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Ab stract: The study fo cused on the chem is try of de tri tal gar net and tour ma line from sed i ments of the Boryslav
and Kliva Sand stone types in the Oligocene part of the Menilite For ma tion of the Skole Nappe (West ern Outer
Carpathians, Po land), with re gard to prov e nance. Almandine and almandine-pyrope compositional va ri et ies are
the most com mon gar nets, with mi nor almandine-pyrope-grossular gar net. Scarce gar net grains, with grossular
and spessartine as the dom i nant end-mem bers, are also pres ent. The tour ma line be longs to the al kali tour ma line
prin ci pal group and rep re sents the schörl-dravite se ries. The de tri tal gar net and tour ma line dis play strong,
compositional sim i lar i ties to min er als, oc cur ring in ig ne ous and meta mor phic rocks of the Bo he mian Mas sif, as
well as to de tri tal grains, de pos ited within the in ter nal bas ins of the mas sif. This sug gests that the pri mary rocks for 
the gar net and tour ma line may be crys tal line com plexes of the Bo he mian Mas sif. How ever, other up lifted ar eas,
sim i lar to the com plexes of the Bo he mian Mas sif, can not be ruled out. Such hy po thet i cal ar eas could be lo cated in
the north ern fore land of the Carpathian bas ins. Euhedral tour ma line and other min er als, oc cur ring in the heavy-
min eral as sem blages stud ied, most prob a bly were de rived from eroded and pres ently not ex posed, crys tal line
com plexes, orig i nally sit u ated in the Skole Ba sin fore land or within the ba sin.
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IN TRO DUC TION

The anal y sis of heavy min er als is a widely used tool in
prov e nance re con struc tion for an cient and mod ern, clastic,
sed i men tary rocks. The pro cess of prov e nance de ter mi na -
tion starts with con ven tional anal y ses, which yield ba sic in -
for ma tion about the fre quency and va ri et ies of the heavy
min er als. Now a days, this step is fol lowed by de tailed stud -
ies of the chem i cal com po si tion of min er als, which per mits
the iden ti fi ca tion of spe cific char ac ter is tics of the pri mary
rocks in prob a ble source ar eas.

Gar net and tour ma line are two of the most com monly
stud ied, heavy min er als, in terms of chem i cal com po si tion
for the de ter mi na tion of prov e nance. Both gar net and tour -
ma line are very com mon in an cient sed i ments, since they
are sta ble and re sis tant dur ing trans port, weath er ing and
diagen e sis (e.g., Mor ton and Hallsworth, 1999, 2007). Be -
cause they are sen si tive to P-T con di tions, ox y gen fugacity
and the chem i cal con di tions con trol ling their growth in the
par ent rocks, their com po si tion is of great im por tance to the
de ter mi na tion of the petrographic fea tures of the pri mary
source rocks (see Mange and Wright, 2007).

The heavy-min eral as so ci a tions of the Oligocene sand -
stones of the Menilite For ma tion (north ern Pol ish part of the 
Skole Nappe) were de scribed briefly by Tokarski (1947)
and Szczurowska (1970, 1971, 1973) and re cently in de tail
by Salata and Uchman (2012). The re cent, con ven tional
anal y ses of heavy min er als re vealed that the im me di ate
source area for the Oligocene sand stones prob a bly was
composed mainly of sed i men tary rocks, such as sandstones
and con glom er ates. The most likely source rocks ap pear to
have been the Car bon if er ous or youn ger clastics that form
the Ma³opolska and the Up per Silesia blocks, al though the
pos si bil ity of meta sedi ments can not be ex cluded (Salata and 
Uchman, 2012). Such a hy poth e sis is sup ported by com par i -
son with the heavy-min eral data, ob tained for Car bon if er -
ous sand stones of the Ma³opolska and Up per Silesia blocks
(Turnau-Morawska and £ydka, 1954; £ydka, 1955; Kry-
sowska et al., 1960; Siedlecka and Krysowska, 1962; ¯a-
chuñ, 1996), and the pres ence of Car bon if er ous coal frag -
ments in sand stones of Kliva type in the Menilite For ma tion 
(Kotlarczyk and Œliwowa, 1963).



The Up per Silesia and Ma³opolska blocks may be the
most re cent, but not nec es sar ily the only source ar eas for the 
Oligocene of the Skole Basin. Thus, the de ter mi na tion of
the source rocks of the heavy min er als stud ied and their
orig i nal lo ca tion is prob lem atic. The min eral com po si tion of 
the heavy-min eral as sem blages, es pe cially the pres ence of
gar net, kyan ite, and staurolite and the fre quen cies of these
min er als (Salata and Uchman, 2012), in di cate that they ori-
ginated from me dium- to high-grade, meta mor phic rocks.
How ever, be cause the gar net and tour ma line also could

have orig i nated from ig ne ous rocks, de tailed chem i cal anal -
y ses of the min er als are re quired for a more spe cific prov e -
nance de ter mi na tion.

This work fol lows and builds upon the re cent study on
heavy min er als (Salata and Uchman, 2012), and in cludes
chem i cal anal y ses of gar net and tour ma line. On the ba sis of
the chem i cal com po si tions of these two min eral groups, the
pres ent work pro vides more spe cific in for ma tion about the
petrographic types of source rocks. Com par i son of the an a -
lyt i cal re sults with the avail able, pub lished data per mits fur -
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Fig. 1. A – Main struc tural units in east ern part of Pol ish Flysch Carpathians, with lo ca tion of study area (based on ¯elaŸniewicz et al.,
2011), PKB – Pieniny Klippen Belt; B – Geo log i cal sketch map of study area, with sam pling lo ca tions (mod i fied from Salata and
Uchman, 2012, based on Kotlarczyk and Leœniak, 1990)



ther con straints on the des ig na tion of pos si ble lo ca tions of
one or more pri mary source ar eas for the gar net and tour ma -
line stud ied.

GEO LOG I CAL BACK GROUND
AND SAM PLE SET TING

The Skole Nappe is the most north erly and also the low -
est, struc tural unit of the Mid dle Group (¯elaŸniewicz et al., 
2011 and ref er ences therein) in the Pol ish part of the West -
ern Outer Carpathians (Fig. 1A). The nappe ex tends from
the Pol ish-Ukrai nian bor der to the Brzesko area. The north -
ern mar gin of the Skole Ba sin, ini tially at least 150 km wide
(G¹ga³a et al., 2012), was also the south ern edge of the Eu -
ro pean Plat form. Since the Outer Carpathian nappes are
overthrusted over the Carpathian Foredeep, the edge of the
plat form cur rently is not ex posed, thus pre vent ing ac cess
for di rect in ves ti ga tion.

The palaeotransport di rec tions in di cate that the north -
ern source area for sed i ments, up to lower parts of Lower
Mio cene, is gen er ally re lated to the sed i men tary cover of
the North ern Eu ro pean Plat form (e.g., Ksi¹¿kiewicz, 1962;
Kotlarczyk, 1966, 1976; Œl¹czka and Unrug, 1966; Malata
and Poprawa, 2006). How ever, the po si tion of the main
chan nel zones, par tic u larly in the study area (Fig. 1B), in di -
cates trans port to wards the S and SE (Kotlarczyk and Leœ-

niak, 1990). The pos si ble, ini tial lo ca tion of the Skole Ba sin 
(e.g., Golonka et al., 2006), sit u ated far to the S of the
present-day po si tion of the fron tal Carpathian overthrust, and 
the palaeo ge ogra phy be fore the Carpathian ro ta tion, sug gest
that the most prob a ble source ar eas were the south ern mar -
gins of the Up per Silesia and Ma³opolska blocks. Ac cord ing
to Kotlarczyk and Œliwowa (1963), the fore land scarps
evolved from ini tially steep to gen tle dur ing the Oligocene.

