern Sudetic Is -
lands. This hy poth e sis was pos tu lated by Scupin (1912–13) and
was taken for granted for many years sub se quently. Ac cord ing
to this view (see also Andert, 1934; Skoèek and Valeèka, 1983;
Ulièný, 2001), the West ern Sudetic Is land was iden ti fied with
the Lusatian and Karkonosze–Izera mas sifs, whereas the East ern 
Sudetic Is land cor re sponded to a cen tral part of the Sudetes and
the Fore-Sudetic Block, with the Góry Sowie Mas sif as the most
char ac ter is tic el e ment (Fig. 2C). In gen eral, the two ar eas dif fer
in their lithological com po si tion and con sist pri mar ily of
coarse-grained gran ites in the for mer and var i ous meta mor phic
and plutonic rocks in the lat ter. 

MATERIAL AND METHODS

Thirty-seven sam ples of Up per Cre ta ceous sand stones
were taken at 7 lo cal i ties, pri mar ily from ac tive open-pit mines
where these sand stones were ex ploited as build ing stones, as a
raw ma te rial for glass in dus try and as a source of kaolinite, and
subordinately from nat u ral ex po sures or dis used quar ries. The
sam pled sand stones were Cenomanian, early to mid-Turonian,
Coniacian, and Santonian in age (Fig. 3). Four lo cal i ties –
Lwówek Œl¹ski, Jerzmanice, Rakowiczki, and Czerna – have
been pro posed by Milewicz (1985) as stratotypical of the Up -
per Cre ta ceous of the North Sudetic Synclinorium. The age of
the sand stones has been as cer tained on the ba sis of casts of
inoceramids and the geo log i cal con text with interfingering
marls rich in foraminifera and other fauna (Scupin, 1921–13;
Milewicz, 1970, 1988, 1997; Alexandrowicz, 1971, 1976;
Teisseyre, 1992) and was not in ves ti gated again in this study.
Ad di tion ally, 3 sam ples were taken from the up per most part of

the Tri as sic (Buntsandstein) sand stones which di rectly un der lie 
the Cenomanian sand stones at the Lwówek Œl¹ski lo cal ity.

The Cenomanian and Turonian sand stones are largely
coarse-grained and mod er ately well to poorly sorted, whereas
the Coniacian sand stones are fine- to me dium-grained and far
better sorted. The Santonian sand stones are me dium- to
coarse-grained and mod er ately well/ poorly sorted; they in ter -
ca late with thick kaolinite-rich clays and thin coal lay ers. Sed i -
men tary struc tures are of ten ob scured by bioturbation, which
also wors ened the sort ing. Fine- and me dium-scale cross-strat i -
fi ca tion was ob served only locally. 

To as cer tain the con tent of quartz grains 22 thin sec tions
were pre pared from se lected sand stones (Fig. 3). Heavy min eral
anal y ses were car ried out at all 40 sam ples. Be cause all the sam -
ples were slightly to mod er ately lithified, gently crush ing and
rins ing with wa ter pre ceded siev ing at 1 phi in ter vals from –2 to
+4 phi (from 4 to <0.063 mm). Heavy min er als were sep a rated

from the 3–4 phi (125 to 63 mm) frac tion us ing so dium
polytungstate aqua so lu tion (spe cific grav ity 2.84) and mounted
on glass slides with Can ada bal sam. Heavy min eral fre quency
data were ob tained by rib bon count ing of 300 non-opaque
non-micaceous grains. In de pend ently, col our tour ma line va ri et -
ies and mor pho log i cal types were quan ti fied in each sam ple
based on 100 ran domly scat tered tour ma line grains.

Tour ma line chem is try was de ter mined on 12 pol ished thin
sec tions pre pared from sam ples rep re sent ing each lo cal ity (see
Fig. 3) with the use of a Cameca SX-100 elec tron microprobe
(15 kV ac cel er at ing volt age, 10 nA probe cur rent, 1–2 mm
beam di am e ter, 40 s count ing time for each el e ment) at War saw 
Uni ver sity. A ZAF ma trix cor rec tion rou tine was uti lised. The
fol low ing stan dards were used: di op side (Ca, Mg, Si), cor di er -
ite (Al), Fe2O3 (Fe), al bite (Na), rutile (Ti), phlogopite (F),
rhodo nite (Mn), orthoclase (K), Cr2O3 (Cr). Chem i cal com po -
si tion in one spot per each tour ma line grain was mea sured in
the ma jor ity of anal y ses; in the case of dis tinct min eral zon ing
(re vealed by op ti cal or back-scat tered elec tron mi cros copy),
two spots per grain were ana lysed. Ap prox i mately 800 tour ma -
line grains were in ves ti gated, plot ted on dis crim i na tion di a -
grams and re cal cu lated into crys tal-chem i cal tour ma line for -
mu lae, based on the gen er al ised tour ma line for mula
XY3Z6(T6O18)(BO3)3V3W (Haw thorne and Henry, 1999;
Henry et al., 2011), where X = Na+, Ca2+, K+, va cancy; Y =
Mg2+, Fe2+, Mn2+, Al3+, Li+, Fe3+, Ti4+; Z = Al3+, Fe3+, Mg2+,
Cr3+; T = Si4+, Al3+; B = B3+; V = OH–, O2–; W = OH–, F–, O2–.
Tour ma line for mu lae were nor mal ised on the ba sis of 31 an -
ions, as sum ing all Fe as Fe2+, the sum of (OH+F) equal to 4 at -
oms per for mula unit (apfu), and the con tents of bo ron equal to
3 apfu. The par tial tour ma line com po si tion data – with out di -
rect mea sure ment of B, H, Li, and the ox i da tion state of Fe –
make pre cise clas si fi ca tion im pos si ble, al though the as sump -
tions are gen er ally cor rect (Henry et al., 2011). 

