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The Ludlovian greywackes of the Holy Cross Moun tains (HCM) rep re sent a part of the sed i men tary cover of the £ysogóry
and Ma³opolska ter ranes lo cated in the Trans-Eu ro pean Su ture Zone, cen tral Po land. The rocks form the sed i men tary infill of 
the Cal edo nian fore land ba sin that de vel oped at the Tornquist mar gin of Laurussia and had source-ar eas lo cated on the
orogen side of the ba sin. Un til the pres ent, the source terrane of the ba sin has not been iden ti fied in its po ten tial lo ca tion – at
the south-west mar gin of the East Eu ro pean Plat form. The Ludlovian greywackes of both parts of the HCM show a lot of sim i -
lar i ties in clast spec trum, tim ing, and geo chem i cal fea tures, which im plies sim i lar sources of the clastic ma te rial. The
petrographic modal com po si tion and geo chem i cal fea tures in di cate re cy cled orogen sig na tures with a dis tinct undissected,
evolved mag matic arc com po nent. The lat ter is par tic u larly ev i dent from the extraclast spec trum that con tains an de site,
trachyte and dacite clasts. Be side the vol ca nic rocks, the source area con sisted of sed i men tary and metasedimentary rocks
with high amounts of cherts. The geo chem i cal and pet ro log i cal fea tures in the rock suc ces sion point to an evo lu tion of the
tec tonic set ting from an ac tive to a more pas sive mar gin type in di cat ing synorogenic for ma tion of the stud ied rocks. Based on 
the rock re cord, we sug gest that the Up per Si lu rian greywackes orig i nated as a re sult of the col li sion of the Tornquist mar gin
of Laurussia with a vol ca nic arc (here: the Teisseyre Arc) – lo cated prob a bly at the east ern most ex tent of the Avalonian
Plate. In this sce nario, the arc-con ti nent orogen was com posed of an up lifted fill ing of the forearc ba sin, an accretionary
prism, vol ca nic arc rocks, and an ex humed fore land base ment - anal o gously to the pres ent-day Tai wan orogen. The sec ond
key is sue is the palaeo geo graphi cal re la tion be tween the Ma³opolska (Kielce Re gion) and the £ysogóry ter ranes in the Late
Si lu rian. De spite the anal o gous grain com po si tion and clast types, the £ysogóry Re gion greywackes are com posed of dis -
tinctly more al tered de tri tus, which is in ac cor dance with the more dis tal char ac ter of the £ysogóry Ba sin. The lat ter is man i -
fested, e.g., in the lack of Cal edo nian de for ma tions. The pres ent-day ad ja cency of both do mains con tain ing cor re la tive
greywacke for ma tions cou pled with con trast ing al ter ation and Late Si lu rian trans port di rec tions par al lel to the terrane bound -
ary im ply small to me dium-scale (be low palaeomagnetic res o lu tion) left-lat eral move ments of the Ma³opolska and £ysogóry
crustal blocks along the Holy Cross Fault in post-Si lu rian times.
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INTRODUCTION

The Trans-Eu ro pean Su ture Zone (TESZ) crosses Po land
from the north-west to the south-east and sep a rates the East
Eu ro pean Plat form (EEP) and the West Eu ro pean Variscan
mo bile belt. The belt was formed dur ing a mul ti stage ac cre tion
and shuf fling of ter ranes at the south-west mar gin of Baltica and 
later of Laurussia (Pha raoh, 1999; Belka et al., 2002;
Winchester et al., 2002, 2006; Nawrocki and Poprawa, 2006;
Oczlon et al., 2007). The £ysogóry and Ma³opolska ter ranes, lo -

cated in south east ern Po land, rep re sent a part prox i mal to the
EEP. The con sol i da tion time of the crys tal line base ments of
both ter ranes has not been rec og nized. Al though the re la tion of
these ter ranes to Baltica dur ing the Pro tero zoic–Cam brian time
is still a sub ject of de bate (Belka et al., 2002; cf. ̄ elaŸniewicz et
al., 2009; see also Oczlon et al., 2007 and the dis cus sion
therein), its Si lu rian suc ces sions re cord a com mon de vel op -
ment of the Cal edo nian fore land ba sin, re ferred to the
Fennosarmatian sec tor of the Laurussian shelf (Jaworowski,
1971; Poprawa et al., 1999; Katzung, 2001; Koz³owski, 2003;
Nawrocki and Poprawa, 2006; Nawrocki et al., 2007; Koz³owski, 
2008; Fig. 1A).

The Si lu rian fa cies-tec tonic evo lu tion of the £ysogóry
terrane is al most iden ti cal as in the mar ginal part of the EEP
(Tomczyk, 1987; Dadlez, 2001; Narkiewicz, 2002; Koz³owski,
2008). In the case of the Ma³opolska terrane, de spite the cor re -
spond ing Si lu rian fa cies suc ces sion, there are sev eral dis sim i -
lar i ties in re la tion to the ad ja cent £ysogóry terrane (see be low).
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The ob served dif fer ences im ply a pos si bil ity of post-Si lu rian,
small-scale dis place ment of Ma³opolska along the Holy Cross
Fault (e.g., Brochwicz-Lewiñski et al., 1984; Narkiewicz, 2002;
Koz³owski, 2008).

Based on the Si lu rian fa cies pat tern (Jaworowski, 1971) and
the trans port di rec tions (Koz³owski et al., 2004), the south ern part
of the Tornquist branch of the Cal edo nian orogen was lo cated to
the south-west of the £ysogóry and Ma³opolska ter ranes. The Cal -
edo nian hin ter land has not been rec og nized, but the thick fore land 
suc ces sions of both blocks in di cate its pres ence in the Si lu rian
palaeo ge ogra phy (Koz³owski, 2008). Be cause of the lack of the
col li sion zone it self, the Cal edo nian his tory of the south ern part of
the TESZ may only be re con structed based on the sed i men tary
and tec tonic re cord of the fore land area.

The Si lu rian of the £ysogóry and Ma³opolska ter ranes is ex -
posed in only one out crop area – the Holy Cross Moun tains
(HCM) in cen tral Po land. The Pa leo zoic inlier of the HCM is di -
vided by the Holy Cross Fault into two tectono-fa cies do mains
(Czarnocki, 1936, 1950; Fig. 1B). The south ern Kielce Re gion
rep re sents the north ern mar gin of the Ma³opolska terrane,
whereas the area to the north of the fault rep re sents the south -
ern part of the £ysogóry terrane. The Cal edo nian fore land ba sin 
infill, pres ent in both HCM ar eas, is de vel oped as a thick
litharenite-mudstone com plex com monly re ferred to as the
Niewachlów (Kielce Re gion) and Wydryszów (£ysogóry Re -
gion) greywackes (Czarnocki, 1919). Be cause of the high con -
tent of volcaniclastic ma te rial in the greywackes, many au thors
stated a sig nif i cant con tri bu tion of a fresh vol ca nic source in the
for ma tion of the de pos its. How ever, the type and the palaeo -
geo graphi cal con text of this vol ca nic ac tiv ity were dif fer ently in -
ter preted. The fol low ing ideas have been pro posed:

– lo cal vol ca nic sources – intraplate vol ca nism
(Przyby³owicz and Stupnicka, 1991);

– ac tive vol ca nic sources ly ing in ad ja cency in the Si lu rian
and pre served un til the pres ent – e.g., Gemeric Zone of
Slovakia (Kowalczewski, 1974; Romanek and Rup,
1989);

– ax ial part of the Cal edo nian geosyncline (Znosko, 1974);

– a vol ca nic arc lo cated be yond the SW mar gin of the
Ma³opolska terrane – prob a bly in cor po rated in the pres -
ent-day Variscan orogen – the Sudetes (Malec, 2001);

– an arc-con ti nent Cal edo nian orogen lo cated be yond the
SW mar gin of the Ma³opolska terrane (Koz³owski et al.,
2004).

These hy poth e ses are of ten sup ported by valu able data
and ob ser va tions (e.g., Romanek and Rup, 1989; Malec,
2001), but, un for tu nately, they lack proper prov e nance stud ies.