Sed i ments, rep re sent ing the time in ter val from Lower
Cre ta ceous to Lower Mio cene, make up the flysch se quence 
of the Skole Nappe (Figs. 1B, 2). The Oligocene part is
com posed of the Menilite For ma tion (Fig. 2). The for ma tion 
is the most char ac ter is tic suc ces sion in the Skole Nappe,
con sist ing of dark-brown shales with horn stones, de pos ited
on the pe ri od i cally anoxic floor of the deep-sea flysch ba sin
(Kotlarczyk and Uchman, 2012). Ac cord ing to Malata and
Poprawa (2006), dur ing the ac cu mu la tion of the Menilite–
Krosno se ries, the sed i men ta tion rate in creased from ini -
tially about 25–35 m/Ma to over 100 m/Ma, re sult ing in a
thick ness of a few hun dred metres for the Menilite For ma -
tion in the Skole Nappe. Clastic ma te rial, trans ported to nor- 
thern parts of the Skole Ba sin, is rep re sented mainly by the
Boryslav Sand stone (To³wiñski, 1917), the Kliva Sand stone 
and the B³a¿owa Sand stone mem bers; these are the lower,
mid dle and up per parts of the Menilite For ma tion, re spec -
tively (Fig. 2). Kliva-type sand stones are pres ent also in the
Siedliska Mem ber (Fig. 2). The Siedliska Con glom er ate
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Fig. 2. Strati graphic scheme of Menilite For ma tion, Skole Nappe, in Oligocene (mod i fied from Salata and Uchman 2012, based on
Kotlarczyk et al., 2006), with strati graphic po si tions of sec tions stud ied



(Kropaczek, 1917a, b) is lim ited mainly to an area to the S
and SE of Rzeszów (Kotlarczyk and Leœniak, 1990). The
sed i ments of the Boryslav Sand stone and Kliva Sand stone
mem bers ac cu mu lated mainly from grav i ta tional flows in
chan nel zones SE of Rzeszów and £añcut (see Fig. 1). Nev -
er the less, sed i ments of the Kliva Sand stone Mem ber also
may be found out side the main chan nel zones (Kotlarczyk
and Leœniak, 1990).

The Siedliska Sand stone Mem ber is up to 70 m thick,
and com posed mainly of thick and me dium beds of grey
con glom er ates, sand stones, and cal car e ous mudstones, rich
in or ganic ma te rial, interbedded with brown mudstones
(Kropaczek, 1917a, b; Blaicher and Nowak, 1963; Kotlar-
czyk, 1985, 1991). The Boryslav Sand stone Mem ber, co -
eval with the Siedliska Sand stone Mem ber in its lower part,
is rep re sented mainly by 20–30 m of poorly ce mented quartz
(lo cally glauconitic) sand stones, with lo cally oc cur ring beds 
of si lici fied mudstones. The sand stones are typ i cally brown, 
light grey or yel low ish, thick-bed ded and fine- to me dium-
grained (To³wiñski, 1917; Œwidziñski, 1947; Kotlarczyk
and Leœniak, 1990). The Kliva Sand stone Mem ber is sim i lar 
to the Boryslav Sand stone Mem ber in li thol ogy. It is dom i -
nated by white or yel low ish, poorly ce mented, well-sorted
to con glom er atic, thick and very thick-bed ded quartz are-
nites. They are mostly fine- to me dium-grained sand stones,
con tain ing quartz, feld spar, mus co vite, glauconite, litho-
clasts and peb bles of coal, black cherts and quartzitic sand -
stones (¯giet, 1963; Kotlarczyk, 1966, 1976; Œl¹czka and
Unrug, 1966).

Lo cal i ties, sam pled for the anal y sis of heavy-min eral
fre quen cies, are sit u ated SE of Rzeszów and £añcut, and
dis trib uted within the two main chan nel zones (Fig. 1). The
sand stone sam ples rep re sent the Siedliska Sand stone Mem -
ber, the Boryslav Sand stone Mem ber and the Kliva Sand -
stone Mem ber. Ad di tion ally, some sam ples were col lected
from two sand stone beds, close to the top of the Kotów
Chert Mem ber and at the base of the Dynów Marl Mem ber,
as well as from sand stone beds, interbedded with the shales
of the Rudawka Tractionite Mem ber and in the lower part of 
the Menilite For ma tion in the Hermanowa 1 sec tion (Figs 1,
2; for de tails of sam ple lo ca tions, see Salata and Uchman,
2012). The min eral fre quen cies were in ves ti gated in 47
sam ples.

AN A LYT I CAL PRO CE DURE

The sand stone sam ples rep re sent weakly or very weakly
con sol i dated rocks. Ac cord ingly, the pro ce dures of heavy-
min eral sep a ra tion in cluded gen tle crush ing (when needed)
and rins ing with wa ter to clean off the clay frac tion, fol -
lowed by siev ing to ob tain the 63–250 µm frac tion. The
heavy min er als were sep a rated, us ing so dium polytungstate
with a den sity of 2.9 g/cm3. The heavy-min eral as sem blages 
re cov ered were mounted in Can ada bal sam, and de scribed
and counted, us ing a polar is ing op ti cal mi cro scope. In each
sam ple, 200 to 300 grains of trans par ent, non-micaceous
minerals were counted, ac cord ing to the rib bon method
(Galehouse, 1971). Min eral fre quen cies were cal cu lated as
vol ume per cent ages (Salata and Uchman, 2012).

Ob ser va tions in the microfield and chem i cal anal y ses
of min eral in clu sions in gar net and tour ma line grains were
per formed, us ing a HITACHI S-4700 Field Emis sion Scan -
ning Elec tron Mi cro scope in the Lab o ra tory of Field Emi-
ssion Scan ning Elec tron Mi cros copy and Microanalysis, at
the In sti tute of Geo log i cal Sci ences, Jagiellonian Uni ver sity.

The chem i cal com po si tion of the gar nets and tour ma -
lines in car bon-coated, pol ished thin sec tions was determi-
ned, us ing a Cameca SX-100 elec tron microprobe (EMP),
op er ated in a wave length dis per sion (WDS) mode, at the
Joint-In sti tute An a lyt i cal Com plex for Min er als and Syn -
thetic Sub stances of War saw Uni ver sity. The WDS an a lyt i -
cal con di tions were as fol lows: 15 kV ac cel er at ing volt age,
20 nA beam cur rent and a fo cused beam. The fol low ing,
syn thetic and nat u ral min eral stan dards were used for cal i -
bra tion: Si (wollastonite for tour ma line and di op side for
gar net anal y ses), Al and K (orthoclase), Cr (Cr2O3), Ti (ru-
tile), Mg (di op side), Fe (Fe2O3), Mn (rhodo nite), Ca (wol-
lastonite), Na (al bite), F (phlogopite).

Gar net and tour ma line grains were cho sen ran domly for 
elec tron microprobe anal y ses. Sin gle-spot anal y ses were
per formed in 80 gar net grains, 1 spot per grain. Twenty
grains, rep re sent ing dif fer ent com po si tions, were ana lysed
in tra verses to in ves ti gate gar net chem i cal zonation. Twenty 
grains of tour ma line were ana lysed in tra verses, re veal ing
in ter nal, chem i cal het er o ge ne ity, but only in grains that dis -
played dark and light zones in the high-con trast back-scat -
tered elec trons (BSE) im ag ing. Con se quently, the ho mog e -
nous grains in BSE im ag ing were ana lysed in the mode of
two spots per grain. A to tal of 91 tour ma line grains was ana -
lysed.

Bo ron was not mea sured in the tour ma lines, but three
at oms of bo ron were as sumed to be pres ent in the tour ma -
line for mula. There fore, the weight per cent ages of B2O3,
nec es sary to pro duce 3 bo ron at oms, were cal cu lated, as -
sum ing OH + F = 4 apfu (at oms per for mula unit), and that
all iron is Fe2+. The cal cu la tions were nor mal ised to 31 an -
ions. Al though the ex act con tents of B, Li and H could not
be mea sured and con se quently the cal cu lated cat ion amounts
are not pre cise, the re sults are suf fi ciently ac cu rate for ba sic
prov e nance in ter pre ta tions (e.g., Henry and Guidotti, 1985;
Henry et al., 2011).