Ad di tion ally, tour ma line grain mor phol ogy was stud ied in
two sam ples with a Zeiss EVO 40 scan ning mi cro scope
(17.1 kV volt age) at the Elec tron Mi cros copy De part ment,
Poznañ Uni ver sity. The grains were hand-picked from the J5
(Turonian) and C2 (Santonian) sam ples, placed on dou -
ble-sided ad he sive tape and coated with gold. Be cause the tour -
ma line grains from both spec i mens did not dif fer, the re main -
ing sam ples were not ana lysed.
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RESULTS

SANDSTONE PETROGRAPHY

The ma jor ity of sand stones stud ied plot in the field of
quartz arenite in the Pettijohn et al. (1987) clas si fi ca tion di a -
gram, con tain ing as much as 99% quartz grains among the
frame work com po nents (Fig. 4). Two ex cep tions were ob -
served: (a) the Turonian sand stones from Jerzmanice show
con sid er ably higher al kali feld spar con tents and are clas si fied
as subarkosic arenites, and (b) some par tic u larly
coarse-grained sam ples con tain sev eral per cent of lithic frag -
ments that al lows clas si fi ca tion as sublithic arenites. A sig nif i -
cant frac tion of the quartz grains oc curs in a polycrystalline va -
ri ety, in the range from ca. 45% in the coarse- to me -
dium-grained Cenomanian, Turonian and Santonian sand -
stones to ca. 20% in the fine- to me dium-grained Coniacian
sam ples. The re main ing quartz grains are monocrystalline;
chert frag ments are ei ther ab sent or oc cur in trace abun dances.
Part of the monocrystalline quartz is prob a bly vol ca nic in or i -
gin – some coarse grains in the Turonian sand stones show
bipyramidal out lines, embayments and lack un du la tory ex tinc -
tion. Scarce monocrystalline quartz grains con tain ing abun dant 
sillimanite in clu sions were en coun tered in all speciments. Rare
lithic grains are sillimanite- or mus co vite-bear ing meta mor phic 
rocks, fine-grained clastics, and vol ca nic rock frag ments. In the 
Santonian sand stones which are rel a tively rich in lithic grains,
frag ments of tour ma line-bear ing gneiss oc cur. 

A char ac ter is tic fea ture of the Cenomanian, Turonian and
Coniacian sand stones is a low de gree of grain round ness: grains
are ei ther an gu lar or sub-an gu lar to sub-rounded (Fig. 5). By
con trast, the Santonian sand stones con tain a dis tinctly higher
pro por tion of well-rounded grains, al though none of the sam ples
stud ied ful filled the re quire ments of a tex tur ally ma ture sand -
stone (well sorted, well rounded grains). The Cenomanian,
Turonian and Santonian sand stones are mod er ately or even
poorly sorted (Fig. 5A). The well sorted Coniacian sand stones
(Fig. 5B) con tain an gu lar quartz grains (Fig. 5D).

Diagenetically, the Coniacian and Santonian sand stones dif -
fer from the un der ly ing Turonian and Cenomanian siliciclastic
rocks in the con tents of kaolinite as so ci ated with small amounts

of quartz ce ment. The amount of kaolinite (3–10 vol%) is higher
in the Santonian sam ples. Finely crys tal line kaolinite re places
grains (Fig. 5F) or partly fills the pore-space and ar gu ably co mes
from the de struc tion of less re sis tant grains. The Turonian and
Cenomanian sand stones show in stead clay min eral grain-coat -
ing. All the sand stones ex hibit a high de gree of me chan i cal com -
pac tion as in di cated by the oc cur rence of bent flex i ble lithic frag -
ments and frac tured rigid grains (Fig. 5E).

Heavy min er als are com mon in the sand stones stud ied;
their con tent in the 3–4 phi sand stone frac tion var ies be tween
0.1 and 3.5 wt.%. One-third of the sam ples con tains >1.0 wt.%
of heavy min er als (Fig. 6). The com po si tion of the heavy frac -
tion in all but the Turonian sam ples is mo not o nous and dom i -
nated by the as sem blage of zir con, tour ma line and rutile. The
ZTR ma tu rity in dex (sum of the per cent age of zir con, tour ma -
line and rutile – Hubert, 1962) sur passes 75% in all the
Cenomanian, Coniacian and Santonian sam ples. The high est
ZTR val ues  (90–97%) are char ac ter is tic of the Coniacian and
Santonian sand stones. The re main ing trans lu cent heavy min er -
als are ana tase, staurolite, kyan ite, sillimanite and monazite.
The lat ter four min er als fre quently show signs of dis so lu tion, in 
the form of hon ey comb tex ture or dis so lu tion pits. The
Turonian heavy min eral as sem blages stand out against this
back ground and dif fer pri mar ily in pos sess ing abun dant gar net. 
Be sides, the Cenomanian, Turonian and Coniacian sand stones
con tain mi nor amounts of staurolite, sillimanite and kyan ite
(Fig. 6). This is in marked con trast to the un der ly ing Tri as sic
sand stones and the over ly ing Santonian siliciclastic rocks,
which are com posed ex clu sively of quartz and ultrastable min -
er als (zir con, tour ma line, rutile and ana tase). 

Among the pre dom i nat ing zir con, tour ma line and rutile,
tour ma line is by far the most abun dant min eral and thus par tic -
u larly suit able for fur ther re search. 

DETRITAL TOURMALINE

PHYSICAL PROPERTIES 

The most strik ing fea ture of all the tour ma line pop u la tions
stud ied is the over whelm ing pre dom i nance of an gu lar grains
(63–99%; Fig. 7). Grains which show at least one rounded or
sub-rounded sur face, or sev eral dis tinctly euhedral sur faces,
were clas si fied as “rounded”, “sub-rounded” or “euhedral”, as -
sum ing that they con sti tute bro ken frag ments of larger grains.
Ut terly rounded, sub-rounded and euhedral tour ma lines also
oc cur within the pop u la tions stud ied (Fig. 8A–L). Tak ing into
con sid er ation the non-an gu lar grains, the fol low ing trends were 
ob served: 

– the con tent of rounded and sub-rounded tour ma line
grains is higher in the Coniacian and Santonian sand -
stones (av. 13% of the tour ma line pop u la tion and as
high as 30% in sam ple O8) com pared to the
Cenomanian and Turonian sam ples (av. 4%); 

– the fre quency of euhedral tour ma line grains in the
Santonian sam ples (av. 4%) is slightly lower in re la tion
to other sam ples (av. 7%).

SEM ob ser va tions re vealed smooth grain sur faces, some
sharp-edged, with out traces of dis so lu tion (Fig. 7).
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Fig. 4. Com po si tion of Up per Cre ta ceous sand stones from the North
Sudetic Synclinorium dis played on Pettijohn’s et al. (1987) 

clas si fi ca tion di a gram



Six tour ma line col our va ri et ies were dis tin guished by op ti -
cal mi cros copy (Fig. 8A–L): 1 – brown (var i ous tints), 2 –
green, 3 – colour less (to pale yel low), 4 – blue (or vi o let), 5 –
pink to black (or dark green), 6 – two-col our (brown-green or
brown-blu ish). Fre quently, frag ments of larger tour ma line
crys tals were ob served per pen dic u lar to their z axis, there fore
the full range of pleochroic colours was in vis i ble and the tour -
ma line grains were char ac ter ized by one dom i nant col our. A
dis tinct sev enth va ri ety was de fined on the ba sis of nu mer ous

fi brous in clu sions of sillimanite. This type is brown in col our
al though rare green grains were also no ticed. The most prom i -
nent ob ser va tion is that all the col our va ri et ies oc cur in all the
sand stones stud ied in ap prox i mately sim i lar ra tios, with only
sub tle dif fer ences (Fig. 8). The brown va ri ety ap par ently pre -
dom i nates in the tour ma line pop u la tions (>80%). Green tour -
ma line is also com mon al though it rarely ex ceeds 10%. The
two-col our va ri ety, usu ally with blu ish cores and brown rims,
amounts to some 2–4%. The colour less and black types con sti -
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Fig. 5. Pho to mi cro graphs of Up per Cre ta ceous sand stones from the North Sudetic Synclinorium