The pur pose of this study was to char ac ter ise in de tail the
prov e nance of the Ludlovian greywackes from both fa cies re -
gions of the Holy Cross Moun tains. The data were col lected in
2001–2003 and the pre lim i nary re sults of the re search were pub -
lished as an ex tended ab stract in 2004 (Koz³owski et al., 2004).
The pres ent study, us ing sub se quent de tailed da ta base anal y -
sis, tested two main hy poth e ses out lined in the ini tial phase of the 
re search. The first of them is the der i va tion of the greywacke de -
tri tus from a sin gle, arc-con ti nent orogen source. The sec ond is
that the con trast in the al ter ation, ob served be tween the
greywackes of both re gions, did not sup port the pres ent-day ad -
ja cency of the Kielce and £ysogóry re gions (Koz³owski et al.,
2004). The fi nal dis cus sion of the cur rent re search is also de -
voted to the palaeo geo graphi cal sig nif i cance of the Si lu rian
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Fig. 1A – dis tri bu tion of Up per Si lu rian greywacke-siltstone fa cies in Po land (dot ted area af ter Jaworowski, 1971) 
and lo ca tion of the Holy Cross Moun tains (HCM); B – dis tri bu tion of Si lu rian rocks in the Holy Cross Moun tains area 
with lo ca tion of the sam pling out crops (out crop num bers com pat i ble with the ap pen di ces and sub se quent fig ures)

Shaded ar eas are re gions with the pres ence of Cal edo nian de for ma tions; BL – Krakow–Myszków Fault, HCD – Holy Cross Fault, 
£T – £ysogóry terrane, MT – Ma³opolska terrane, USM – Up per Silesian Mas sif
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greywackes from the HCM and the con fig u ra tion of the par tic u lar
ter ranes at the mar gin of the EEP in Si lu rian times.

GEOLOGICAL SETTING

The Or do vi cian-Si lu rian suc ces sion in the Kielce Re gion of
the HCM inlier (Fig. 2) un con form ably over lies Cam brian rocks
de formed by the Sandomirian orog eny (Samsonowicz, 1934).
The rel a tively thin Or do vi cian (up to 100 m) is cov ered by up to
300 m thick com plex of grap to lit ic shales be long ing to the
Llandoverian, Wenlockian and Gorstian. The very thin (up to
30 metres) Llandoverian radiolarites and si li ceous shales in di -
cate ini tially very low clastic in put (e.g., Masiak et al., 2003).
Only in the mid dle Llandoverian (up per part of the cyphus
Zone), a sin gle, 0.5 m thick in ter ca la tion of quartz arenite
(Bardo sand stone) oc curs. The Wenlockian–Gorstian part of
the shale suc ces sion is com posed of clayey shales with some
car bo na ceous-rich lev els. The Up per Or do vi cian to Lower Si lu -
rian suc ces sion con tains nu mer ous ben ton ite lay ers (Ryka and
Tomczyk, 1959; Tomczyk, 1970; Langier-KuŸniarowa and
Ryka, 1972; Chlebowski, 1978), which in crease up wards in
num ber and thick ness. 

The first greywacke in ter ca la tion in the Kielce Re gion oc -
curs at the base of the Saetograptus leintwardinensis Zone
(Tomczyk, 1956). The fol low ing Niewachlów Beds (Czarnocki,
1919) are com posed of lithic arenites, wackes, mudstones and
fine-grained con glom er ates. The of ten ob served graded bed -
ding in di cates a de po si tion by turbiditic cur rents (Koz³owski and
Tomczykowa, 1999; Malec, 2001). The mudstone-shale
interbeds con tain rare graptholites (Bohemograptus bohemi -
cus; Tomczyk, 1970) in di cat ing an early Ludfordian age of the
greywackes. Be cause of the tec tonic de for ma tion and pres -
ence of the an gu lar un con formity above, the to tal thick ness of
the Niewachlów Beds is dif fi cult to es ti mate. The trace able con -
tin u ous thick ness of the for ma tion in the Bardo Syncline and
Niestachów Inlier is around 300 m (Koz³owski, 2008).

Lo cally, i.e., mostly in the ax ial part of anticlines, the
Niewachlów Beds are suc ceeded by clayey shales in ter ca lated
with sublithic and quartz arenites, re ferred to the Kielce Beds
(Malec, 2001). The to tal thick ness of the Kielce Beds is like wise
dif fi cult to es ti mate, how ever, it is not less than 400 m (see dis -
cus sion in Koz³owski, 2008). The re de pos ited ben thic
Ludfordian fauna oc curs in the Niewachlów and Kielce Beds
and shows dis tinct Laurussian [Bal tic (Baliozoma erraticum
Shrank)], Avalonian [Dalmanites nexilis (Salter)] and Lau ren -
tian (Helokybe cf. spio Thomas) af fin i ties (Tomczykowa, 1993).

Flute marks and cross-bed ding in the Niewachlów and
Kielce Beds (Fig. 3) in di cate dom i nance of de tri tus trans port
from the W and SW (Koz³owski et al., 2004). The trans port di -
rec tions con firm the in ter pre ta tions that the greywacke de tri tus
was de rived from the west, i.e., from out side the con ti nent
main land (e.g., Jaworowski, 1971; Malec, 2001).

The top of the Si lu rian suc ces sion in the Kielce Re gion is
formed by the lo cally pre served Miedziana Góra Con glom er ate. 
The con glom er ate is com posed of clasts of Or do vi cian sand -
stones and Mid dle Cam brian quartzites (Czarnocki, 1936), re -
ferred to the ex humed lo cal, pre-Si lu rian sub stra tum (Koz³ow -
ski, 2008).

The Si lu rian sed i men tary rocks in the Bardo Syncline
(Kielce Re gion, see Fig. 1 for lo ca tion) are cross-cut by a
diabase sill that oc curs near the bound ary be tween the Lower
Si lu rian shales and the Up per Si lu rian greywackes. The rock
geo chem is try is typ i cal of a con ti nen tal extensional set ting
(Krzemiñski, 2004). Prefolding mag ne ti za tion (Nawrocki, 2000)

and 40Ar-39Ar iso tope ages at 432 ± 2 Ma (Nawrocki et al., 2007) 
and 412 ± 2 and 415 ± 2 Ma (Nawrocki et al., 2013) in di cate its
for ma tion dur ing ba sin de vel op ment.

The Si lu rian rocks in the Kielce Re gion were folded prior to
the sed i men ta tion of ?Pragian–Emsian sand stones (Kowal -
czewski and Lisik, 1974) which un con form ably cover the Cal -
edo nian syn clines or, more of ten, are spread over the Cam -
brian sub stra tum de formed ear lier by the pre-Tremadocian
Sandomirian fold ing. De formed Si lu rian sed i men tary rocks are
pre served only in a few ar eas – mainly syn clines, most prob a bly 
rep re sent ing Cal edo nian graben struc tures (Fig. 1). The max i -
mum thick ness of the most com plete Si lu rian suc ces sion in the
Ma³opolska terrane is re corded in the Miêdzygórz Syncline
where the to tal thick ness may ex ceed 1000 m (Tomczyk, 1954;
Tomczyk, 1974: fig. 13; Po¿aryski and Tomczyk, 1993: fig. 15).
The Lower Pa leo zoic rocks of the Kielce Re gion show low ma -
tu rity of or ganic mat ter (CAI 1–2), which in di cates its low
diagenetic im print (Narkiewicz, 2002).

In the £ysogóry Re gion, the Llandoverian to Gorstian grap -
to lit ic shales suc ces sion, 300 m thick, is fol lowed by 500 m thick
lithic arenites and shales, re ferred to the Trzcianka For ma tion
(Koz³owski, 2008). The change from shales to greywackes oc -
curred above the Saetograptus leintwardinensis Zone
(Deczkowski and Tomczyk, 1969; Tomczyk, 1970), hence with
some de lay in re la tion to the Kielce Re gion. The Trzcianka For -
ma tion, in com par i son to the Niewachlów Beds, con tains thin -
ner and finer-grained, graded bed ding arenite in ter ca la tions.
The for ma tion com prises many more mudstone interbeddings
than its coun ter part from the Kielce Re gion (Koz³owski, 2008).
The shale in ter ca la tions con tain rare graptolites rep re sent ing
Bohemograptus bohemicus which in di cates an early Ludfordian 
age of these rocks (Tomczyk, 1970). Re de pos ited ben thic
fauna from the coars est beds of the Trzcianka For ma tion is rep -
re sented only by rare small cri noids (up to 2 mm across;
Koz³owski, 2008). The dom i nant trans port di rec tions in the
£ysogóry Re gion (Fig. 3) were from the WNW (Koz³owski et al.,
2004). Above the greywackes of the Trochowiny For ma tion,
there is a mo not o nous shale-siltstone com plex re ferred to the
Trochowiny For ma tion. It is 550 m thick and rep re sents the
coun ter part of the Kielce Beds from the Kielce Re gion
(Koz³owski, 2008). The shal low-ma rine (e.g., oolitic) sed i ments
above the Trochowiny shales (Koz³owski, 2003), of Mid dle
Ludfordian age (Koz³owski and Munnecke, 2010), in di cate that
the lower Ludfordian suc ces sion filled up the outer part of the
shelf and formed a clastic wedge (Koz³owski, 2003) in a fore -
land set ting (Narkiewicz, 2002). The sed i men ta tion in the filled
to over filled (Koz³owski, 2008) stages of the fore land ba sin evo -
lu tion con tin ued into the De vo nian with out any de for ma tion
(Czarnocki, 1950). The Si lu rian rocks in the £ysogóry Re gion
are con form ably cov ered by a thick De vo nian suc ces sion
folded dur ing the Variscan orog eny. The Lower Pa leo zoic rocks 
of the £ysogóry Re gion show a rel a tively higher ma tu rity of or -
ganic ma te rial (CAI 3–5) which in di cates its me dium diagenetic
im print (Narkiewicz, 2002).