 RE SULTS

Min eral com po si tion

Zir con, tour ma line, rutile, staurolite, gar net and Al2SiO5

poly morphs are the main con stit u ents of the heavy-min eral
as sem blages stud ied. Zir con com prises 6–33% (% = fre -
quency percents; mean value, mv = 18%), tour ma line 8–35% 
(mv = 19%), rutile 5–47% (mv = 20%), staurolite 4–27%
(mv = 17%), gar net 0–25% and Al2SiO5 poly morphs 5–
27% (mv = 15%). The lat ter are rep re sented mainly by
kyan ite (4–27%; mv = 14%), which was iden ti fied on the
ba sis of its platy habit and per fect cleav age. Pleochroic an -
da lu site and fi brous sillimanite are scarce. Ad di tion ally, sin -
gle grains of ap a tite, epidote, brookite, chrome spinel and
very rare monazite also oc cur in some sam ples. Fre quen cies 
of heavy min er als fluc tu ate be tween sam ples and chan nel
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zones and there is no ob vi ous trend. Small fluc tu a tions in
min eral fre quen cies are not reg u lar and re lated to the sand -
stone frac tions and hy drau lic be hav iour of heavy min er als,
rather than to any vari a tion in source-rock com po si tion (for
min eral fre quen cies in rep re sen ta tive sam ples see Fig. 3; for 
de tails see Salata and Uchman, 2012). The ZTR (zir con +
tour ma line + rutile) in dex of the as sem blages var ies in a
very broad range of 36–80% (mv = 57).

Gar net

The small est amounts of gar net were noted in the very
fine-grained sand stones of the Hermanowa 1 sec tion, where 

its low fre quency is most prob a bly re lated to the sand frac -
tion. Gar net oc curs mainly as grains with sharp bound aries,
prob a bly a re sult of crush ing dur ing trans por ta tion, but well
rounded grains are also com mon. For the most part, they
have been af fected by dis so lu tion pro cesses. Euhedral, not
frac tured gar net crys tals are very rare. Gar net grains, moun- 
ted in Can ada bal sam, are pre dom i nantly colour less in
trans mit ted light, but some of them are pink ish, yel low ish or 
salmon-pink in col our. Scarce green grains also oc cur (Sa-
lata and Uchman, 2012).

Three main compositional va ri et ies of the gar net were
dis tin guished (Fig. 4; Tab. 1):

1) almandine-dom i nated Prp4-19Alm58-87Sps0-18Grs0-18
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Fig. 3. Fre quen cies of heavy min er als in rep re sen ta tive sam ples of Oligocene sand stones of Menilite For ma tion in Skole Nappe. Other
min eral field in cludes an da lu site, epidote, ap a tite, chrome, spinel, sillimanite, brookite and monazite (Salata and Uchman, 2012). Ab bre -
vi a tions for sam ple lo ca tions: H – Hermanowa; H¯ – Hermanowa ¯mijówka; SD – Siedliska 2; W – Widaczów; T – Tarnawka; Hu –
Hucisko Jawornickie; S – Siedliska

Fig. 4. Com po si tion of de tri tal gar nets (n = 100) from Oligocene sand stones of Menilite For ma tion, Skole Nappe. Ab bre vi a tions: Alm
– almandine; Grs – grossular; Prp – pyrope; Sps – spessartine



com pris ing 60% of the ana lysed pop u la tion. Also as signed to 
this group is gar net, en riched in spessartine or grossular end-
mem bers, with the com po si tion Prp4-12Alm56-71Sps20-29 Grs0-1

or Prp6-9Alm61-72Sps2-8Grs20-23 re spec tively;
2) pyrope-en riched almandine Prp21-44Alm50-73Sps1-6

Grs0-10 (33% of the pop u la tion);
3) pyrope-almandine-grossular show ing com po si tion of 

Prp27-35Alm39-44Sps1Grs18-30 (4% of the pop u la tion).
In ad di tion, sin gle grains of grossular (Prp0Alm8Sps1

Grs82), spessartine (Prp8-9Alm13-14Sps63-64Grs10-12) (Fig.
4; Tab. 1) and uvarovite-en riched almandine (Prp12Alm68

Sps7Grs0Uv13) have been also found (Tab. 1). The gar net
grains are chem i cally ho mog e nous (Fig. 5A–C; Tab. 1), but
it should be noted that the de tri tal gar net pop u la tion rep re -
sents a mix ture of small, sin gle crys tals, as well as pieces of
larger ones, which in fact may rep re sent frag ments of ini -
tially zoned, large gar net crys tals.

Tour ma line

Tour ma line is pres ent com monly as rounded grains,
with mainly ol ive-brown pleochroic colours, while euhedral 
tour ma line crys tals are less fre quent. Oc ca sion ally, ir reg u -
larly col oured, rounded pink ish and blue tour ma lines were
found, but they, es pe cially the two lat ter, are very rare and
oc cur as sin gle grains only in some sam ples (Salata and
Uchman, 2012).

The X-site in the tour ma line struc ture is dom i nantly oc -
cu pied by Na, in most cases ex ceed ing 0.6 apfu, while the
Ca and K con tents are com monly be low 0.1 and 0.02 apfu,
re spec tively. The X-site va cancy in the larg est part of the
tour ma line pop u la tion is be low 0.5, al though it ex ceeds 0.5
in two anal y ses (Tab. 2). The chem is try in di cates that the
tour ma lines be long to the al kali group; only the two grains
with X-site va can cies higher than 0.5 be long to the X-va -
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Ta ble 1

Rep re sen ta tive anal y ses of de tri tal gar nets from Oligocene sand stones of Menilite For ma tion in Skole Nappe.
Ox ides in [wt%]

Analysis M_22 M_6
M_G6

p.8
M_G6
p.15

M_24
M_G3

p.2
M_G3

p.8
M_6

M_G13
p.5

M_G13
p.9

M_26 M_60 M_41 M_21 M_10 M_32 M_26

SiO2 36.72 37.80 37.24 37.34 36.76 37.13 36.76 37.65 39.21 39.42 37.48 38.32 39.77 39.31 38.72 37.03 33.86

TiO2 0.02 0.12 0.01 b.d.l. 0.07 0.01 0.03 0.09 0.05 0.03 0.12 0.17 0.07 0.20 0.33 0.22 b.d.l.

Al2O3 21.04 21.77 20.31 20.47 21.07 20.20 20.28 21.61 21.51 21.52 21.35 20.52 22.67 21.36 19.90 20.62 19.68

Cr2O3 b.d.l. 0.08 b.d.l. 0.02 0.01 b.d.l. b.d.l. 0.02 b.d.l. 0.06 0.04 0.01 0.07 0.01 b.d.l. 0.03 4.83

Fe2O3 0.00 0.00 1.30 1.00 0.00 1.26 0.98 0.00 0.99 1.12 0.08 1.62 0.00 1.13 3.07 1.01 0.00

FeO 38.28 28.14 32.99 32.46 31.90 27.85 27.87 29.85 24.39 24.30 33.52 25.61 20.32 18.28 3.74 5.77 31.55

MgO 1.83 3.19 3.70 4.08 0.95 2.33 2.38 2.37 11.28 11.61 5.46 5.27 9.30 7.00 0.03 2.15 3.04

CaO 2.00 2.09 1.50 1.54 6.20 0.89 0.89 8.11 1.54 1.36 1.38 7.99 7.73 12.16 33.46 5.39 0.83

MnO 0.12 7.98 3.22 2.86 3.16 11.15 11.11 1.45 0.40 0.36 1.03 0.34 0.27 0.43 0.34 29.32 3.09

Total 100.01 101.16 100.26 99.76 100.13 100.81 100.29 101.14 99.37 99.79 100.46 99.84 100.20 99.88 99.59 101.53 96.87

Number of cations calculated on the basis of 12 oxygen atoms

Si 2.984 2.991 2.993 3.001 2.975 2.999 2.986 2.971 3.000 3.000 2.968 3.002 2.998 3.003 2.981 2.949 2.848

Ti 0.002 0.007 0.001 0.000 0.005 0.001 0.002 0.005 0.003 0.002 0.007 0.010 0.004 0.011 0.019 0.013 0.001

Al 2.016 2.030 1.923 1.939 2.009 1.923 1.941 2.010 1.940 1.930 1.992 1.894 2.014 1.923 1.806 1.935 1.951

Cr 0.000 0.005 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.004 0.003 0.001 0.004 0.001 0.000 0.002 0.321