A – poorly sorted Cenomanian sand stone (sam ple T2); B – well-sorted fine-grained Coniacian sand stone (sam ple Z6); C – sub-an gu lar
poly- and monocrystalline quartz grains in Cenomanian sand stone (sam ple L4); D –  an gu lar quartz grains (sam ple O1); E – frac tured
grains in com pacted Turonian sand stone (sam ple J5); F – partly kaolinitised grain with quartz-feld spar inter growth (granophyric tex -
ture); finely crys tal line kaolinite seems al most iso tro pic un der crossed polars (sam ple C2)



tute 1–3% of the tour ma line spec trum. The rar est va ri ety is the
blue one (<1%), most of ten oc cur ring in the form of ide ally
rounded grains (Fig. 8F). 

The Turonian sand stones slightly dif fer from the re main ing
sam ples in the higher fre quen cies of brown and colour less tour -
ma line ac com pa nied by the slightly lower quan ti ties of other
types. The Coniacian sand stones, par tic u larly those from the
¯erkowice quarry, show higher con tents of green tour ma line
com pared to the other samples. Pink-to-black (dark green)
tour ma line pre dom i nantly oc curs in the Turonian and
Coniacian sand stones. 

In ter est ingly, the Tri as sic tour ma line pop u la tion does not
sig nif i cantly dif fer from the Cre ta ceous spec i mens. Their char -
ac ter is tic fea ture is a rel a tively high per cent age of rounded
grains (up to 21%) and of tour ma line with sillimanite in clu -
sions (>10%).

MINERAL CHEMISTRY

The tour ma line pop u la tions – from Cenomanian to
Santonian – show a sim i lar di ver sity of chem i cal com po si tion

(Fig. 9). In terms of X-site oc cu pancy, most tour ma lines be long
to the al kali group, al though a ma jor part of them ex hib its sig nif i -
cant va can cies (~30–40% of the X site). The ma jor ity of grains
are F-poor and have Al-rich dravitic-schorlitic com po si tion. The
high Al con tent sug gests ei ther an olenite com po nent in the de tri -
tal tour ma line or the pres ence of oxy-tour ma line spe cies
(oxy-dravite, oxy-schorl). Al though the Fe/(Fe+Mg) ra tios vary
in a wide range (0.02–0.99), in most grains Mg2+ pre vails over
Fe2+ at the Y-site; thus dravite un am big u ously pre vails over
schorl (Ta ble 1). The pop u la tions stud ied are also akin in terms
of Ti, Mn, and Cr con tent (Fig. 10). All these el e ments oc cur in
low con cen tra tions, typ i cally around 0.1 apfu for Ti, <0.05 for
Mn,  <0.01 for Cr (with one ex cep tional grain: Cr = 0.47 apfu). A 
mi nor sub group (2–6%) in all the tour ma line pop u la tions be -
longs to the X-va cant group. Gen er ally, foitite is more com mon
than magnesio-foitite, al though both spe cies are pres ent. 

How ever, as in the case of tour ma line phys i cal prop er ties,
sub tle dif fer ences can be dis cerned be tween the pop u la tions
stud ied. The most dis tinct dif fer ence is the oc cur rence of calcic
group tour ma lines in the Turonian sam ples (2% of the pop u la -
tion; they oc cur in the up per part of the Turonian sec tion).  Be -
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Fig. 6. Heavy min eral con tent [wt%] in the 3–4 phi sand stone 
frac tion and the di ver sity of trans lu cent heavy min er als

 Grt – gar net; St+Sil+Ky – staurolite + sillimanite + kyan ite; 
oth ers – ana tase + mi nor monazite

Fig. 7. Quan ti ta tive di ver sity of de tri tal tour ma line shape in 
Up per Cre ta ceous sand stones from the North Sudetic Synclinorium

SEM pho to mi cro graphs of var i ous tour ma line shapes are in cluded; 

scale bars – 50 mm



cause Mg2+ pre vails over Fe2+ at the Y-site, this tour ma line can
be clas si fied as uvite. Only the Turonian pop u la tion con tains a
mi nor group of F-rich dravite-schorl (0.2< F <0.4 apfu). More -
over, the Turonian and Coniacian pop u la tions, un like the re -
main ing two, con tain approx. 10% of Ca-en riched dravite

(0.4> Ca ³0.2 apfu) and a few grains (~1%) of pure dravite
[Fe/(Fe+Mg) <0.04]. In turn, the Santonian pop u la tion shows a 
slightly higher per cent age of foitite (6%) and schorl (35%) in
com par i son to the re main ing spec i mens.

In the Henry and Guidotti (1985) dis crim i na tion di a grams
the ma jor ity of the de tri tal tour ma lines plot in the field of Al-rich, 
Ca-poor metapelites and metapsammites, and, to a lesser ex tent,
oc cupy the field of granitoids and pegmatites –  pre dom i nantly in 
its part ad ja cent to the metapelites (Fig. 9). A por tion of grains
from each sam ple shows such a high Al con tent that it falls in the
compositional gap field of the di a gram. Other chem i cal va ri et ies, 
i.e. those char ac ter is tic of Al-poor metapelites and metapsam -

mites, calc-sil i cate rocks, ultramafics and metacarbonates, oc cur
in mi nor quan ti ties or accessorily (Fig. 9).