MATERIAL AND METHODS

Sam ples were col lected from mac ro scop i cally
unweathered, free of car bon ate veins, parts of the sand stone
beds. Two sam ples of peb ble sand stone (nos. 67 and 70) were
col lected be cause finer ma te rial was un avail able. Beds con sid -
ered as rep re sen ta tive for the av er age sand stone li thol ogy for
the ob served part of suc ces sion have been cho sen in each out -
crop. To avoid the ef fect of in ter nal com po nents frac tion ation in -
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Fig. 2. Lithostratigraphy of the Si lu rian in the £ysogóry and Kielce re gions with the strati graphic po si tion of the 
sam ples (£RG: no. 41–53; KRG: no. 61–77)

BS – Bardo sand stone, SB – Stawy ben ton ite af ter Koz³owski (2008); LL+We – Llandoverian and Wenlockian; 
thick nesses in the Kielce Re gion partly mod i fied af ter Tomczyk (1954, 1974: fig. 13), Po¿aryski and Tomczyk

 (1993: fig. 15); other ex pla na tions as in Fig ure 1
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side the bed, thick beds with in ter nal graded bed ding have been 
omit ted. Pref er en tially, the well-mixed, mas sive or plane-par al -
lel beds, or ex cep tion ally thin, graded bed ded beds (sam pled
across the whole thick ness), were sam pled.

Thirty-two sam ples of greywackes were se lected for
petrographic and geo chem i cal anal y ses (Figs. 1B and 2). The
sam ple set of the Kielce Re gion greywackes (KRG) in cludes
greywackes from the Niewachlów Beds (filled cir cles in the
Figs. 1 and 2) and fine-grained sand stones from the Kielce
Beds (open cir cles in the Figs. 1 and 2). The sam ple set of the
£ysogóry Re gion (£RG) in cludes greywackes from the
Trzcianka For ma tion (filled tri an gles in the Figs. 1 and 2) and
fine-grained sand stone interbeddings from the Trochowiny For -
ma tion (open tri an gles in the Figs. 1 and 2).

For com par i son, the Llandoverian Bardo sand stone (the
only Si lu rian coarse clastic interbedding be fore the Ludlovian;
BS, squares in the Figs. 1 and 2) and the low er most
Wenlockian Stawy ben ton ite (pre-Ludlovian pyroclastic sed i -
ment; SB), were col lected and ana lysed.

The petrographic in ves ti ga tion was based on thin sec tion
modal anal y ses with 300 (coarser beds) to 500 (finer grained)
points count ing, us ing the Gazzi-Dickinson method (Dickinson,
1970; Ingersoll et al., 1984). In each thin sec tion, 300 grains were 
counted sep a rately from the ma trix (grains <0.03 mm were
counted sep a rately as the ma trix for the es ti ma tion of its con -
tent). The ma trix con tent is 22%, in di cat ing slight diagenetic
changes of the modal com po si tion, hence al low ing to as sume
that the point-counted modal com po si tion re flects the orig i nal
com po si tion of the de tri tus (e.g., Dickinson et al., 1983).

The point com po nents were de ter mined in a 0.0625 mm di -
am e ter area around the cross hairs of the mi cro scope. De tri tal
grains <0.0625 mm were clas si fied sim ply ac cord ing to the

whole grain com po si tion. De tri tal grains >0.0625 mm were clas -
si fied ac cord ing to their com po si tion ex clu sively in the tar get
area (0.0625 mm di am e ter-cir cle), even when they were mono -
mineral com po nents of a larger lithic frag ment. This re sulted in
count ing of the coarse-grained (monomineral grains
>0.0625 mm, e.g. plutonic) rocks as in di vid ual com po nents
(hence the lack of plutonic grains in the re sults of point count -
ing). The aim of the pro ce dure was to min i mize the ef fect of the
grain size on the modes (Gazzi, 1966; Dickinson, 1970).

Cherts, the rest of the polycrystalline quartz grains and
monocrystalline quartz with un du la tory and straight ex tinc tions,
were counted sep a rately. Clasts of sed i men tary rocks with vis i -
ble dis tinct marks of diagenetic or meta mor phic trans for ma tions 
(Lms) and al most unchanged sed i men tary grains (Ls) were
also counted sep a rately. Plutonic grains, mus co vite, bi o tite,
and heavy min er als were counted ad di tion ally, in de pend ently of 
the main pro ce dure de scribed above, to es ti mate their gen eral
abun dance in the sam ples.

To cal cu late the av er age grain size, the stan dard de vi a tion
(sort ing) and skew ness were de ter mined, and mea sure ments
of the av er age di am e ter of 100 grains in each thin sec tion were
per formed.

The re sults of the point count ing, grain mea sure ments and
cal cu lated petrographic pa ram e ters are shown in Ap pen dix 1*.

Whole rock chem i cal anal y ses of the sam ples were per -
formed at ACME Labs, Van cou ver, Can ada. Abun dances of the 
ma jor ox ides and mi nor trace el e ments were de ter mined by In -
duc tively Cou pled Plasma – Atomic Emis sion Spec trom e try
(ICP AES), whereas those of rare earth and re frac tory el e ments 
- us ing In duc tively Cou pled Plasma – Mass Spec trom e try (ICP
MS). The re sults of the geo chem i cal anal y ses of the sam ples
are shown in Ap pen dix 2.

The stud ied rocks have been clas si fied ac cord ing to the
petrographic clas si fi ca tion of clastic rocks pro posed by
Pettijohn et al. (1972) and the geo chem i cal clas si fi ca tion of
greywackes of Pettijohn et al. (1987). The ma trix type has been
clas si fied ac cord ing to Eynatten et al. (2003).

RESULTS

PETROGRAPHY

Com po si tion of the Up per Si lu rian greywackes from
the Kielce Re gion (KRG). The KRG are mostly lithic arenites
with mi nor sublithic to subarkosic arenites and lithic and arkosic
wackes (Fig. 4). The rocks are mostly grain-sup ported, with ma -
trix ranges from 3 to 19% (with a mean of 11%). Tex tur ally they
are im ma ture, poorly to mod er ately sorted and fine- to
coarse-grained. Two sam ples rep re sent fine-grained con glom -
er ates. The ma trix is com posed of clays and highly al tered fine
frame work grains, there fore it is clas si fied as pseudomatrix.

The grains are sub-an gu lar to rounded. The grain spec trum
is dom i nated by quartz or lithics, with some ad di tion of feld spars 
(Ap pen dix 1). The av er age QFL modal com po si tion of the KRG
is Q51F16L33. The KRG sam ples have low compositional ho mo -
ge ne ity, with a very wide spec trum of the modal com po si tion
(Fig. 4, Ap pen dix 2). Quartz grains dom i nate in ma jor ity of the
sam ples, but six of the sam ples (64, 66, 67, 68, 70 and 73) con -
tain more lithic frag ments than quartz grains. The ab so lute
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Fig. 3. Di a grams of trans port di rec tions (af ter Koz³owski et al.,
2004) of the Ludlovian greywackes from the £ysogóry and
Kielce re gions (Holy Cross Fault stands for the bound ary be -
tween the re gions)

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1160
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abun dance of quartz ranges from 18 to 88% (mean 51%).
Monocrystalline quartz dom i nates in ma jor ity of the sam ples
(mean Qm in Q is 65%; see Ap pen dix 1 for ab bre vi a tions).
Quartz gen er ally shows un du la tory ex tinc tion (mean Qu in Qm
is 64%), but in a few sam ples there is a strong dom i nance of
quartz grains with straight ex tinc tion (Qu in Qm ~ 9–25%). The
Qm grains with straight ex tinc tion of ten oc cur as an gu lar grains
with resorbed mar gins, which may be as so ci ated with a rapid
cool ing pro cess and a vol ca nic or i gin (Fig. 6C). Within the KRG, 
a smaller (than in case of the £RG) part of polycrystalline quartz 
grains is rep re sented by cherts (mean ch in Qp = 34%).

The KRG rocks con tain var i ously abun dant feld spar grains
(8–31%, mean 16%). The con tri bu tion of plagioclase ranges
from 21 to 73% (Ap pen dix 2). Plagioclase grains are com monly
sub-an gu lar or sub-rounded with char ac ter is tic con cen tric
compositional zon ing and polysynthetic twinning (Fig. 6F).
K-feld spar ap pears as orthoclase or rarely microcline (Fig. 6E).
All feld spars are mod er ately al tered.