Fe3+ 0.000 0.000 0.079 0.061 0.000 0.077 0.060 0.000 0.057 0.064 0.005 0.096 0.000 0.065 0.178 0.061 0.000

Fe2+ 2.602 1.863 2.217 2.182 2.159 1.882 1.894 1.970 1.561 1.547 2.220 1.678 1.281 1.167 0.241 0.385 2.219

Mg 0.221 0.377 0.443 0.488 0.115 0.280 0.288 0.279 1.287 1.318 0.645 0.615 1.046 0.798 0.004 0.256 0.381

Ca 0.175 0.177 0.129 0.133 0.538 0.077 0.077 0.686 0.126 0.111 0.118 0.671 0.625 0.996 2.760 0.460 0.075

Mn 0.009 0.535 0.219 0.195 0.217 0.763 0.764 0.097 0.026 0.023 0.069 0.023 0.017 0.028 0.022 1.978 0.220

Total 8.007 7.984 8.002 7.998 8.016 8.001 8.011 8.019 7.999 7.998 8.026 7.987 7.988 7.990 8.009 8.037 8.016

End-members [mol%]

prp 7.4 12.8 14.7 16.3 3.8 9.2 9.5 9.2 42.9 43.9 21.1 20.6 35.2 26.7 0.1 8.3 11.7

alm 86.6 63.1 73.7 72.8 71.3 61.9 62.4 65.0 52.0 51.6 72.8 56.2 43.2 39.1 7.9 12.5 68.1

sps 0.3 18.1 7.3 6.5 7.2 25.1 25.2 3.2 0.9 0.8 2.3 0.8 0.6 0.9 0.7 64.3 6.8

grs 5.8 5.8 0.3 1.3 17.7 0.0 0.0 22.6 1.3 0.3 3.5 17.6 20.8 30.0 82.2 11.8 0.0

adr 0.0 0.0 3.9 3.0 0.0 3.8 3.0 0.0 2.9 3.2 0.3 4.8 0.0 3.2 9.0 3.1 0.0

uv 0.0 0.2 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.2 0.1 0.1 0.2 0.1 0.0 0.1 13.4

Grt gr.1 1 1 1 1 1 1 1 1 2 2 2 3 3 3 - - -
1 Grt gr. – main gar net groups dis tin guished in the stud ied gar net pop u la tion (see text); b.d.l. – be low de tec tion limit; prp – pyrope; alm – almandine; sps –
spessartine; grs – grossular; adr – an dra dite; uv – uvarovite. Struc tural for mula based on 12 ox y gen at oms and 8 cat ions. The Fe2+ and Fe3+  con tents de ter -
mined as sum ing gar net stoichiometry.



cant group (see Henry et al., 2011) (Fig. 6A). Be cause the
dom i nat ing di va lent cat ions are Fe and Mg, the tour ma line
dis plays the com po si tion of schörl or dravite, re spec tively.
Spo radic, Fe-rich tour ma line, char ac ter ized by an X-site va -
cancy of over 0.5, rep re sents the foititic tour ma line spe cies
(Tab. 2; Fig. 6B). The Mg/(Fe+Mg) ra tio var ies con sid er -
ably in a broad range from 0.03 to 0.78 in ho mog e nous tour -
ma lines and reaches 0.88 in zonal ones (Tab. 2). All the
tourmaline grains dis play a Si con tent close to the stoi-
chiometric value of 6 apfu, and high Al amounts, ex ceed ing
6 apfu in al most all cases (Tab. 2). The re main ing com po -
nents are pres ent in mi nor amounts: the Ti con tent is mostly
lower than 0.1 apfu, in creas ing up to 0.2 apfu only in scarce

grains, while Mn and Cr oc cur mostly in trace amounts of
< 0.03 apfu (Tab. 2).

The tour ma line is mostly ho mog e nous, al though chem i -
cal zonation, re lated to vary ing Fe and Mg con tents, was ob -
served. Zones, vis i ble as bright in BSE im ag ing, are en -
riched in Fe (and in Ca in some cases) and de pleted in Mg,
while in the dark zones, the re la tion ship of these el e ments is
re versed (see Fig. 5D–F). Such chem i cal vari a tions usu ally
do not in flu ence af fil i a tion to a min eral spe cies (Tab. 2).
The tour ma lines typ i cally con tain quartz in clu sions. Dra-
vitic tour ma line, be side quartz in clu sions, con tains also the
TiO2 polymorph + zir con (Fig. 5D), zir con (Fig. 5F) and the 
TiO2 polymorph + monazite or pyrite.
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Fig. 5. Rep re sen ta tive BSE im ages and compositional pro files in gar net (A–C) and tour ma line (D–F). Rep re sen ta tive chem i cal anal y -
ses of these min er als are pre sented in Ta bles 1 and 2. Ab bre vi a tions: Qz – quartz; TiO2 – TiO2 polymorph; Zrn – zir con



DIS CUS SION

Con straints on type of source rock

Gar net is an ac ces sory phase in var i ous, meta mor phic
and ig ne ous rocks. The most com mon gar net hosts are me-
tapelites and metapsammites, formed un der con di tions of
me dium- to high-grade meta mor phism (e.g., Miyashiro,
1975; Yardley, 1989; Deer et al., 1997). The almandine-rich 
gar nets from group 1 are most typ i cal for var i ous rocks of
am phi bo lite fa cies con di tions (Figs 7, 8). How ever, al-
mandine and spessartine-rich almandine also may be de -
rived from gra nitic to peg ma titic rocks, as well as rhyolites
to andesites (e.g., Deer et al., 1997; Fig. 7). Almandine gar -
net, en riched in the pyrope end-mem ber, rep re sent ing group 
2, may orig i nate from meta mor phic rocks of granulite to
eclogite fa cies (Figs 7, 8), but also from in ter me di ate, ig ne -
ous rocks, de rived from deep parts of the crust (Fig. 7).

Pyrope-almandine-grossular of group 3 are com mon in
high-grade metabasites, such as eclogites, and high-pres -
sure granu lites (Figs 7, 8). The source rock of one grain of
grossular was a skarn, a very low-grade metabasic rock or
an ultrahigh-tem per a ture calc-sil i cate granulite (Fig. 7).

Tour ma line can crys tal lize dur ing ig ne ous, meta mor -
phic, and, more rarely, diagenetic pro cesses (e.g., Henry
and Guidotti, 1985; Henry and Dutrow, 1996; Dutrow and
Henry, 2011 and ref er ences therein; van Hinsberg et al.,
2011a, b). Most of the tour ma lines stud ied dis play pro por -
tions of Al, Fetot and Mg, typ i cal for crys tals, form ing in
Al-rich and Al-poor metapelites and metapsammites (Henry 
and Guidotti, 1985; Fig. 9A). The pre vail ing part of the
tour ma line grains ana lysed dis play mod er ate to high Mg
con tent, with a Mg/(Mg+Fe) ra tio range of 0.4–0.7 (Tab. 2), 
which is typ i cal for metapelites (Henry and Dutrow, 1996).
Ad di tion ally, tour ma line, form ing in Al-rich metapelites
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Ta ble 2

Rep re sen ta tive anal y ses of compositionally ho mog e nous and het er o ge neous, de tri tal tour ma lines from Oligocene sand -
stones of Menilite For ma tion in Skole Nappe. Ox ides in [wt%]

Analysis M_29 M_6 M_19 M_16 M_15 M_25 M_1 M_3 M_27 M_2 M_26 M_170

SiO2 37.08 34.38 34.91 37.32 36.27 37.20 36.06 36.75 35.65 36.21 36.89 36.05

TiO2 0.39 0.30 0.54 0.82 0.20 0.82 0.37 0.82 1.29 0.43 1.79 0.23

B2O3
1 10.75 10.34 10.37 10.91 10.68 11.02 10.66 10.88 10.28 10.66 10.68 10.73

Al2O3 31.71 33.61 33.80 32.17 35.97 35.23 32.40 34.26 26.60 31.81 30.71 36.35

Cr2O3 0.02 0.02 0.13 0.22 0.11 0.12 0.57 0.13 0.03 0.06 b.d.l. b.d.l.