No clear-cut re la tion ship be tween tour ma line col our and
chem i cal com po si tion was found, cor rob o rat ing the ob ser va tion
that tour ma line col our de pends on many fac tors (e.g., Henry and
Dutrow, 1992). The pre dom i nant brown and green va ri et ies
could be ei ther mag ne sium- or iron-rich. Dravite, schorl, foitite
and uvite show var i ous colours. On the other hand, the rare tour -
ma line col our types of ten ex hibit pe cu liar chem is try:

– the colour less (to pale yel low) tour ma line is rich in Mg
and poor in Fe (rare colour less tour ma line is ei ther pure
dravite or dravite-uvite solid so lu tion; some uvite grains
are also colour less);

– in con trast, the dis tinctly blue (or vi o let) grains most of -
ten are of schorl com po si tion, light blue va ri et ies have
also dravite or foitite com po si tion;

– most dark green grains show lower amounts of Al and
el e vated Ca con cen tra tions.
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Fig. 8. Quan ti ta tive di ver sity of tour ma line col our va ri et ies in Up per Cre ta ceous sand stones from the North Sudetic Synclinorium

A–F and I–L – pho to mi cro graphs of tour ma line grains; G–H – back scat tered elec tron im ages; scale bars – 50 mm



TOURMALINE IN SUDETIC CRYSTALLINE ROCKS

Tour ma line is a ubiq ui tous ac ces sory min eral in var i ous ig -
ne ous, meta mor phic and sed i men tary rocks of the Sudetic area
(see Lis and Sylwestrzak, 1986 for a re view). How ever, two re -
gions are par tic u larly rich in this min eral: (a) the mar ginal part

of the Karkonosze Pluton gran ite and its meta mor phic en ve -
lope, where tour ma line abounds in grei sens, metasomatites,
pegmatites, aplites, gran ite-gneiss es, gneiss es and mica schists
(Karwowski, 1973; Koz³owski, 1974; Pieczka, 1996, S³aby
and Koz³owski, 2005), and (b) the Góry Sowie Mas sif and its
vi cin ity, where tour ma line oc curs com monly in pegmatites and
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Fig. 9. Com po si tion of de tri tal tour ma line from Up per Cre ta ceous sand stones, North Sudetic Synclinorium, plot ted
 in Fe(tot)–Mg–Al and (Na+K)-Ca-vacancy di a grams (af ter Henry and Guidotti, 1985; Henry et al., 2011)



veins ac com pa ny ing paragneisses, migmatites, am phi bo lites,
granu lites and serpentinites (Kryza, 1977; Pieczka, 1996;
Pieczka, 2000). The Strzegom–Sobótka Pluton gran ite, sit u -
ated nearby the Góry Sowie Mas sif, also con tains tour ma -
line-bear ing pegmatites (Janeczek, 1985; Pieczka and Kraczka, 
1988). Thus, as sum ing that crys tal line rocks were ex posed at
the sur face in the Late Cre ta ceous, the two pre sum able Sudetic
Is lands might have de liv ered tour ma line grains in large quan ti -
ties. The mono graph by Pieczka (1996), per ti nent to Pol ish
tour ma line, yields ad di tional in for ma tion about the re main ing
Sudetic ar eas. Pieczka (1996) sug gested that tour ma line crys -
tals from var i ous geo log i cal re gions of Po land carry such pe cu -
liar crys tal-chem i cal char ac ter is tics that, in the case of an un -
known source, it is fea si ble to rec og nize it. More over, tour ma -
line from the Karkonosze–Izera Mas sif and tour ma line from
the Góry Sowie Mas sif dif fer sig nif i cantly.

Tour ma line crys tals com ing from the Karkonosze–Izera
Mas sif most of ten show or ange-yel low or or ange-brown ish

pleochroism (Karwowski, 1973; Koz³owski, 1974; S³aby and
Koz³owski, 2005). Fur ther more, tour ma line grains ei ther have
char ac ter is tic gray ish-blue rims on or ange cores or show
patchy dis tri bu tion of the two colours in one crys tal (S³aby and
Koz³owski, 2005). Green and blue pleochroic va ri et ies have
been also de scribed (Karwowski, 1973; Koz³owski, 1974; Lis
and Sylwestrzak, 1986; Pieczka, 1996). The chem i cal com po -
si tion of Karkonosze–Izera tour ma line cor re sponds most of ten
to Mg-poor schorl char ac ter is tic of Li-poor gran ites and
pegmatites (Pieczka, 1996). S³aby and Koz³owski (2005) in -
ves ti gated meta mor phic rocks sur round ing the Karkonosze
Pluton and found ad di tion ally that such com po si tion is typ i cal
of the outer part of tour ma lines whereas their cores are com -
posed of Fe-poor dravite cor re spond ing to Al-poor metapelites
and metapsammites (Fig. 11). The Karkonosze–Izera tour ma -
line shows el e vated con tents of F, and is F-rich at places
(Pieczka, 1996; S³aby and Koz³owski, 2005). 
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Grain O1_2 O1_17 O1_8 C7_14 R3_17 L5_4 L5_29 Z4_22 J2_7 J2_8 J2_98 J5_37

SiO2 36.31 36.77 36.39 36.60 35.80 36.26 36.27 36.69 35.78 36.44 37.28 38.74

TiO2   0.77   1.17   1.90   0.68   0.10   0.92   0.91   0.97   2.39   0.93   0.25   0.42

Al2O3 33.56 31.51 32.19 35.13 34.77 33.79 34.27 33.76 31.27 33.87 35.40 32.62

Cr2O3   0.00   0.09   0.09   0.02   0.09   0.00   0.38   0.07   0.04   0.02   0.00   0.18

FeO   8.54   5.01   7.24   6.67 11.72   5.50   6.40   6.99   8.87   6.91   6.14   0.64

MgO   4.25   7.84   5.67   5.24   1.79   6.72   5.34   5.35   5.55   5.97   5.08 10.76

CaO   0.32   0.96   0.40   0.26   0.12   0.58   0.33   0.52   1.19   0.34   0.30   0.26

MnO   0.07   0.11   0.05   0.01   0.14   0.00   0.00   0.04   0.01   0.02   0.07   0.00

Na2O   1.75   2.09   1.98   1.90   1.56   1.94   1.71   1.90   1.49   1.92   1.49   2.95

K2O   0.00   0.00   0.02   0.01   0.01   0.04   0.04   0.04   0.03   0.00   0.00   0.00

F   0.02   0.04   0.01   0.16   0.06   0.08   0.02   0.05  0.12   0.02   0.03   0.03

B2O3* 10.60 10.71 10.67 10.83 10.51 10.74 10.71 10.77 10.56 10.72 10.79 11.04

To tal 96.19 96.30 96.61 97.51 96.66 96.57 96.37 97.15 97.30 97.16 96.82 97.63

O = F –0.01 –0.02 –0.00 –0.07 –0.03 –0.03 –0.01 –0.02 –0.05 –0.01 –0.01 –0.01

To tal 96.18 96.28 96.61 97.44 96.63 96.54 96.36 97.13 97.25 97.15 96.81 97.62

Num bers of ions based on 31 (O, H, F, Cl)