The abun dant lithics (mean 35%) are mainly of vol ca nic
(Fig. 5A–F) or sed i men tary or i gin, with av er age modal com po -
si tion L100 = Lv49 + Ls32 + Lms19 (Fig. 6A, B). Vol ca nic clasts are
gen er ally of three types (Fig. 5A–F). The first type is mi cro-por -
phy ritic an de site with euhedral pheno crysts of mod er ately al -
tered plagioclase and hornblende (Fig. 5E, F). Most hornblende 
pheno crysts ex hibit rims with abun dant cryptocrystalline op -
aques. The groundmass is dom i nated by feld spar, quartz,
opaque min er als and brown relicts of glass. The sec ond type is
microcrystalline rhy o lite to dacite with pheno crysts of
plagioclase, K-feld spar, quartz (of ten with resorbed mar gins),
and oc ca sion ally bi o tite (Fig. 5C, D). The last type is trachyte -
fine-grained aphyric rock with the min eral com po si tion dom i -
nated by sanidine. Sanidine is pres ent as microphenocrysts in
the groundmass, of ten with clear, sim ple twins. The rock ex hib -
its a dis tinct trachytic tex ture. Sec ond ary min er als, prob a bly re -
plac ing glass or mafic min er als, oc cur within the in ter sti tial ar -
eas (Fig. 5A, B).

Sed i men tary rock frag ments are rep re sented by
fine-grained wackes, siltstones and arenites (Fig. 6A, B).
Cherts (in cluded in the Qp grains pa ram e ter) are also fre quent
(Fig. 5G, H), but rarely stand for the dom i nant type of the sed i -

men tary rock frag ments (the mean con tri bu tion of cherts among 
all sed i men tary rock frag ments is 38%).

The meta mor phic grains con tain slightly meta mor phosed
greywackes to siltstones and less fre quent quartzites
(Fig. 6B, D). Rare min ute clasts of plutonic rocks have gra nitic
com po si tions and con sist of quartz, feld spar and mica.

De tri tal mica abun dance in the KRG is up to 12% of grains
(mean 5%). Mus co vite and bi o tite ap pear in a wide range of ra -
tios. Ac ces sory and heavy min er als con sti tute <4% in all the
sam ples and are mainly rep re sented by zir con, ap a tite and
opaque min er als.

Com po si tion of the Up per Si lu rian greywackes from the
£ysogóry Re gion (£RG). The £RG can be clas si fied, in gen -
eral, as sublithic-lithic arenites, lithic wackes and rarely quartz
wackes (Fig. 4). The rocks are grain- to ma trix-sup ported with
the ma trix con tent in the range of 8 to 22% (with the mean of
15%). The ma trix is com posed of clays and highly al tered fine
frame work grains, hence it should be clas si fied as
pseudomatrix. Tex tur ally, the £RG are im ma ture, poorly to
mod er ately sorted and fine- to me dium-grained. The main
frame work grains are sub-an gu lar to rounded. Quartz strongly
dom i nates with some ad di tion of lithics and feld spars. The av er -
age QFL modal com po si tion of the £RG is Q76F8L16. The £RG
sam ples have a higher compositional ho mo ge ne ity than the
KRG sam ples, with a nar rower spec trum of modal com po si tion
(Fig. 4, Ap pen dix 2). Quartz is the most abun dant com po nent
within all the sam ples with the ab so lute abun dance rang ing
from 59% to 97% (mean 76%). Monocrystalline quartz in all
£RG sam ples is more abun dant than polycrystalline quartz
(mean Qm in Q = 68%). Monocrystalline quartz with un du la tory
ex tinc tion is dis tinctly more abun dant than grains with straight
ex tinc tion in all £RG sam ples (mean Qu in Qm 77%). Al most
half of the polycrystalline quartz grains are cherts (mean ch in
Qp = 43%).

Be sides quartz, the greywackes con tain a wide spec trum of
lithics, in clud ing vol ca nic, sed i men tary, meta mor phic and
plutonic (gran ite type) rock frag ments (L100 = Lv54 + Ls32 +
Lms14). The most abun dant are vol ca nic clasts of the same
types as in the case of the KRG (Fig. 5). They are mostly of in -
ter me di ate (tra chytes, andesites) and, in a mi nor part, of fel sic
(rhyolites to dacites) types (Lvin ter me di ate : Lvfel sic = 3:1). Andesites
show a mi cro-por phy ritic tex ture with pheno crysts of euhedral,
zoned plagioclase within a fine-grained ma trix. Rhyolites and
dacites are of ten metasomatically si lici fied. They also con tain
abun dant quartz, feld spar and bi o tite pheno crysts.

Cherts are the most fre quent grains of sed i men tary or i gin.
Their mean con tent in all the sed i men tary grains is 60%, with
SD = 15.3. Rarely, fine-grained greywackes and siltstones are
also ob served. The meta mor phic frag ments con sist mainly of
metagreywacke and metasiltstone, while quartzites are less fre -
quent. Rare plutonic rock frag ments are rep re sented by gran -
ite-type grains com posed of quartz, feld spar, mus co vite and
sec ond ary min er als (chlorite).

The £RG sam ples con tain rare feld spars (mean 8%).
Plagioclase dom i nates over al kali feld spar in a ma jor ity of the
sam ples (mean P in F = 53%). Plagioclase oc curs as
polysynthetic twins and some times as zoned, sub-an gu lar to
sub-rounded crys tals. K-feld spar ap pears as orthoclase, perth -
ite and rarely microcline. Nu mer ous feld spars show al ter ation to 
seri cite and kaolinite.

Mica abun dance is up to 11% of grains (mean 5.5%). Mus -
co vite, in gen eral, dom i nates over bi o tite. Ac ces sory and heavy
min er als con sti tute <3% of the sam ples and are mainly rep re -
sented by zir con, ap a tite and opaque min er als.
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Fig. 4. Pet ro log i cal clas si fi ca tion of the stud ied sed i ments
based on grain com po si tion (Petttijohn et al., 1972)

F – feld spar, L – lithoclasts, Q – quartz
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Fig. 5. Pho to mi cro graphs of greywackes show ing a sim i lar ity of the clast types in the £RG (A, C, E, G) and KRG (B, D, F, H)

A, B – trachyte clasts; C, D – rhy o lite/dacite clasts; E, F – an de site clasts; G, H – chert clasts;
 all pho to graphs taken un der crossed polars



Com po si tion of the Bardo sand stone (BS –
Llandoverian). The BS is clas si fied as subarkosic arenite:
mod er ately coarse-grained, grain-sup ported (grains con tent
94%), tex tur ally ma ture and mod er ately sorted. The main
frame work grains com prise rounded quartz, with a small ad di -
tion of feld spar and lithics. The QFL modal com po si tion of the
BS is Q88F8L4. Within the quartz grains pop u la tion,
monocrystalline (Qm in Q = 72%) un du la tory (Qu in Qm = 85%)
quartz is the most abun dant type. Cherts con sti tute only a sub -
or di nate part of the polycrystalline quartz grains (ch in Qp is
12%). Feld spar grains are mainly K-feld spar (P in F = 23%) with 
abun dant microcline. All the feld spars are strongly al tered. The
lithoclasts are mostly rep re sented by frag ments of sed i men tary
rocks (quartz arenites and siltstones). The de tri tal mus co vite
abun dance of the BS amounts to ~2% of grains. Bi o tite is less

fre quent (~1%). Ac ces sory min er als are rep re sented by
glauconite (~4%) and zir con.

GEOCHEMICAL COMPOSITION OF THE GREYWACKES

Ma jor el e ments. The con cen tra tions of the ma jor el e ments
ana lysed in the sam ples are pro vided in Ap pen dix 2. Ac cord ing
to the geo chem i cal clas si fi ca tion, both sam ple suites are dom i -
nated by litharenites with mi nor subarkoses and greywackes
(KRG; Fig. 7), which is con sis tent with the petrographic ob ser -
va tions. The stud ied rocks have a high In dex of Compositional
Vari abil ity (ICV; Cox et al., 1995) in di cat ing that they are
geochemically im ma ture (1.27 for £RG and 1.1 for KRG).