MgO 8.92 0.28 0.70 8.92 1.43 6.27 7.43 6.68 6.35 6.63 5.96 2.78

CaO 0.81 0.22 0.02 0.59 0.07 0.28 1.09 0.35 1.57 1.28 0.39 0.17

MnO 0.01 0.22 0.12 0.02 0.09 b.d.l. b.d.l. 0.01 0.13 0.03 0.05 0.04

FeOtot 4.68 16.54 14.34 4.50 11.85 6.06 6.06 5.86 13.57 9.01 9.13 9.47

Na2O 2.32 2.18 1.93 2.60 1.29 2.02 1.88 2.16 2.07 1.86 2.25 1.60

K2O 0.01 0.07 0.03 0.03 b.d.l. 0.01 0.07 0.01 0.02 0.03 b.d.l. 0.01

F 0.03 0.12 0.34 0.05 0.19 0.12 0.10 0.10 0.10 0.08 0.16 0.05

Total 96.73 98.26 97.22 98.14 98.23 99.14 96.67 98.01 97.63 98.08 98.00 97.46

O = F 0.01 0.05 0.14 0.02 0.08 0.05 0.04 0.04 0.04 0.03 0.07 0.02

TOTAL 96.71 98.21 97.07 98.12 98.15 99.09 96.63 97.96 97.59 98.04 97.94 97.43

Numbers of ions based on 31 anions (O, OH, F)

Si 5.993 5.779 5.853 5.946 5.901 5.866 5.881 5.870 6.028 5.906 6.004 5.839

Ti 0.048 0.038 0.069 0.098 0.024 0.097 0.045 0.099 0.164 0.052 0.219 0.028

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

Al 6.041 6.658 6.680 6.040 6.898 6.548 6.228 6.449 5.300 6.113 5.891 6.939

Cr 0.002 0.003 0.017 0.027 0.014 0.015 0.074 0.016 0.004 0.008 0.000 0.000

Mg 2.150 0.069 0.174 2.119 0.346 1.474 1.805 1.592 1.600 1.612 1.447 0.671

Ca 0.140 0.039 0.003 0.101 0.013 0.047 0.190 0.061 0.284 0.223 0.068 0.029

Mn 0.002 0.031 0.017 0.002 0.012 0.000 0.000 0.002 0.018 0.004 0.007 0.005

Fe2+ 0.632 2.325 2.011 0.600 1.612 0.799 0.826 0.782 1.918 1.229 1.242 1.283

Na 0.727 0.710 0.627 0.802 0.407 0.616 0.593 0.668 0.677 0.587 0.709 0.502

K 0.002 0.014 0.007 0.007 0.000 0.001 0.014 0.001 0.003 0.006 0.001 0.002

Total 18.736 18.666 18.457 18.743 18.227 18.464 18.657 18.538 18.997 18.740 18.590 18.297

Xvac
2 0.13 0.24 0.36 0.09 0.58 0.34 0.20 0.27 0.04 0.18 0.22 0.47

XMg
3 0.77 0.03 0.08 0.78 0.18 0.65 0.69 0.67 0.45 0.57 0.54 0.34

M.N.4 D S S D F D D D S D D S



that dis play X-site va can cies mostly in the range of 0.5–0.2,
may be in ter preted as hav ing been formed in tem per a tures
of 200–650°C, while tour ma line with X-site va cancy val ues 
of < 0.2 crys tal lized in tem per a tures above 750°C (Henry
and Dutrow, 1996). Since most of the tour ma lines from the
Menilite For ma tion show an X-site va cancy > 0.2, it may be 
as sumed that they de vel oped un der me dium-grade meta -
mor phic con di tions. The low Ca con tent in the tour ma line
pop u la tion, mostly not ex ceed ing 0.2 apfu, pro vides ad di -
tional in for ma tion on the Ca-poor type of source metasedi-
mentary rocks (Fig. 9B). Ad di tion ally, sev eral doz ens of
analyses, plot ted in the prov e nance dis crim i na tion di a -
grams, in di cate prov e nance, re lated to a Li-poor granitoids,
pegmatites and aplites (Fig. 9A, B), and only one anal y sis is

lo cated in the field of Fe3+-rich, quartz-tour ma line rocks,
calc-sil i cates and metapelites (Fig. 9A). Tour ma line, for-
med in Li-poor gra nitic rocks, gen er ally have a schörlitic
com po si tion, with very low Mg/(Fe+Mg) ra tios in the range
of 0.0–0.4. Nev er the less, tour ma line from meta mor phosed,
gra nitic rocks may have sim i lar com po si tions (Henry and
Dutrow, 1996). To con clude, judg ing on the “en vi ron men -
tal” di a grams, the two main, par ent rocks for the tour ma -
lines stud ied are Al-en riched or de pleted, Ca-poor meta -
sedi ments and gra nitic rocks, de pleted in Li. The pink or
blue col our of some tour ma lines, found among the grains,
mounted in Canada balsam suggests an elbaitic composi-
tion. However, such tourmaline composition was not de ter-
mined in the population studied.
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Ta ble 2 con tin ued

Tourmaline 
grain

M_T3 (Fig. 5D) M_T5 (Fig. 5E) M_T10 (Fig. 5F)

analytical
spot

1 4 6 8 1 3 5 8 1 3 6 9

SiO2 36.73 37.66 37.03 37.52 37.39 37.77 38.19 38.02 36.66 37.49 36.93 39.74

TiO2 0.83 0.64 0.88 0.67 0.80 0.82 0.24 0.28 0.73 0.92 1.03 0.94

B2O3
1 10.83 10.98 10.73 10.94 10.80 10.91 10.90 10.92 10.70 10.79 10.65 11.46

Al2O3 33.99 33.58 32.09 32.96 31.17 32.20 31.57 32.06 31.80 30.94 30.62 33.00

Cr2O3 0.06 0.06 0.05 0.09 0.05 b.d.l. b.d.l. 0.05 0.08 0.07 0.02 0.05

MgO 6.57 8.02 6.70 8.41 8.76 8.50 10.40 10.25 7.54 7.71 6.75 8.26

CaO 0.89 0.80 0.91 0.81 0.97 0.69 0.39 0.35 0.94 0.33 0.24 0.35

MnO b.d.l. 0.03 b.d.l. b.d.l. b.d.l. b.d.l. 0.01 b.d.l. 0.07 b.d.l. b.d.l. 0.06

FeO 5.86 4.38 6.96 4.57 4.85 4.87 2.43 2.49 6.42 7.43 8.69 7.27

Na2O 1.57 1.98 1.74 2.03 2.22 2.10 2.42 2.44 2.04 2.54 2.59 2.87

K2O 0.01 b.d.l. b.d.l. b.d.l. 0.05 0.02 b.d.l. 0.07 b.d.l. b.d.l. b.d.l. b.d.l.

F b.d.l. 0.05 0.02 0.05 0.15 0.22 0.22 0.22 0.10 0.02 0.05 0.12

Total 97.33 98.17 97.11 98.04 97.19 98.10 96.75 97.14 97.06 98.24 97.58 104.13

O = F 0.00 0.02 0.01 0.02 0.06 0.09 0.09 0.09 0.04 0.01 0.02 0.05

TOTAL 97.33 98.15 97.10 98.02 97.13 98.00 96.66 97.05 97.02 98.23 97.56 104.08

Numbers of ions based on 31 anions (O, OH, F)

Si 5.892 5.959 5.998 5.964 6.020 6.016 6.092 6.052 5.955 6.037 6.026 6.028

Ti 0.100 0.076 0.107 0.080 0.096 0.099 0.029 0.034 0.089 0.111 0.127 0.108

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

Al 6.427 6.263 6.125 6.173 5.913 6.043 5.934 6.015 6.087 5.871 5.889 5.899

Cr 0.007 0.007 0.007 0.011 0.006 0.000 0.000 0.007 0.010 0.009 0.003 0.006

Mg 1.572 1.891 1.619 1.992 2.102 2.018 2.472 2.432 1.825 1.850 1.642 1.868

Ca 0.153 0.135 0.157 0.138 0.167 0.117 0.066 0.060 0.163 0.057 0.042 0.057

Mn 0.000 0.005 0.000 0.000 0.000 0.000 0.001 0.000 0.009 0.000 0.000 0.008

Fe2+ 0.786 0.580 0.942 0.607 0.653 0.649 0.324 0.331 0.872 1.001 1.186 0.922

Na 0.489 0.607 0.546 0.625 0.691 0.648 0.749 0.752 0.642 0.793 0.820 0.843

K 0.001 0.000 0.000 0.001 0.011 0.003 0.000 0.015 0.000 0.001 0.000 0.000

Total 18.428 18.524 18.501 18.591 18.661 18.594 18.668 18.696 18.651 18.730 18.734 18.739