Si 5.953 5.969 5.927 5.875 5.920 5.865 5.883 5.922 5.886 5.909 6.007 6.096

Ti 0.095 0.143 0.233 0.082 0.012 0.112 0.111 0.118 0.296 0.113 0.030 0.049

Cr 0.000 0.012 0.012 0.003 0.011 0.000 0.048 0.009 0.005 0.003 0.000 0.022

Al 6.484 6.029 6.179 6.646 6.778 6.443 6.551 6.422 6.063 6.472 6.724 6.050

Fe2+ 1.171 0.680 0.986 0.895 1.622 0.745 0.869 0.944 1.220 0.937 0.827 0.084

Mg 1.039 1.897 1.377 1.254 0.440 1.620 1.292 1.287 1.361 1.443 1.220 2.523

Mn 0.010 0.015 0.007 0.001 0.020 0.000 0.000 0.005 0.001 0.003 0.009 0.000

Ca 0.056 0.167 0.070 0.045 0.021 0.100 0.058 0.090 0.210 0.059 0.052 0.044

Na 0.556 0.658 0.625 0.591 0.500 0.608 0.536 0.595 0.475 0.604 0.465 0.901

K 0.000 0.000 0.004 0.002 0.003 0.008 0.009 0.008 0.006 0.000 0.000 0.000

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

F 0.010 0.021 0.005 0.081 0.031 0.040 0.010 0.026 0.062 0.010 0.013 0.015

x Mg 0.470 0.736 0.583 0.583 0.214 0.685 0.598 0.577 0.527 0.606 0.596 0.968

X site va cancy 0.388 0.175 0.301 0.362 0.477 0.283 0.397 0.307 0.309 0.337 0.482 0.055

Min eral name Schorl Dravite Dravite Dravite Schorl Dravite Dravite Dravite Dravite Dravite Mg-Foitite Dravite

* cal cu lated on the ba sis of stoichiometry (B = 3 apfu)

T a  b l e  1

Rep re sen ta tive chem i cal anal y ses of de tri tal tour ma line



Tour ma line crys tals from the Góry Sowie Mas sif usu ally
ex hibit dis tinct pleochroism in brown, yel low, blu ish or green
colours; zon ing is typ i cal (Pieczka, 1996). Va ri et ies oc cur ring
in serpentinites are of ten green or blue in col our (Pieczka and
Kraczka, 1996; Pieczka et al., 1996; Sachanbiñski et al., 2000). 
Góry Sowie tour ma lines are Al-rich dravite/schorl in com po si -
tion, oc cu py ing the field near the bor der of the two spe cies
(Fig. 11; Pieczka, 1996). Their Al-rich chem i cal com po si tion is 
con sis tent with the Al-rich host en vi ron ment, as in di cated by
the oc cur rence of sillimanite, kyan ite and gar net (Kryza, 1977,
1981). The Góry Sowie tour ma line is F-poor (Pieczka, 1996).

In com par i son to tour ma lines from the Góry Sowie Mas sif,
those from the Strzelin Mas sif (Fore-Sudetic Block) and from
the Orlica–Œnie¿nik Mas sif are dis tinctly im pov er ished in Al
and en riched in Ca (Fig. 11; Pieczka, 1996). They show char ac -
ter is tic black/dark green – light brown/pink pleochroism. Al -
though uvite has not yet been rec og nized, calc-sil i cate rocks or
mar bles of these geo log i cal units may carry some small crys tals 
of calcic-group tour ma line. In turn, tour ma line from the
Strzegom Mas sif gran ite is sim i lar to that from the
Karkonosze–Izera Mas sif, i.e. Mg-poor schorl with el e vated F
con tents (Fig. 11; Janeczek, 1985; Pieczka, 1996). 

A char ac ter is tic fea ture of Sudetic tour ma line is that the
min eral is of ten cracked, with cracks filled with quartz or white
mica (e.g., Pieczka, 1996; S³aby and Koz³owski, 2005).

DISCUSSION

PARENT ROCKS OF THE DETRITAL TOURMALINE

The di verse com po si tion of the tour ma line grains in di cates
a num ber of dif fer ent par ent rocks. Un doubt edly, the most
abun dant F-poor, Al-rich dravitic tour ma line points to meta -
mor phic rocks (Al2SiO5-bear ing metapelites). Al though the
less abun dant F-poor, Al, Mg-rich schorl plot in the field of
Li-poor gran ite in the dis crim i na tion di a gram of Henry and
Guidotti (1985; Fig. 9), it is prob a bly also de rived from meta -
mor phic rocks. This tour ma line shows sig nif i cant X-site va -
cancy, whereas Mg-rich schorl com ing from in ter me di ate ig ne -
ous rocks usu ally has Na-rich com po si tion (van Hinsberg et al., 
2011a) or is en riched in Ca (Novák et al., 2011). More im por -
tantly, this is the com po si tion of the Góry Sowie tour ma line,
which formed in abys sal pegmatites in the gneiss/migmatite
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Fig. 10. The con tent of Ti, Ca and Mn ver sus Fe/(Fe+Mg) in de tri tal tour ma line grains from suc ces sive Up per Cre ta ceous sand stones, 
North Sudetic Synclinorium



com plex. In ad di tion to the pre dom i nant meta mor phic tour ma -
line (group 1 and 2), four mi nor groups can be dis tin guished in
the or der of abun dance: (3) tour ma line of me dium Al con tent
typ i cal of metapelites de void of Al2SiO5, (4) Ca-rich tour ma -
line de rived pre sum ably from calc-sil i cate rocks and mar bles,
(5) Fe-rich schorl char ac ter is tic of gran ites, and (6) dravite ar -
gu ably com ing from weath ered ultra mafic rocks. The oc cur -
rence of gra nitic tour ma line is re mark ably rare. The most abun -
dant tour ma line in gra nitic pegmatites from the Bo he mian
Mas sif is Fe-rich schorl or oxy-schorl (Pieczka, 1996;
Povondra et al., 1998; Novák et al., 2004; S³aby and
Koz³owski, 2005; Burianek and Novák, 2007; Novák and
Cempírek, 2010), which is not char ac ter is tic of the de tri tal
tour ma line in the Up per Cre ta ceous sand stones. Grains which
show such char ac ter is tics are rare and most of ten rounded, sug -
gest ing that they were re cy cled.