The greywackes from the Kielce Re gion (KRG) gen er ally
show wider and lower av er age SiO2 con cen tra tions (65–88%,
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Fig. 6. Pho to mi cro graphs of greywackes show ing clasts other than the vol ca nic type

Ex am ples come from the KRG: A, B – sed i men tary clasts; C – cor roded quartz grains of vol ca nic or i gin; 
D – meta mor phic clast (quartz ite); E – microcline grain; F – plagioclase grain; Mc – microcline; Plg – plagioclase; 

Qtz – quartz; all pho to graphs taken un der crossed polars
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mean 74.17%) than the greywackes from the £ysogóry Re gion
(£RG; 68–85%, mean 76.97%). In com par i son to the
Post-Archean Aus tra lian Shale (PAAS; Tay lor and McLennan,
1985), the sam ples yield low Al2O3 (12.18 and 10.03% on av er -
age, re spec tively). The Al2O3/SiO2 ra tios of the KRG are gen er -
ally higher (with a mean of 0.17) than the Al2O3/SiO2 ra tios of
the £RG (with a mean of 0.13). The Al2O3 con tent shows a dis -
tinct neg a tive cor re la tion with the SiO2 abun dance over the en -
tire sam ple set (Fig. 8). It may sug gest hy dro dy namic sort ing
be tween sand and clay (e.g., Roser, 2000). How ever, the alu -
mina-rich sam ples of the KRG rep re sent rel a tively the coars est
arenites with a low clay con tent, hence the el e vated Al2O3/SiO2

ra tios of the KRG, prob a bly re flect ing higher amount of feld -
spars plus lithic frag ments. It may be con firmed by the pos i tive
cor re la tions (£RG r2 = 0.61; KRG r2 = 0.81) of the Al2O3 con tent
with the to tal (mo lar) amount of al ka lis (Fig. 8). The to tal con -
cen tra tion of K2O, Na2O and CaO in the KRG suite is gen er ally
two times higher (av er age around 4%) than in the £RG sam ple
group (av er age around 2%). The stud ied sed i men tary rocks
show a wide spec trum of K2O/Na2O ra tios in case of both the
suites, how ever with a dis tinct dom i nance of ra tios be low 1. The 
CaO* (CaO af ter ap a tite cor rec tion) abun dances are low (be low 
1%) and in the case of the KRG they are pos i tively cor re lated
with the Na2O con tent (r2 = 0.47; in the case of £RG r2 = 0.06). It
sug gests that the al kali con tents are con trolled by plagioclase
at least in the KRG suite.

The Harker vari a tion di a gram of the TiO2 against Al2O3

abun dances (Fig. 8) does not show clear dif fer ences be tween
the spec trum of the TiO2/Al2O3 ra tios in the two sam ple suites.
The mod er ate pos i tive cor re la tion be tween both abun dances of 
ox ides sug gests that Ti is in large part con tained in the
phyllosilicates (Condie et al., 1992). The £RG show in gen eral a 
stron ger de ple tion in P2O5 and MnO in com par i son to the KRG
suite (Ap pen dix 2).

Both sam ple suites re veal rel a tively high Fe2O3 abun -
dances (mean KRG: 6.32%; mean £RG: 8.89%) and mod er ate
MgO abun dances (mean KRG: 1.69%; mean £RG: 1.35%).
The MgO abun dances show con sis tent pos i tive cor re la tion with 
the Al2O3 con tent in the whole sam ple set (Fig. 8). The £RG and
part of the rel a tively quartz-rich KRG sam ples show rel a tive en -
rich ment in Fe. Fe2O3 plot ted against the K2O abun dances
(Fig. 8) in di cates a con trast be tween this as sem blage and the
rest of the sam ples. The £RG and part of the low-Al2O3/SiO2

KRG sam ples show Fe2O3/K2O ra tios above 5, char ac ter is tic of
Fe-sand stones, whereas the re main ing KRG sam ples show
Fe2O3/K2O ra tios be tween 5 and 1 – char ac ter is tic of lith -
arenites (Herron, 1988). The ob served con trast may in di cate a
dif fer ent diagenetic his tory of both groups, with in flu ence of sid -
er ite for ma tion in the £RG suite (oc ca sion ally found in the suc -
ces sion as con cre tions) and in the top part of the KRG (Kielce
Beds). The ma jor part of the quartz-poor KRG sam ples shows
neg a tive cor re la tion be tween K and Fe ox ides (Fig. 8), prob a bly
re flect ing mix ing be tween the lithic and feld spar com po nents
and var i ous ad mix tures of bi o tite.

In com par i son with the Ludlovian greywackes, the
Llandoverian Bardo sand stone (BS) shows higher SiO2 con -
cen tra tions (89.35), lower TiO2 abun dances (0.38%), lower to tal 
Fe2O3 + MgO con cen tra tions (2.8%), much lower Al2O3/SiO2 ra -
tio (0.04) and much higher K2O/Na2O ra tio (6.79). The Bardo
sand stone in re la tion to the Ludlovian greywackes shows a
stron ger de ple tion in MnO and is clearly en riched in P2O5.

Trace el e ments. Trace el e ment con cen tra tions in the sam -
ples are given in Ap pen dix 2. In the multi-el e ment di a gram (af -
ter Floyd et al., 1991) nor mal ized to the Up per Con ti nen tal
Crust (UCC – val ues af ter Tay lor and McLennan, 1985), the
KRG and £RG sam ples show a sig nif i cant de ple tion in mo bile
large ion lithophile el e ments (LILE), i.e., K, Rb, Sr, and Ba,
higher than the UCC con cen tra tions of the ferro mag nesi an el e -
ments (V, Cr, Ni), and a mod er ate de ple tion in high field
strength el e ments (HFSE) rep re sented by Ta and Nb (Fig. 9).
The KRG and £RG sam ples show typ i cal of the UCC abun -
dances of Sc, Ti and heavy rare earth el e ments (HREE), how -
ever, with par al lel rel a tive de ple tion in light rare earth el e ments
(LREE) and Th. The £RG and quartz-rich KRG sam ples have a
stron ger en rich ment in heavy min eral el e ments (Hf-Y) in com -
par i son to the quartz-poor KRG sam ples. The £RG show an
over all de ple tion in im mo bile trace el e ments in re la tion to the
KRG, with strong pos i tive cor re la tion be tween Th and Sc (£RG
r2 = 0.59), not ob served in the KRG suite (r2 = 0.07).

Ru bid ium abun dances in the £RG and quartz-rich KRG
sam ples show a sig nif i cant cor re la tion with the K abun dances
(K/Rb ra tio close to the crustal av er age of 230). The quartz-poor 
KRG sam ples show a rel a tive K over Rb, en rich ment with the
K/Rb ra tios up to 425 (Fig. 8). This value is atyp i cal for con ti nen -
tal crust sources. The lower val ues of the K/Rb ra tio in the £RG
suite may be con trolled by rel a tive Rb en rich ment in more dif fer -
en ti ated source rocks (Shaw, 1968) and/or their lon ger weath -
er ing his tory man i fested in rel a tive K de ple tion (Heier and Bill -
ings, 1970).

Stron tium abun dances show a sig nif i cant cor re la tion with
CN (CaO* + Na2O mole abun dances with *ap a tite cor rec tion for 
CaO) in the quartz-poor KRG sam ples (Fig. 8). It sug gests
plagioclase as the dom i nant Ca-, Na- and Sr-bear ing min eral in
the sam ples. The re main ing sam ple set con tains rel a tively low
but con stant Sr abun dances (Fig. 8). Hence, the Sr abun -
dances in quartz-rich sam ples are prob a bly con trolled by a vari -
able pro por tion of plagioclase and clay min er als (the lat ter with
ad sorbed Sr). Bar ium abun dances show a pos i tive cor re la tion
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Fig. 7. Geo chem i cal clas si fi ca tion of the Si lu rian greywackes
from the Holy Cross Moun tains (clas si fi ca tion di a gram af ter

Pettijohn et al., 1987)

Ex pla na tions as in Fig ure 1
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Fig. 8. Se lected el e ment – ma jor ox ide vari a tion di a grams for the Si lu rian greywackes 
from the Holy Cross Moun tains

Ex pla na tions as in Fig ure 1



with K (not il lus trated) and are three times lower as com pared to 
the UCC in the £RG and quartz-rich KRG sam ples. The
quartz-poor KRG sam ples have Ba abun dances only slightly
de pleted in re la tion to the UCC.

The KRG and £RG suites are sig nif i cantly en riched in ferro -
mag nesi an trace el e ments (Cr, V, Ni) in re la tion to the UCC
(Fig. 9). The £RG is en riched in Ni and de pleted in Cr in com -
par i son to KRG, which may in di cate frac tion ation be tween
these el e ments dur ing more in tense weath er ing and sort ing of
the £RG (Floyd et al., 1989; Feng and Kerrich, 1990). Be side
the quartz di lu tion ef fect es ti mated from abun dances of other
el e ments, the £RG show some ad di tional de ple tion in Sc and Y
in re la tion to the KRG.

The Bardo sand stone, in re la tion to the Ludlovian
greywackes, shows a de ple tion in LILE, sig nif i cant de ple tion in
ferro mag nesi an trace el e ments, de ple tion in HFSE and sig nif i -
cant en rich ment in heavy min eral el e ments (Fig. 9). The abun -

dance of HREE (Yb) and LREE (La) typ i cal of the UCC, along
with the dis tinct en rich ment in Ce and P, may in di cate an im por -
tant ad mix ture of monazite in the heavy min eral spec trum.