Xvac
2 0.36 0.26 0.30 0.24 0.13 0.23 0.18 0.17 0.20 0.15 0.14 0.10

XMg
3 0.67 0.77 0.63 0.77 0.76 0.76 0.88 0.88 0.68 0.65 0.58 0.67

M.N.4 D D D D D D D D D D D D
1 cal cu lated on stoichiometry
2 Xvac = X-site va cancy 
3 Mg/(Mg+Fe)
4 Min eral name: D – dravite; S – schörl; F – foitite; b.d.l. – be low de tec tion limit



Po ten tial source ar eas of de tri tal ma te rial

Salata and Uchman (2012), on the ba sis of data, ob -
tained from con ven tional heavy-min eral stud ies, con cluded
that the im me di ate source of heavy min er als in the Menilite
For ma tion could be clastic rocks in the sed i men tary cover of 
the Ma³opolska and Silesian blocks. This idea was sup -
ported by the rounded mor phol ogy of the dom i nant part of
heavy min er als, sug gest ing their multicycle his tory, al -
though their trans por ta tion from a dis tant source or prov e -
nance from meta sedi ments also were taken into ac count.
The pres ence of Car bon if er ous coal frag ments and the sim i -
lar ity of heavy-min eral as sem blages led to the con clu sion
that Car bon if er ous, clastic rocks of the Ma³opolska and
Silesian blocks are the most likely sources. How ever, youn -
ger, clastic rocks of the blocks, as well as older flysch strata
were not ex cluded (Salata and Uchman, 2012 and ref er -
ences therein). None the less, the low or mod er ate ZTR in dex 
val ues (around 30–50%) of the heavy-min eral as sem blages
stud ied seem to con tra dict this idea, since the in dex val ues
of multicycle sed i ments are much higher, as much as 90 or
100% (Hubert, 1962). The high in dex value may be mod i -
fied, if si mul ta neously with sed i men tary rocks, some crys -
tal line mas sifs were eroded or peb bles of crys tal line rocks
were dis in te grated, yield ing min er als, less sta ble than zir -
con, tour ma line and rutile. Such a sit u a tion might have ex -
isted dur ing the Oligocene, as sug gested by the pres ence of
sharp, euhedral grains of zir con, tour ma line, platy kyan ite
and euhedral gar net in the heavy-min eral as sem blages of
the sand stones stud ied. More over, long trans por ta tion of
sed i ments from a source area would not nec es sary af fect
first-cy cle min eral as sem blages. Me chan i cal abra sion
seems to have much less in flu ence on the sta bil ity of heavy
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Fig. 6. Clas si fi ca tion of de tri tal tour ma lines (n = 91) from Oligocene sand stones of Menilite For ma tion, Skole Nappe: A – pri mary
tour ma line groups, based on dom i nant oc cu pancy of X-site; B – gen er al ized tour ma line spe cies, based on Mg/(Mg + Fe) ver sus Xva -

cancy/(Xva cancy + Na + K) ra tios (Henry et al., 2011)

Fig. 7. Com po si tion of gar nets of Oligocene sand stones of Me-
nilite For ma tion in ter nary plot, re fer ring to nat u ral, sed i men tary
gar net con cen tra tions (Mange and Mor ton, 2007): A – gar nets
mainly from high-grade granulite-fa cies meta sedi ments or charno- 
ckites, but also from in ter me di ate-acidic, ig ne ous rocks, sourced
from deep in crust; Bi and Bii – gar nets, de rived in gen eral from
am phi bo lite-fa cies meta sedi ments. How ever, gar net pop u la tions
that plot ex clu sively in Bi field may also be de rived from in ter me -
di ate-acidic, ig ne ous rocks; Ci and Cii – field of gar nets mainly
from high-grade metabasic rocks, where Cii im ply sour cing from
ultra mafic rocks, such as pyroxenites and peri dot ites; D – gar nets,
gen er ally de rived from metasomatic rocks, very low-grade meta-
ba sic rocks or ultrahigh-tem per a ture meta mor phosed calc-sil i cate
granu lites. XFe, XMg, XCa, XMn de note ionic con tents of Fe, Mg,
Ca and Mn, nor mal ized ac cord ing to Droop and Harte (1995)



min er als than diagenesis (Mor ton and Hallsworth, 1999 and 
ref er ences therein).

The prov e nance in for ma tion on the petrographic types
of source rocks, ob tained from chem i cal anal y ses of de tri tal
gar net and tour ma line from the Menilite For ma tion, cor re -
sponds well with the petrographic types of peb bles, oc cur -
ring in the Car bon if er ous clastic rocks of the Up per Silesia
Block. Meta mor phic schists, granu lites, gneiss es and var i -
ous, gra nitic rocks, as well as pegmatites, were re ported
from the Car bon if er ous sand stones and con glom er ates, fill -
ing the Up per Silesia Coal Ba sin (e.g., Turnau-Morawska
and £ydka, 1954; Paszkowski et al., 1995 and ref er ences
therein). More over, the chem i cal com po si tion of the de tri tal 
gar net ana lysed is com pat i ble with the com po si tion of de tri -
tal gar net, oc cur ring in the Car bon if er ous sed i ments of the
Up per Silesia Coal Ba sin (Kusiak et al., 1999) (Tab. 3).
There fore, the data pre sented on gar nets to some ex tent sup -
port the as sump tion (Salata and Uchman, 2012) that the
heavy-min eral as sem blages from the Kliva Sand stone types
in the Menilite For ma tion were de rived, inter alia, from the
Car bon if er ous cover of the Skole Ba sin fore land. Additio-
nal in for ma tion is in the re cently pub lished data on the che-
mical com po si tion of de tri tal gar nets from the Mid dle Ju ras -
sic, clastic rocks of the Krakow–Wieluñ Up land (Méres et
al., 2012). Compositional gar net va ri et ies, de ter mined in the 
study cited, are to large ex tent com pa ra ble to those, oc cur -
ring in the Menilite For ma tion, al though the gar net popula-
tion from the Mid dle Ju ras sic rocks is richer in high-pyrope
va ri et ies. The sim i lar ity of gar net pop u la tions in di cates that

not only Ju ras sic clastics may be taken into account as pos-
sible source rocks, but also that the garnets of the Menilite
Formation may have come from the same source areas.

Con sid er ing all of the as pects, men tioned above, the
fol low ing ques tion arises: where were the crys tal line-mas sif 
sources of the min er als lo cated? Some clues are pro vided by 
palaeotransport di rec tions, mea sured in the Car bon if er ous
sed i ments of the Up per Silesia Block (e.g., Gradziñski et
al., 1961; Doktor and Gradziñski, 1998). These sug gest ar -
eas, lo cated on the SW, NW, N (Gradziñski et al., 1961) and 
S (Doktor and Gradziñski, 1998) mar gins of the Up per
Silesia Coal Ba sin. Nev er the less, ac cord ing to Gradziñski et 
al. (2005 and ref er ences therein) the palaeotransport di rec -
tions mea sured by Gradziñski et al. (1961) are un re li able,
ow ing to the small amount of data. How ever, the types of
peb bles (Paszkowski et al., 1995), the petrographic study of 
the sand stones (Œwierczewska, 1995) and the chem i cal dat -
ing of de tri tal monazite (Kusiak et al., 2006) pro vide data
that in di cate ig ne ous and meta mor phic rocks of the Bo he -
mian Mas sif, as dom i nat ing sources for the Car bon if er ous
of the Up per Silesia Coal Ba sin. The mas sif also was con -
sid ered as a source area for de tri tal, pyrope-rich gar net from 
the Mid dle Ju ras sic sed i ments of the Kraków–Wieluñ Up -
land (Méres et al., 2012), al though the au thors pro posed an -
other source, lo cated gen er ally to the S of their area of in -
ves ti ga tion, in a more prox i mal po si tion than the Bo he mian
Mas sif, with re spect to the Kraków–Wieluñ Up land. This
hy po thet i cal land may be cov ered at pres ent by the Carpa-
thian overthrust. How ever, its ex is tence has not been con -
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Ta ble 3