The per cent ages of the three dom i nant tour ma line ge netic
groups (1–3) are sim i lar in the suc ces sive sand stones, from
Cenomanian to Santonian. The sim i lar ity be tween the sam ples
is em pha sized not only by the al most iden ti cal av er age com po -
si tion of tour ma line grains (Fig. 11) and the oc cur rence of
roughly akin col our va ri et ies, but also by the com pa ra ble mi nor 
el e ment con tent and the con sis tent pres ence of rare tour ma line
types, such as grains with nu mer ous sillimanite (fib ro lite) in -
clu sions. On the other hand, sub tle dif fer ences be tween the
tour ma line pop u la tions show that the source rocks changed
slightly with time. The Turonian pop u la tion is the most di verse
and con spic u ous against the back ground of the re main ing ones. 
It con tains calcic-group tour ma line in di cat ing a con tri bu tion of
calc-sil i cate rocks or metacarbonates, and dravite sug gest ing
sup ply from ultra mafic rocks. This is in agree ment with the
pres ence of pyrope and grossular-rich gar net in the Turonian
sand stones (Biernacka and Józefiak, 2009). 

The over whelm ing dom i nance of meta mor phic tour ma line
among over all abun dant heavy min er als, and the oc cur rence of

rutile, gar net, staurolite, sillimanite and kyan ite in the heavy
min eral spec tra sug gest that at least a part of quartz grains, by
in fer ence, came also from the same ul ti mate source, i.e. meta -
mor phic rocks. This is fur ther cor rob o rated by the high abun -
dance of meta mor phic polycrystalline quartz, par tic u larly in the 
coarse-grained sed i ments. Part of the monocrystalline quartz
grains prob a bly came from acid vol ca nic rocks de void of tour -
ma line, which is sug gested by rare vol ca nic rock frag ments and 
the shape of some grains. 

FIRST CYCLE SEDIMENTS?

The av er age chem i cal com po si tion of the de tri tal tour ma -
line largely meshes with that of tour ma line from the Góry
Sowie Mas sif and its sur round ing ar eas and dif fers sub stan -
tially from the com po si tion of Karkonosze–Izera tour ma line
(Fig. 11). A cer tain re sem blance to tour ma lines from other
Sudetic re gions (Strzelin Mas sif, Orlica–Œnie¿nik Mas sif) is
also ev i dent al though this sub group of the de tri tal tour ma line is
quan ti ta tively not abun dant. Dis tinct fib ro lite-con tain ing tour -
ma line is known from sillimanite-bear ing mica schists of the
Strzelin Mas sif (Fore-Sudetic Block) yet this tour ma line ap -
pears green un der the mi cro scope (Bereœ, 1969).
Sillimanite-bear ing green tour ma line does oc cur among the de -
tri tal grains but it is ex cep tion ally rare. The source of the brown
sillimanite-con tain ing tour ma line lay else where, pos si bly in
other sillimanite-bear ing rocks of the Fore-Sudetic Block, at
pres ent largely cov ered by Ce no zoic de pos its. All of this points
rather to the East ern Sudetic Is land as the dom i nant source area. 
In deed, the Up per Cre ta ceous sand stones of the North Sudetic
Synclinorium form wedges sit u ated in the east ern part of the
unit (Fig. 2D). They thin west wards and pass into marls or
mudstones (Scupin, 1912–13; Milewicz, 1979, 1997), and in
con se quence doc u ment a dom i nant northwestwards di rec tion
of sed i ment sup ply.
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Fig. 11. Typ i cal com po si tions of tour ma line from se lected Sudetic geo log i cal units 
(data from Janeczek, 1985; Pieczka and Kraczka, 1988; Pieczka, 1996, 2000; S³aby and Koz³owski, 2005)

The means of suc ces sive de tri tal tour ma line pop u la tions are also plot ted; 
hexa gon shows the range of the stan dard de vi a tion of the larg est Turonian data set



Sev eral ob ser va tions seem to jus tify the de liv ery of de tri tus
di rectly from weath ered crys tal line rocks and the de po si tion of
this de tri tus within the sed i men tary ba sin, i.e. the first-cy cle na -
ture of the Cre ta ceous sand stones. The pre dom i nance of
subangular quartz and an gu lar tour ma line grains in di cates rel a -
tively short trans port and con tra dicts mul ti ple re cy cling.
Variscan crys tal line rocks did oc cur at the sur face in some parts 
of the Bo he mian Mas sif in the Late Cre ta ceous (e.g.,
Gierwielaniec and Turnau-Morawska, 1961; Gorczyca-Ska³a,
1977; Ulièný et al., 2009b). In the Sudetes, they con sti tuted the
base ment of a part of the Cenomanian and Turonian de pos its. 

How ever, this first-cy cle sed i men ta tion model poses a
num ber of prob lems. The sce nario that only the East ern Sudetic 
Is land de liv ered de tri tus to the North Sudetic Ba sin is dif fi cult
to ac cept in light of many re gional stud ies (Scupin, 1912–13,
1936; Andert, 1934; Milewicz, 1965, 1997, 1998; Skoèek and
Valeèka, 1983; Ulièný, 2001; Ulièný et al., 2009a). The rare
oc cur rence of gra nitic tour ma line is prob lem atic tak ing into ac -
count the oc cur rence of sev eral rel a tively large gran ite plutons
in the vi cin ity of the North Sudetic Ba sin (Fig. 1). This is even
more prob lem atic if a lon ger time span from Cenomanian to
Santonian is con sid ered. The lack of con spic u ous trends in the
tour ma line com po si tion re flect ing the changes in palaeo ge -
ogra phy re mains un clear. The con sis tent pres ence of ma ture
quartz-rich arenites in stead of a grad ual con tri bu tion of less
ma ture sand stones as ero sion ex posed the deeper parts of crys -
tal line mas sifs is sur pris ing. The Coniacian/Santonian sand -
stones from the Nysa Trough, sit u ated not fur ther than 100 km
to wards the south-east, are im ma ture lithic/arkosic arenites
(Jerzykiewicz, 1971). These prob lems could be re solved if we
as sume that some of the meta mor phic and ig ne ous mas sifs
known from the pres ent-day ex po sure were not at the sur face in 
the Late Cre ta ceous. These were hid den un der a thick sed i men -
tary cover, and sed i ments from the lat ter were re cy cled into the
North Sudetic Ba sin.

SEDIMENT RECYCLING

Re cent sedimentological re search of the Cre ta ceous Bo he -
mian Ba sin (Ulièný et al., 2009a) and a thermochronological
study of the Karkonosze gran ite (Danišík et al., 2010) showed
that since the lat est Turonian the Karkonosze–Izera Mas sif has
un der gone rapid ex hu ma tion, re sult ing in the re moval of as
much as 6 km of over bur den in some 15 Myr. Yet from the in -
ter pre ta tion of the de tri tal tour ma line it fol lows that the mas sif
did not sup ply gra nitic ma te rial to the nearby North Sudetic Ba -
sin. Be cause the Karkonosze Pluton was ex posed in the Perm -
ian (or even Late Car bon if er ous) for the first time (Dziedzic,
1961; Prouza and Tásler, 2001; Mazur et al., 2010), it must
have been eroded and cov ered by siliciclastic rocks prior to the
Late Cre ta ceous (mid-Cenomanian). These rocks are as sumed
as source rocks for the North Sudetic Ba sin in the Late Cre ta -
ceous. The age of these siliciclastic rocks re mains un known,
but they cer tainly con tained grains which were de rived from
me dium/high grade meta mor phic rocks. 