Rare Earth El e ments (REE). The to tal REE abun dances
are sim i lar for both £RG and KRG sam ples (av er age 109.3 and
122.4, re spec tively), and are in both cases lower than in PAAS
(185 ppm, Tay lor and McLennan, 1985) and UCC (146 ppm,
McLennan, 1989). In the rel a tively low-ma tured KRG suite, the
SREE does not ex ceed 150 ppm, whereas in the quartz-rich
Bardo sand stone the SREE is typ i cal of PAAS (186 ppm). It
sug gests a rel a tively low abun dance of SREE in the source
rocks of the KRG and £RG, ad di tion ally di luted by quartz in the
case of the £RG suite (e.g., Tay lor and McLennan, 1985; Bock
et al., 2000).

In the KRG suite, there is a sig nif i cant pos i tive cor re la tion
be tween the abun dances of SREE and Hf-Zr (r2 = 0.67,
r2  =  0.58) and Th (r2 = 0.63), and a mod er ate pos i tive cor re la -
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Fig. 9A – multi-el e ment pat terns for the av er age KRG, £RG and the Bardo sand stone (BS) nor mal ized to the Up per
Con ti nen tal Crust (val ues af ter Tay lor and McLennan, 1985; method af ter Floyd et al., 1991); B – the £RG/KRG

com par i son di a gram show ing higher al ter ation and more pas sive mar gin sig na tures of the £RG

The val ues typ i cal of the av er age com po si tion of the Late Pro tero zoic and Phanerozoic greywackes as so ci ated with the:
pas sive mar gin (PM), con ti nen tal is land arc + ac tive con ti nen tal mar gin (CAAM), oce anic is land arc (OIA), and oce anic

within plate set ting (OWP) – af ter Floyd et al. (1991)



tion be tween the SREE and Nb, Ti (r2 = 0.3, r2 = 0.26), and P2O5

(r2 = 0.17) abun dances. In the case of the £RG sam ples, the
cor re la tion be tween the abun dances of SREE and Hf-Zr does
not oc cur (r2 = 0.0). How ever, high to mod er ate pos i tive cor re la -
tions of SREE with Th (r2 = 0.51), Nb, Ti (r2 = 0.51, r2 = 0.41) and 
P2O5 (r

2 = 0.25) are pres ent. In the £RG suite, ad di tional mod er -
ate cor re la tions be tween SREE and the Al2O3/SiO2 ra tio
(r2 = 0.21), and be tween SREE and the K and Sr abun dances
(0.2 and 0.48, re spec tively) can be ob served.

The dif fer ence be tween the £RG and the KRG in the
REE-Zr cor re la tion may be ex plained by the pres ence of dif fer -
ent car ri ers of Zr in these sam ple suites. The mod er ate neg a -
tive cor re la tion be tween Zr and Al2O3 in the £RG (r2 = 0.35) sug -
gests Zr abun dances con trolled by free zir con grains in this
suite (see e.g., Roser, 2000). In the KRG, the neg a tive cor re la -
tion is very low (r2 = 0.14), hence the Zr abun dances are con -
trolled rather by spe cific lithic frag ments, i.e., clast spec trum
com po si tion un re lated to sort ing. The low im por tance of free zir -
con grains as car ri ers of REE in the KRG, de spite of the strong
cor re la tion of Zr-REE abun dances, is sug gested by the low
neg a tive cor re la tion be tween the Zr abun dance and the
LaN/YbN ra tio (r2 = 0.1). Be cause zir con shows an al most lin ear
HREE over LREE frac tion ation (Belousova et al., 2002), a neg -
a tive cor re la tion be tween the Zr abun dance and the LaN/YbN ra -
tio should be ex pected in the case of the zir con suite of REE.
More over, the to tal REE abun dances of the KRG also show a
very low cor re la tion with the GdN/YbN ra tio, which should be
low ered in the case of zir con ad di tion (McLennan, 1989).

The sec ond im por tant re la tion ships, par tic u larly in the case
of the £RG, are sig nif i cant cor re la tions be tween the REE con -
tent and Th, Ti, and Nb abun dances, with ad di tional dis tinct cor -
re la tions be tween these el e ments (£RG: Th-Ti r2 = 0.7; Th-Nb r2

= 0.68; KRG: Th-Ti r2 = 0.19; Th-Nb r2 = 0.59). The con sis tent
vari a tions in the REE-Th-Ti-Nb abun dances may sug gest
REE-, Ti-, and Nb-bear ing min er als, e.g., euxenite, ti tan ite, al la -
nite and monazite, as the main car ri ers of REE in the £RG, and
also their ad mix ture in the KRG (Condie et al., 1992). The £RG
and KRG show a GdN/YbN ra tio above 2, which may con firm a
monazite ad di tion in some of the sam ples (McLennan et al.,
1993).

The greywackes of both re gions of the HCM are char ac ter -
ised by a mod er ate LREE over HREE en rich ment (av er age
LaN/YbN for the £RG = 7.14; av er age LaN/YbN for the
KRG = 6.98), a low to mod er ately neg a tive Eu anom aly (Eu/Eu* 
for the £RG = 0.65–0.78, 0.72 on the av er age; for the KRG it is
0.62–0.91, 0.72 on the av er age), and a mod er ately flat HREE
pat tern (av. GdN/YbN for £RG = 1.62; av. GdN/YbN for
KRG = 1.77; Fig. 10A).

Nor mal ized REE pat terns for the av er age KRG and £RG
are al most iden ti cal (Fig. 10A, B). How ever, in di vid ual sam ples
in both the suites show high vari a tions in their REE pat terns
(Fig. 10C–F), in di cat ing a com plex source con sist ing of var i ous
com po nents. The ob served vari ants of REE pat terns in both
sam ple suites are com pat i ble, re flect ing the pres ence of sim i lar
com po nents.

INTERPRETATION

DETRITUS ALTERATION

Dur ing weath er ing, sort ing and re cy cling of de tri tus, a lot of
con ver sions take place, which may be mon i tored by the evo lu -
tion of geo chem i cal and pet ro log i cal fea tures. The sum of the
geo chem i cal changes may be mea sured by the chem i cal in dex

of al ter ation (CIA; Nesbit and Young, 1982) and mon i tored on
the A-CN-K ter nary di a gram. This di a gram (Fig. 11) shows mo -
lec u lar pro por tions of Al2O3/(CaO* + Na2O)/K2O, where CaO*
rep re sents sil i cates only. The stud ied sam ples are, in gen eral,
car bon ate-free. Hence, be cause of the lack of CO2 con cen tra -
tion data, we could only re cal cu late the CaO* abun dance with
ap a tite cor rec tion. Af ter ap a tite cor rec tion, all the sam ples show 
a higher or equal mole frac tion of Na2O in com par i son to CaO*
(Fig. 11B), and in these cases the CaO* value is ac cepted
(Bock et al., 1998).

The in con sis tent dis tri bu tions of the two sam ple suites
shown on the A-CN-K di a gram (Fig. 11) in di cate dif fer ences in
the source ma te rial and/or the course of the al ter ation of de tri -
tus in both HCM re gions. The £RG show higher CIA val ues
(74–89.6; mean 79) than the KRG (59–80; mean 67). This dif -
fer ence is at trib uted to the higher abun dance of to tal al ka lis in
the KRG (about 4–5%) than in the £RG (about 1.5–2%), and a
sim i lar abun dance of Al2O3 (12.18% and 10.3%, re spec tively).
Weath er ing of the plagioclase com po nent mon i tored by the
Plagioclase In dex of Al ter ation (PIA) is also dif fer ent. The dis tri -
bu tions of the £RG on the A-C-N di a gram (Fig. 11B) also in di -
cate its higher al ter ation in com par i son to the KRG. Stron ger
chem i cal al ter ation of the £RG is con firmed by their av er age
Ti/Na ra tio (1.47), which is dis tinctly higher than for the KRG
(0.42).

Dif fer ences in the al ter ation of the greywackes from both the 
study ar eas are also clearly vis i ble in other prox ies of
petrographic and geo chem i cal ma tu rity. The £RG de tri tus is
strongly de pleted in un sta ble grains (F+Lv) in re la tion to the
KRG (abun dances are up to 18% and 33%, re spec tively). This
is con sis tent with the de ple tion of mo bile el e ments, i.e., K, Rb,
Sr, and Ba in the £RG in re la tion to the KRG (Fig. 9). The £RG
de tri tus con tains also more abun dant re sis tant grains rep re -
sented by quartz (av er age Q abun dances of the £RG and KRG
are up to 76% and 51%, re spec tively) and zir con (av er age Zr
abun dances are 305 ppm and 251 ppm, re spec tively). From the 
geo chem i cal point of view, the ef fect of di lu tion in quartz (e.g.,
Bock et al., 2000) is ob served in £RG, man i fested as the de ple -
tion of all im mo bile trace el e ments (Fig. 9) and REE (Fig. 10),
with pre served re spec tive ra tios be tween them.