Lit er a ture data of gar net com po si tion from crys tal line rocks of Sudetes, clastic rocks, fill ing in ter nal,
sed i men tary bas ins in Bo he mian Mas sif and from sed i men tary cover of Up per Silesian Block

Garnet composition Host-rock Locality References

Prp<52Alm70-75Sps<52Grs4-6 Upper Carboniferous sandstones Upper Silesia Coal Basin Kusiak et al. (1999)

Prp10-73Alm14-73Sps1-28Grs3-31 Middle Jurassic sands and sandstones Kraków–Wieluñ Upland Méres et al. (2012)

Prp1-3Alm63-72Sps1-22Grs6-34 leucocratic two-mica gneiss

Kamieniec Metamorphic Belt

Puziewicz and Rudolf (1998)

Prp5-22Alm69-82Sps1-4Grs5-23

Prp4-8Alm62-77Sps6-18Grs9-18

coarse-blastic mica-schist
fine-blastic mica-schist

Józefiak (1998)

Prp7-11Alm46-79Sps1-19Grs9-39 two-mica gneiss Puziewicz et al. (1999)

Prp7-32Alm39-68Sps0-5Grs16-38 eclogites Bakun-Czubarow (1998)

Prp6-9Alm44-67Sps23-46Grs1-3 metamorphic pegmatite

Góry Sowie Massif

Pieczka et al. (1997)

Prp8-17Alm61-76Sps5-22Grs3-10

Prp31-39Alm49-55Sps2Grs8-12

gneiss, metapegmatite
granulite

Budzyñ et al. (2004)

Prp38Alm40Sps1Grs21 HP granulite O’Brien et al. (1997)

Prp17-43Alm37-62Sps1-2Grs8-23 metabasites Dziedzic (1996)

Prp17-23Alm44-59Sps1-4Grs19-30 metagabbro Kryza and Pin (2002)

Prp0-1Alm39-40Sps57-59Grs1 pegmatite Strzegom–Sobótka Massif Janeczek (1985 and references therein)

Prp1-7Alm45-67Sps1-15Grs19-44 granite and granito-gneiss Karkonosze–Izera Massif Oberc-Dziedzic (1991)

Prp10-71Alm9-58Sps1-60Grs2-24 Late Cretaceous sandstones North Sudetic Synclinorium Biernacka and Józefiak (2009)

Prp3-45Alm40-63Sps1-33Grs2-27 Permian sandstones
Intra-Sudetic Basin

Biernacka (2012a)

Prp1-29Alm2-77Sps0-41Grs3-77 Carboniferous sediments Felicka (2000)

Prp41-50Alm46-54Sps1-2Grs0-6
Granulite clasts in Carboniferous
sediments Bohemian Massif

Kotková et al. (2007)

Prp5-47Alm50-88Sps0-4Grs0-9 Carboniferous Culm sediments Èopjaková et al. (2005)
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firmed by di rect in ves ti ga tions. Tak ing into con sid er ation
the compositional sim i lar i ties of the de tri tal gar nets from
the Menilite For ma tion and the Mid dle Ju ras sic clastics
(Méres et al., 2012), the source proposed by the authors
mentioned also may be considered in provenance studies of
the heavy-mineral assemblages.

The pres ently ex posed, ig ne ous and meta mor phic bod -
ies, avail able for di rect in ves ti ga tions and com par a tive stud -
ies, are wide spread within the Bo he mian Mas sif (see e.g.,
Dallmeyer et al., 1995; Mazur et al., 2006; ¯elaŸniewicz et
al., 2011 and ref er ences therein). These in clude crys tal line
rocks, con tain ing gar net and/or tour ma line, sim i lar in com -

po si tion to the de tri tal grains from the Oligocene part of the
Menilite Formation.

The more prox i mal area is in the West ern Sudetes. Gar -
net va ri et ies, cor re spond ing well in com po si tion with the
gar nets stud ied, were de scribed from var i ous rocks in the
Sowie Góry Mas sif, the Strzegom–Sobótka Gran ite Pluton
and the Orlica–Œnie¿nik and Karkonosze–Izera mas sifs, as
well as from rocks of the Kamieniec Meta mor phic Belt
(Tab. 3). The com po si tion of the de tri tal gar nets stud ied is
also con sis tent with the chem is try of the de tri tal gar nets
from the Car bon if er ous, Perm ian and Turonian clastics, fill -
ing sed i men tary bas ins in the Sudetes (Tab. 3), for which
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Fig. 8. Com po si tion of gar nets of Oligocene sand stones of Menilite For ma tion, com pared to gar net com po si tion from var i ous meta -
mor phic and ig ne ous rocks. A, B: Com po si tion of gar nets from UHP/HP meta mor phic con di tions in clas si fi ca tion di a grams “pyrope-
almandine-grossular” (ac cord ing to Aubrecht et al., 2009 and ref er ences therein; Méres et al., 2012): field A – gar net com po si tions from
HP/UHP con di tions; field B – gar net com po si tions from granulite and eclogite fa cies con di tions; field C1 – tran si tional field of gar net
com po si tions from high am phi bo lite to granulite fa cies con di tions; field C2 – gar net com po si tions from am phi bo lite fa cies con di tions (this 
field in cludes also gar net from blue schists, skarns, serpentinites, ig ne ous rocks, etc.). 1a – gar net from UHP eclogites, gar net – peri dot ites
and kimberlites; 1b – gar net from UHP eclogites; 2 – gar net from HP eclogites and HP mafic granu lites; 3 – gar net from HP fel sic and in -
ter me di ate granu lites; 4 – gar net from gneiss es meta mor phosed un der P-T con di tions tran si tional to granulite and am phi bo lite fa cies; 5 –
gar net from am phi bo lites meta mor phosed un der P-T con di tions tran si tional to granulite and am phi bo lite fa cies; 6 – gar net from gneiss es
meta mor phosed un der am phi bo lite fa cies con di tions; 7 – gar net from am phi bo lites meta mor phosed un der am phi bo lite fa cies con di tions.
 Source rocks of in di vid ual gar nets: Right di a gram: gar net from HP granu lites in Góry Sowie Mts (Pol ish Sudetes), gar net from peri dot -
ites, eclogites and granu lites from Bo he mian Mas sif, gar net from HP and UHP eclogites and gar net peri dot ites from West ern Gneiss Re -
gion (WGR, Nor way), gar net from kimberlites, gar net from eclogites with in clu sions of di a mond, gar net from HP granu lites, UHP
eclogites with in clu sions of coesite and gar net peri dot ites from Saxonian Erzgebirge and Granulitgebirge. Left di a gram: gar net from mica
schists, gneiss es and am phi bo lites and amphibolized eclogites oc cur rence in pre-Al pine base ment rocks of West ern Carpathians Mts (see
Aubrecht et al., 2009 and ref er ences therein). C: com po si tion of gar net pop u la tion stud ied from lower part of Menilite For ma tion in clas si -
fi ca tion di a grams. Ab bre vi a tions as in Fig. 4

Fig. 9. Prov e nance of tour ma lines stud ied in “en vi ron men tal” di a grams of Henry and Guidotti (1985). A: 1 – Li-rich granitoids,
pegmatites and aplites; 2 – Li-poor granitoids, pegmatites and aplites; 3 – hydrotermally al tered, gra nitic rocks; 4 – Al-rich metapelites
and metapsammites; 5 – Al-poor metapelites and metapsammites; 6 – Fe3+-rich quartz-tour ma line rocks, calcsilicates and metapelites; 7 –
Ca-poor ultramafites; 8 – metacarbonates and metapyroxenites. B: 1 – Li-rich granitoids, pegmatites and aplites; 2 – Li-poor granitoids,
pegmatites and aplites; 3 – Ca-rich metapsammites, metapelites and calcsilicates; 4 – Ca-poor metapsammites, metapelites and quartz-
tour ma line rocks; 5 – metacarbonates; 6 – metapyroxenites



some of the mas sifs, men tioned above, were de ter mined as
source rocks (Felicka, 2000; Biernacka and Józefiak, 2009;
Biernacka, 2012a).