More over, Aramowicz et al. (2006) – on the ba sis of ap a tite
fis sion-track data – sug gested the oc cur rence of a thick sed i men -
tary cover on the Góry Sowie Mas sif in the Late Cre ta ceous. A
Late Car bon if er ous/Perm ian age of this sed i men tary cover was

as sumed (Aramowicz et al., 2006; Mazur et al., 2010). As these
hy po thet i cal sed i men tary rocks had been re moved com pletely
by the Oligocene, only siliciclastic rocks fill ing the Sudetic sed i -
men tary bas ins may yield clues to their com po si tion. The ob ser -
va tion that Perm ian sand stones from the Intra-Sudetic Ba sin
con tain a dis tinct as sem blage of de tri tal gar net which is sim i lar to 
that in Sudetic Turonian sand stones gen er ally fits this hy poth e -
sis. It is pos si ble that, at the end of the Variscan ep och, rivers car -
ried de tri tal ma te rial out side the rap idly eroded Bo he mian Mas -
sif, and bur ied some sub sided crys tal line mas sifs. The de tri tal
ma te rial could partly be re cy cled from the in te rior of the Bo he -
mian Mas sif, e.g. the Moldanubian Zone. A large part of the de -
tri tal tour ma line re sem bles tour ma line from abys sal pegmatites
in granulitic rocks of the Bo he mian Mas sif, with re spect to the
very low con tent of F, a sig nif i cantly va cant X-site and the high
con tent of Al (Cempírek and Novák, 2010). More over, some
Ca-rich tour ma line grains (Ta ble 1) show com po si tions sur pris -
ingly sim i lar to tour ma line from the melasyenite Tøebíè Pluton
sit u ated in the Moldanubian Zone of the Bo he mian Mas sif
(Novák et al., 2011).

There are few di rect petrographic in di ca tors of grain
redeposition in the case stud ied. The oc cur rence of two con trast -
ing types of tour ma line grain – an gu lar frag ments along side
well-rounded spher i cal grains – sug gests multi-cy cle or i gin of
the lat ter, i.e. their redeposition from older sed i men tary or
low-grade metasedimentary rocks. The co-oc cur rence of an gu lar 
and rounded quartz grains also sug gests re cy cling. None the less,
the mi nor ity of rounded grains is not a com pel ling ar gu ment for
large-scale re cy cling. The sim i lar com po si tion – in terms of
shape and col our – of the Tri as sic and Cre ta ceous tour ma line
pop u la tions (Figs. 7 and 8) is more con vinc ing. Tri as sic
siliciclastic rocks un doubt edly con trib uted grains into Cre ta -
ceous sand stones, par tic u larly rounded grains and tour ma line
with sillimanite in clu sions. The au thor’s un pub lished data from
Tri as sic sand stones of the Wleñ Graben show that the amount of
such grains is slightly higher than in the Cre ta ceous sand stones.

The weak est point of this re cy cling model is the ev i dent
tex tural im ma tu rity of the Cre ta ceous sand stones, that is the
con sid er able amount of subangular grains, higher than in the
un der ly ing Tri as sic sand stones  (Mroczkowski, 1972). None -
the less, the Cre ta ceous sand stones could have in her ited the
unabraded grains from a sed i men tary pre de ces sor other than
Tri as sic sand stones, for ex am ple Perm ian siliciclastic rocks.
They are also tex tur ally im ma ture (Dziedzic, 1961). Short
trans port (not lon ger than 50 km) and rapid de po si tion with out
lon ger re work ing in the coastal en vi ron ment could not have
caused greater abra sion, par tic u larly of fine or me dium-sized
par ti cles. In ad di tion, lithic gran ules and peb bles – even if orig i -
nally rounded – would have dis in te grated into subangular/
subrounded grains af ter a lon ger ex po sure to weath er ing. Fi -
nally, it can not be to tally dis missed that some an gu lar/
subangular grains were sup plied di rectly from a crys tal line
source. How ever, the de liv ery of de tri tus from siliciclastic
rocks ex plains the high abun dance of quartz grains.

The sim i lar tour ma line pop u la tions in the suc ces sive sand -
stones – from Cenomanian to Santonian – sug gest that the sed i -
men tary rocks cov er ing the East ern and West ern Sudetic Is -
lands did not dif fer re mark ably with re gard to their lithological
com po si tion. On the other hand, the sub tle dif fer ences be tween
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the tour ma line pop u la tions in di cate that suc ces sive sed i men -
tary lay ers were ex posed. The Turonian sand stones orig i nated
from partly dif fer ent source rocks than the Cenomanian sand -
stones. The Coniacian sand stones are not iden ti cal to the
Turonian rocks, al though their sim i lar tour ma line pop u la tions
sug gest that Turonian sand stones con trib uted par ti cles into
Coniacian arenites. Milewicz (1965, 1997) has al ready sug -
gested that the east ern part of the North Sudetic Ba sin was
eroded dur ing the late Coniacian.

It may be con cluded that the suc ces sive – Cenomanian to
Santonian –  coarse-grained sand stones re flect grad ual ex hu ma -
tion of the sur round ing mas sifs cov ered by thick siliciclastic de -
pos its, but do not re cord the fi nal ex po sure of crys tal line rocks.

INVERSION

The Late Cre ta ceous (lat est Turonian–Campanian) was a
time of in ten sive intraplate thrust ing and ba sin in ver sion in
Cen tral Eu rope (Voigt et al., 2008a; Kley and Voigt, 2011).
For mer sed i men tary bas ins were in verted sup ply ing de tri tal
ma te rial to the newly formed in ver sion-re lated bas ins. One of
the best ex am ples of the grad ual in ver sion of a base ment high
as so ci ated with the con tem po ra ne ous fill ing of a nearby sed i -
men tary ba sin is the Harz area and the ad join ing Subhercynian
Ba sin (Voigt et al., 2006; Voigt et al., 2008a). The well-ex -
posed 2500 m thick fill of the Subhercynian Ba sin re cords up -
lift of the sur round ing source ar eas and the fi nal ex hu ma tion of
the Harz crys tal line core (Voigt et al., 2006; von Eynatten et
al., 2008). This Late Cre ta ceous pulse of tec tonic de for ma tion
af fected also the Bo he mian Mas sif and was re corded by in -
creased sed i ment sup ply into sed i men tary bas ins sit u ated
within the mas sif and at its mar gins (Ulièný et al., 2009a;
Niebuhr et al., 2011). 