GENERAL COMPOSITION OF SOURCE ROCKS 
AND DETRITUS RECYCLING AND MIXING

 In the case of sim ple weath er ing of de tri tus de rived from one
mag matic con sis tent source, a lin ear trend subparallel to the
A-CN line of the A-CN-K di a gram of ten oc curs (ideal weath er ing
trend – IWT). In such a case, a gen eral geo chem i cal com po si tion 
of a par ent rock may be in ter preted (Fedo et al., 1995) from the
dis sec tion of sam ple trend data with the feld spar line. In the case
of mix ing of de tri tus com ing from dif fer ent sources (McLennan et
al., 1993), or post-depositional K-metasomatosis (Fedo et al.,
1995), the sam ple trend lines are not par al lel to the IWT.

On the A-CN-K di a gram (Fig. 11A), the trends of KRG sam -
ples do not cut the plagioclase-K-feld spar line and show a wide
spec trum of K/CN ra tios at a low level of CIA val ues, with only a
mi nor in crease of CIA val ues par al lel to the in crease of the
K/CN ra tio. It can be at trib uted to the broad spec trum of the
plagioclase/to tal feld spar ra tio (P/F), which is also noted in the
petrographic anal y sis and pos i tively cor re lated with the
CN/CNK ra tios (r2 = 0.55) within the slightly al ter nated KRG
sam ples. In this group of sam ples (CIA be low 70) the K/CN ra tio 
is strongly cor re lated (r2 = 0.62) with the Sr abun dance (nor mal -
ized to Al2O3). It in di cates that the K/CN ra tio de pends on the
var i ous abun dances of plagioclase, and the K-metasomatosis
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of the rocks is not the main pro cess mod i fy ing the K/CN ra -
tio.The par al lel pres ence of a wide spec trum of vol ca nic clasts
(from an de site and trachyte to dacite), and lack of traces of in -
tense feld spar K-metasomatosis in petrographic ob ser va tions,
sug gest a high in flu ence of mix ing of the de tri tus com ing from a
compositionally dif fer en ti ated source or from var i ous sources.
This sce nario is con firmed by the mod er ately pos i tive cor re la -
tions be tween the K/CNK ra tio and prox ies of the rate of mag -
matic dif fer en ti a tion, such as Th/Sc, La/Sc, Th/Cr, Eu/Eu*
(r2 = 0.39, 0.41, 0.23, and 0.26, re spec tively); and al most lin ear
cor re la tions be tween the CIA and PIA val ues (£RG: r2= 0.97;
KRG: r2 = 0.94).

The ex treme com po nents in the mix ing sce nario for the
KRG as sem bly, fol low ing the A-CN-K di a gram, are sam ples 67, 
73, 68 on the CN side (with P/F = 73%, 70%, and 67%, re spec -
tively), and K-feld spar- (nos. 64, 62; with P/F = 44% and 46%,
re spec tively), dacite- (no.70) and mus co vite-bear ing (no. 69)
sam ples from the K side of the di a gram. The CN-rich sam ples,
ac cord ing to the A-CN-K di a gram, in di cate tonalite to
granodiorite com po si tion of the source. This com po nent fits well 
to andesites and tra chytes dom i nant in the clast spec trum of
these sam ples. The op po site com po nent may be iden ti fied as:
(1) dacite oc cur ring as clasts in the sam ple 70, and (2) older
sed i men tary rocks – the ad di tional K-en rich ment from this
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Fig. 10A – av er age REE pat terns (* – chondrite REE abun dances af ter Tay lor and McLennan 1985) of the stud ied rocks (KRG, £RG,
Bardo sand stone, Stawy ben ton ite; af ter Koz³owski et al., 2004) in com par i son to the PAAS (** – REE abun dances af ter Tay lor and
McLennan 1985) and av er age an de site (*** – af ter McLennan, 1989); B–F – REE pat terns of in di vid ual sam ples re lated to the var i ous
com po nents of the com mon source (**** – Cam brian sub stra tum REE abun dances af ter Nawrocki et al., 2007); note the same spec -
trum and sim i lar av er age REE pat terns for both KRG and £RG



source type is prob a bly due to a high mus co vite ad mix ture and
its en rich ment in the ma tured quartz arenites, due to sort ing
(sam ples: KRG no. 69, £RG nos. 47 and 48).

Mix ing of the more ma tured, mus co vite-bear ing (?lo cal)
source and volcaniclastic (ex otic) sources of trachyte/an de site
to dacite com po si tion, in the for ma tion of the stud ied
greywackes is man i fested in a very wide spec trum of REE pat -
tern vari ants. The vari ants (Fig. 10) are com pat i ble in both sam -
ple suites, re flect ing the pres ence of sim i lar com po nents and in -
di cat ing the con sis tent source area for the KRG and the £RG.
How ever, it is im por tant to note that the pres ence of sim i lar
source com po nents does not ex clude their vari able pro por tions
in the for ma tion of the two suites (see be low).

Some of the sam ples in both groups show a flat-frac tured
PAAS-nor mal ized REE pat tern (Fig. 10C), sim i lar to the
Lower–Mid dle Cam brian rocks of the Kielce Re gion (how ever,
with a slightly lower Eu anom aly). An other group of sam ples,
rep re sent ing rel a tively quartz-rich rocks in both study ar eas,
has REE pat terns (Fig 10D) in di cat ing a close sim i lar ity to the
Bardo sand stone (Llandoverian of the Kielce Re gion) and the
Furongian of the £ysogóry Re gion. How ever, again, a rel a tively
lower Eu anom aly is ob served in the Ludlovian rocks. These
sam ples con tain abun dant de tri tal mus co vite with sim i lar
multigrain K-Ar cool ing ages noted in both sam ple suites (KRG:
724 ± 27 and £RG: 738 ± 38 Ma – Koz³owski et al., 2004;
Nawrocki et al., 2007), as well as in the de tri tal mus co vite age
spec trum for the Furongian of the £ysogóry Re gion (Belka et
al., 2002; Nawrocki et al., 2007). Both vari ants of REE pat terns
men tioned above (Fig. 10C, D) may in di cate an im por tant ad -
mix ture (or even lo cal dom i nance) of de tri tus from the up lifted
and ex humed sub stra tum of the ba sin, sup plied to both ar eas.
The third group of sam ples (Fig. 10E, F) shows dis tinct sim i lar i -
ties to the av er age an de site (Fig. 10E) and the Stawy ben ton ite
(Fig. 10F) re gard ing their REE pat terns, thus rep re sent ing a rel -
a tively pure volcanoclastic com po nent.

On the back ground of the KRG sam ple pat tern on the
A-CN-K di a gram, the £RG pat tern may be in ter preted as sim i lar 
mix ing be tween a mus co vite-bear ing (?lo cal) source (mus co -
vite-rich sam ple no. 48) and a rel a tively more con sis tent
volcaniclastic (ex otic) com po nent. The nar rower (tonalite to

granodiorite) com po si tion (Fig. 11A) of the volcaniclastic com -
po nent of the £RG is con firmed by dif fer ences vis i ble in the vol -
ca nic clast spec trum, with a  dis tinctly higher con tri bu tion of tra -
chytes, less fre quent andesites and ex tremely rare dacites in
the £RG suite com pared to the KRG.

In the case of the source area com pris ing var i ous rock
types, the compositional ho mo ge ne ity of the de tri tus be tween
sep a rate beds should in crease dur ing the mul ti ple re work ing of
the sed i ments. Thus, the pet ro graph i cal and geo chem i cal ho -
mo ge ne ity may be an in di ca tor of the de gree of re work ing. The
£RG shows a higher ho mo ge ne ity than the KRG in both the
petrographic and geo chem i cal anal y ses, as re flected, e.g., in
the lower stan dard der i va tions of their prov e nance prox ies:
Th/Sc, La/Sc, Rb/Sr or Eu/Eu* ra tios. Hence the £RG may be
con sid ered as sed i ments with a higher de gree of re work ing in
re la tion to the KRG.