Ad di tion ally, pyrope-almandine gar net with an el e -
vated Ca-con tent may be found in granulitic and eclogitic
bod ies of parts of the Bo he mian Mas sif (Kotková, 2007 and
ref er ences therein; see also Fig. 8) that are more in ter nal, in
re la tion to the Sudetes. More over, sev eral dozen grains of
the de tri tal gar nets ana lysed, es pe cially those with low
amounts of grossular and spessartine end-mem bers, cor re -
spond well in com po si tion with de tri tal gar nets from the
Lower Car bon if er ous clastics of the Culm Ba sin, in the east -
ern part of the Bo he mian Mas sif (Tab. 3). Ac cord ing to
Copjaková et al. (2005) and Kotková et al. (2007), this kind
of gar net should have come from the eroded part of the mas -
sif, as gar net of such a com po si tion is not pres ent at the
pres ent-day ero sion level. A sim i lar com po si tion to the de -
tri tal gar nets stud ied also is char ac ter is tic for de tri tal gar nets 
from the Perm ian sand stones and con glom er ates of the
Krkonoše (Karkonosze) Piedmont Ba sin (Martínek and
Štolfová, 2009), which originated in the Moldanubian crys-
talline complexes.

Like the gar nets, the tour ma line data pro vide anal o gous 
clues about prov e nance. The de tri tal tour ma line shows sim -
i lar ity in com po si tion to tour ma line, oc cur ring in sev eral ar -
eas in the Sudetes. These in clude the Karkonosze–Izera
Mas sif, with its meta mor phic en ve lope, the Strzegom Gra-
nitoid Mas sif, the Góry Sowie Block, gra nitic in tru sions
within Jordanów Œl¹ski and the Szklary mas sifs (Janeczek,
1985; Pieczka and Kraczka, 1988; Pieczka, 1996; S³aby and 
Koz³owski, 2005). Tour ma line of schörl-dravite com po si -
tion, com pa ra ble to the de tri tal grains stud ied, is also quite
abun dant in the Variscan, gra nitic rocks of Moldanubicum,
in the Czech part of the Bo he mian Mas sif (e.g., Novák et

al., 2004; Buriánek and Novák, 2007 and ref er ences the-
rein). Tour ma line from these lo cal i ties be longs to the al kali
group and dis plays sim i lar amounts of the main cat ions and
val ues of Mg/(Mg+Fe) in dex, as well as the X-site va cancy,
to that mea sured in the de tri tal tour ma line analysed. More-
over, it occurs as similar colour varieties.

Also com pa ra ble in com po si tion is the de tri tal tour ma -
line, oc cur ring in the Up per Cre ta ceous sand stones in the
North Sudetic Synclinorium (Biernacka and Józefiak, 2009; 
Biernacka, 2012b), which rep re sent re cy cled, clastic ma te -
rial, trans ported from the eroded Bo he mian Mas sif (Bier-
nacka, 2012b). A con sid er able part of the tour ma lines from
the North Sudetic Synclinorium re sem ble in com po si tion
the tour ma lines from pegmatites, oc cur ring in the granulitic
bod ies of the Bo he mian Mas sif, and from the melasyenites
of the Trebíc Pluton from the Moldanubian Zone of the
mas sif (Biernacka, 2012b). There fore, the de tri tal tour ma -
line from the Menilite For ma tion may orig i nate from the
same petrographic source types as the de tri tal tourmaline of
the North Sudetic Synclinorium.

Tak ing into ac count all the sim i lar i ties dis cussed above, 
sev eral ar eas can be con sid ered as pri mary source ar eas for
the gar net and tour ma line pop u la tions stud ied. These in -
clude the Bo he mian Mas sif, a hy po thet i cal area, lo cated S
of the Kraków–Wieluñ Up land or meta mor phic and ig ne ous 
bod ies, lo cated pos si bly in the fore land of the Skole Ba sin
(Fig. 10). Some parts of the Bo he mian Mas sif, such as the
Góry Sowie Mas sif, ap pear to be too small, judg ing by their
pres ent di men sions. How ever, the Góry Sowie Mas sif in
par tic u lar, ac cord ing to Biernacka and Józefiak (2009) may
be un der es ti mated in terms of its size, since a large part of it
may be covered.

The prob lem of prov e nance of the ma jor ity of tour ma -
line and gar net grains, oc cur ring in the heavy min eral as -
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Fig. 10. Sketch-map (based on ¯elaŸniewicz et al., 2011), show ing as sumed lo ca tion of crys tal line mas sifs, which could be pri mary
source ar eas of heavy min er als from Oligocene sand stones in Skole Nappe: 1 – crys tal line com plexes of Bo he mian Mas sif; 2 – hy po thet i -
cal area, pro posed as source area for Mid dle Ju ras sic clastics of Kraków–Wieluñ Up land (see Méres et al., 2012); 3 – hy po thet i cal mas sif,
lo cated di rectly in Skole Ba sin fore land.



sem blages stud ied seems to be ex plained to some ex tent.
How ever, the or i gins of the rel a tively scarce euhedral, well- 
pre served grains, in clud ing tour ma line, zir con, kyan ite and
gar net (Salata and Uchman, 2012), merit brief dis cus sion. If 
crys tal line source mas sifs are to be con sid ered as pos si ble
sources of the min er als, they must have been lo cated in a
more prox i mal po si tion than the Bo he mian Mas sif, in re la -
tion to the Skole Ba sin, dur ing the Oligocene. Such mas sifs, 
eroded or overthrusted by the Carpathian nappes, could
have ex isted in the fore land or within the Skole Ba sin. How -
ever, this hy poth e sis is not con firmed by di rect stud ies. An -
other pos si bil ity for the prov e nance of the euhedral grains is
through re lease dur ing the dis in te gra tion of crys tal line rock
peb bles, pres ent in the source area. Nev er the less, both hypo-
the ses, ex plain ing the prov e nance of euhedral grains, are
contradicted by the scar city and low di ver sity of the peb bles,
found in the sand stones of the Kliva type, among which
mainly sed i men tary rocks and coal par ti cles were found (see
Kotlarczyk and Œliwowa, 1963; Kotlarczyk, 1979).

CON CLU SIONS

The gar nets stud ied dis play a chem i cal com po si tion,
sim i lar to that of the de tri tal gar nets from the Car bon if er ous
and Mid dle Ju ras sic clastics of the Up per Silesia Block sed i -
men tary cover. This im plies that these sed i ments could be
con sid ered as source rocks for the clastic ma te rial in the
Skole Ba sin, dur ing the Oligocene.

The chem i cal com po si tion of the gar nets in di cates that
they were formed in var i ous meta mor phic rocks un der con -
di tions, rang ing from am phi bo lite to eclogite fa cies. How -
ever some of them also may have orig i nated from ig ne ous
bod ies. The com po si tion of tour ma lines, like that of the gar -
nets, in di cates a prov e nance from meta sedi ments and ig ne -
ous rocks, mainly of gra nitic com po si tion. The de tri tal gar -
nets and tour ma lines dis play a re sem blance to gar net and
tour ma line crys tals, oc cur ring in meta mor phic and ig ne ous
rocks of the Bo he mian Mas sif as well as to de tri tal grains,
oc cur ring in clastic sed i ments, which ac cu mu lated in its in -
ter nal bas ins and fore land. This sug gests that the par ent
rocks of the min er als stud ied could be lo cated within the
mas sif. How ever, other hy po thet i cal, up lifted ar eas, com -
posed of meta mor phic and ig ne ous rocks, petro graphi cally
sim i lar to those of the Bo he mian Mas sif and lo cated in the
northern foreland of the Carpathian sedimentary basins,
cannot be excluded as possible source areas.
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