Sev eral lines of ev i dence sug gest that the Coniacian and
Santonian sand stones of the North Sudetic Synclinorium are
also in ver sion-re lated de pos its. Their sub stan tial thick ness ex -
ceeds sev eral times that of the Cenomanian and Turonian
silicicklastic rocks (Milewicz, 1997). Con sid er able changes in
ba sin ar chi tec ture were in ter preted for Coniacian and
Santonian times (Milewicz, 1965, 1997; Leszczyñski, 2010).
Ap a tite fis sion track data from the sur round ing mas sifs in di cate 
in creased up lift since the Lat est Turonian (Aramowicz et al.,
2006;  Danišík et al., 2010). This Late Cre ta ceous in ver sion ep -
i sode did not re sult in the fi nal ex hu ma tion of crys tal line rocks.
Gen er ally, only a few base ment up lifts in Cen tral Eu rope
reached the sur face dur ing the Late Cre ta ceous in ver sion ep i -
sode (Voigt et al., 2008a).

FINAL REMARKS

Up per Cre ta ceous sand stones of the North Sudetic
Synclinorium owe their quartz-rich com po si tion to a num ber of
var i ous fac tors: weath er ing un der a sub trop i cal cli mate, low-re -
lief to pog ra phy, source li thol ogy, and diagenesis. These fac tors
op er ated with vari able in ten sity, re sult ing in a sim i lar prod uct.

The Cenomanian sand stones, which were de pos ited af ter a
long hi a tus en com pass ing the Ju ras sic and Early Cre ta ceous,
orig i nated from regoliths cov er ing Sudetic land ar eas. Ulièný et 

al. (2009b) doc u mented a pe ne plain in the northwest ern Bo he -
mian Mas sif with the deep est val leys less than 90 m be low the
sur round ing ter rain; in some places kaolinite-rich regoliths up
to sev eral tens of metres thick are still pre served un der Cre ta -
ceous rocks. Al though such thick regoliths are not pre served in
the Pol ish part of the Sudetes, their for mer oc cur rence in the
Late Cre ta ceous is highly prob a ble (Migoñ and Lidmar-
 Bergström, 2002). There fore, the com po si tion of the
Cenomanian sand stones was orig i nally quartz-rich. 

The less ma ture – subarkosic – com po si tion of the Turonian 
sand stones in di cates that, in the Turonian, ero sion ex posed less
weath ered rocks. The mas sive de po si tion of less ma ture
feldspathic arenites at a re gional scale (Jerzykiewicz, 1975;
Wojewoda, 1997; Ulièný, 2001; Götze and Siedel, 2007;
Niebuhr et al., 2011) could have been also caused by a slightly
drier cli mate or an in creased ero sion rate (a low rel a tive
sea-level was in ter preted for the mid-Turonian – Ulièný and
Èech in Voigt et al., 2008b; Ulièný et al., 2009a).

The Coniacian sand stones of the North Sudetic
Synclinorium, the most ma ture among the Cre ta ceous
siliciclastic rocks, are com posed al most ex clu sively of quartz
grains as so ci ated with ultrastable heavy min er als (tour ma line,
zir con, rutile). These sand stones must have been de rived from
quartz-rich source rocks. Pre sum ably, the Turonian sand stones
also con trib uted par ti cles into the Coniacian sand stones.

The Santonian (and a part of the Coniacian) sand stones
con tain sev eral per cent of kaolinite com ing from the de struc -
tion of less re sis tant grains dur ing early diagenesis (Górniak,
1991). Orig i nally, af ter de po si tion, these sand stones must have
been sublithic/subarkosic in com po si tion. In this re gard the
min er al og i cal ma tu rity of the Santonian (and a part of the
Coniacian) sand stones is a com bined ef fect of pre- and
post-depositional pro cesses.

SUMMARY AND CONCLUSIONS

Up per Cre ta ceous quartz arenites that fill the east ern part of
the North Sudetic Synclinorium show high compositional but
low tex tural ma tu rity. The sand stones are rich in heavy min er -
als (up to 3.5 wt.%), among which tour ma line is the pre dom i -
nant spe cies. Al though these siliciclastic rocks have been in ter -
preted for years as de rived largely from the nearby granitoid
mas sifs, new heavy min eral data do not sup port this hy poth e sis. 
On the con trary, the en tire sev eral hun dred metres-thick sand -
stone suc ces sion con tains abun dant an gu lar tour ma line grains
which orig i nated from var i ous meta mor phic rocks. The con tent 
of gra nitic tour ma line is re mark ably low and does not change
with time. Thus, large Sudetic gran ite plutons such as the
Karkonosze and Strzegom–Sobótka mas sifs must have been
cov ered by sed i ments in the Late Cre ta ceous and ex humed later 
than in the mid-Santonian.

Al though the chem i cal com po si tion of the de tri tal tour ma -
line re sem bles that of tour ma line from the Góry Sowie Mas sif,
pub lished fis sion-track ap a tite data and the con sis tent
quartz-rich com po si tion of the Cre ta ceous sand stones in di cate
that this mas sif was also cov ered by sed i ments in the Late Cre -
ta ceous. Pos si bly, at the end of the Variscan ep och and in the
Me so zoic, rivers drain ing the in te rior of the Bo he mian Mas sif
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bur ied some eroded mas sifs on its pe riph ery. It fol lows that the
suc ces sive – Cenomanian to Santonian – clastic de pos its of the
North Sudetic Synclinorium re flect the grad ual ex hu ma tion of
the Karkonosze–Izera Mas sif and the Góry Sowie Mas sif, but
do not re cord the fi nal ex po sure of crys tal line rocks. Since the
lat est Turonian, this ex hu ma tion cor re sponded to the Late Cre -
ta ceous in ver sion ep i sode in Cen tral Eu rope.

Up per Cre ta ceous sand stones of the North Sudetic
Synclinorium owe their quartz-rich com po si tion to a com bi na -
tion of var i ous fac tors, which op er ated with vari able in ten sity:
weath er ing un der a sub trop i cal cli mate, low-re lief to pog ra phy,
quartz-rich source li thol ogy, and diagenetic al ter ation of less
re sis tant grains.

The textural im ma tu rity of the Up per Cre ta ceous sand -
stones, i.e. the high con tent of unabraded grains, can be ex -
plained as in heritance from im ma ture sed i men tary source

rocks. Thus, the oc cur rence of unabraded grains as a main in di -
ca tor of first-cy cle de po si tion may be mis lead ing. 
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