TERRANE TYPE

A widely used in di ca tor of the source terrane type is the
modal com po si tion of greywackes, along with the anal y sis of
extraclast li thol ogy. On the dis crim i nate plots of Dickinson et al.
(1983; Fig. 12 – pre sented ear lier in Koz³owski et al., 2004), the
less ma ture ma te rial of the KRG is lo cated gen er ally within the
re cy cled orogen field, but close to and also par tially in side the
vol ca nic arc field. The more ma ture de tri tus of the £RG is lo -
cated in the re cy cled orogen field. The lin ear pat tern of the sam -
ples, ex tend ing from the vol ca nic arc sec tor to the quartzose re -
cy cled orogen sec tor of the di a grams (Fig. 12A, B, D), in di cates
a vol ca nic arc terrane as an im por tant com po nent of the source, 
with (prob a bly mul ti ple, in some cases) re cy cling and/or re work -
ing of part of the ma te rial, and/or vari able ad mix ture of more
ma ture ma te rial. The Qp-Lv-Lsm (Fig. 12C) plot of Dickinson
(1985) is used to dis tin guish be tween the main orogen types.
Sam ples of both suites spread be tween the col li sion and arc
orogen source, with a large num ber of sam ples lo cated be -
tween the arc orogen and the subduction com plex field. This is
sug gest ible for the mix ing be tween these two prov e nance com -
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Fig. 11. A-CN-K (A) and A-C-N (B) ter nary di a grams of mo lec u lar pro por tions of Al2O3 (A), CaO*(C), Na2O (N) 
and K2O (K) for the Si lu rian greywackes of the Holy Cross Moun tains (us ing the method of Fedo et al., 1995;

Nesbit and Young, 1982, 1984)

CIA val ues in crease from around 50 for the fresh mag matic rocks to 100 for the most weath ered rocks (Fedo et al.,
1995); solid ar rows show pre dicted weath er ing trends of tonalite, granodiorite and gran ite source com po si tion; 

other ex pla na tions as in Fig ure 1



po nents, with even some dom i nance of the subduction com plex 
prov e nance com po nent in the case of the £RG.

These fea tures may sug gest that the Si lu rian greywackes of
the HCM are not the first-cy cle sed i ments, which is also con -
firmed by high amounts of sed i men tary (mainly cherts and
wackes) and metasedimentary clasts (mainly meta mor phosed
wackes and siltstones with lesser quartzites). On the other hand,
the high amount of the fresh vol ca nic com po nent (e.g., abun dant 
automorphic bi o tite flakes and an gu lar quartz grains with
resorbed mar gins) and rel a tively low CIA val ues in part of the
KRG sam ples, sug gest a sig nif i cant con tri bu tion of the orig i nal
vol ca nic arc rocks, and/or first cy cle volcaniclastic (circum arc)
sed i ments, to the for ma tion of the KRG suite, if not both re gions.

The dom i nance of a re cy cled sed i ment source of the stud -
ied sed i men tary rocks is also ob served in the method of func -
tion anal y sis of ma jor el e ments of Roser and Korsch (1988). As
in the case of modal com po si tion anal y sis, the less al tered
CN-rich sam ple of the KRG shows a dom i nance or an im por tant 

ad mix ture of de tri tus from fel sic and andesitic sources (Fig. 13). 
In the same discriminant di a gram, the £RG sam ples lie mostly
within the re cy cled sed i ment sec tor of the di a gram, how ever,
with their trend start ing from the mafic sec tor of the di a gram.
This mafic com po nent is not con firmed by the char ac ter is tics of
trace el e ments (see be low), and may be at trib uted to the early
diagenetic en rich ment in Fe2O3. In or der to test it, we as sumed
that in the case of a sig nif i cant con tri bu tion of the po ten tial mafic 
com po nent, the Fe2O3 en rich ment should be re lated to higher
MgO abun dances. Hence, in our cal cu la tions we sub sti tuted
the Fe2O3 abun dance by the amount cal cu lated from the MgO
con tent, ac cord ing to its av er age ra tio in the less al tered sam -
ples. Af ter this cor rec tion, the bulk of £RG sam ples are placed
in the re cy cled sed i ment field of the di a gram (not shown), what
con tra dicts the sig nif i cant in flu ence of the mafic source in the
stud ied case.

Sev eral trace el e ments and REE are very good in di ca tors of 
sed i ment prov e nance be cause of their im mo bil ity in sur face
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Fig. 12. Source terrane type dis crim i na tion ter nary di a grams for the stud ied sed i ments 
(pre sented ear lier in Koz³owski et al., 2004; dis crim i nate fields af ter Dickinson, 1985)

F – feld spar, K – K-feld spar, L – lithoclasts, Lsm – sed i men tary clasts, Lt – to tal lithics, Lv – vol ca nic clasts, P – plagioclase, Q
– quartz, Qm – monocrystalline quartz, Qp – polycrystalline quartz in clud ing cherts; other ex pla na tions as in Fig ure 1



con di tions and low res i dence time in sea wa ter (Bhatia and
Crook, 1986; McLennan, 1989; McLennan et al., 1993). The
most im por tant geo chem i cal in di ca tors of terrane types are the
Th/Sc, Th/U, Eu/Eu* ra tios, and the REE pat tern (McLennan et
al., 1993).

The Th/Sc ra tio is a widely used in dex of the ig ne ous dif fer -
en ti a tion of a source. It is based on the in com pat i bil ity of Th and
high com pat i bil ity of Sc in ig ne ous sys tems (McLennan et al.,
1993). Be cause of the im mo bil ity of both el e ments, the Th/Sc
ra tio is a very good in di ca tor of the av er age prov e nance, with
typ i cally up per con ti nen tal crust val ues higher than 0.79
(McLennan, 2001). On the other hand, dur ing mul ti ple re cy -
cling, the Th/Sc ra tio also in creases due to zir con en rich ment
and quartz di lu tion. How ever, this pro cess may be mon i tored by 
a com bi na tion of the Th/Sc ra tio with the Zr/Sc ra tio. In the case
of the dom i nance of the sed i ment re cy cling pro cess, the Th/Sc
ra tio is more con sis tent than the Zr/Sc ra tio (McLennan et al.,
1993). The sam ple dis tri bu tion pat tern on the Th/Sc ver sus
Zr/Sc di a gram (Fig. 14A) in di cates a mod er ate in flu ence of re -
cy cling, how ever, with high dis per sion of the KRG sam ples
around the oblique re cy cling line. It may point to a wide range of
compositional vari a tions of the Th/Sc ra tios in the pri mary
source (McLennan et al., 1993). A lower than the av er age UCC
(0.79 – value af ter McLennan, 2001) and highly vari able Th/Sc
val ues in di cate a sig nif i cant in put of young de pleted crust ma te -
rial with a fel sic to an de site com po si tion (McLennan et al.,
1993). The £RG sed i ments show, in con trast, a more hor i zon tal 
pat tern on the di a gram, with a more con sis tent Th/Sc ra tio. The
av er age Th/Sc ra tio (0.85) is typ i cal of the UCC, how ever, min i -
mal Th/Sc ra tio val ues in the £RG also in di cate some in flu ence
of a less dif fer en ti ated com po nent, de spite a sig nif i cantly higher 
im print of re cy cling in the case of the £RG suite.

An other ro bust in di ca tor of prov e nance is the Th/U ra tio. The
pri mary Th/U ra tio de pends on the com po si tion of source ar eas,
with typ i cal val ues >3.8 for the old crust sources and <3.0 for

young de pleted crust (McLennan et al., 1993). Dur ing chem i cal
weath er ing, de tri tus loses its U, which causes an in crease of the
Th/U ra tio. Hence, the high Th/U ra tios of ten ob served in sed i -
men tary rocks re sult from the in ter fer ence of the weath er ing ef -
fect with the par ent rock com po si tion. Dis tin guish ing be tween
these ef fects may be pos si ble with a com bi na tion of the Th/U ra -
tio with other prox ies of chem i cal weath er ing, e.g., Ti/Na ra tio
(Roy et al., 2008). The Th/U-Ti/Na di a gram (Fig. 14B) for the
stud ied sed i ments shows no cor re la tion, high scat ter, and a wide
spec trum of Th/U val ues for the sam ples with low val ues of the
Ti/Na ra tio (note the con sis tent po si tion of in di vid ual sam ples in
Figs. 13 and 14). It may be caused by the wide orig i nal spec trum
of the Th/U ra tio (compositional vari a tions), re sem bling the ver ti -
cal scat ter of the sam ples on the Th/Sc-Zr/Sc di a gram. The pres -
ence of the Th/U ra tios lower than in the Old Up per Con ti nen tal
Crust (typ i cally be ing 3.5 to 4.0, ac cord ing to McLennan et al.,
1993) in di cates a sig nif i cant ad mix ture of ma te rial de rived from a
young mag matic arc source (<3.0, ac cord ing to McLennan et al.,
1993).

An other im por tant prov e nance proxy is the in ter nal dis tri bu -
tion of REE. In gen eral, the REE char ac ter is tics of the stud ied
greywackes is in ter me di ate be tween that for av er age an de site
and PAAS, and over laps with the typ i cal con ti nen tal-arc to ac -
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Fig. 13. Discriminant plot of source rock types for the Upper
Silurian greywackes from the Holy Cross Mountains, based on
discriminant functions of main oxides abundance (after Roser
and Korsch, 1988)

Note dis tinct sim i lar i ties of sam ples dis tri bu tion with the A-CN-K
di a gram (Fig. 11) and the Dickinson ter nary di a grams (Fig. 12);

other ex pla na tions as in Fig ures 1 and 2

Fig. 14A – Th/Sc vs. Zr/Sc (af ter McLennan et al., 1993); 
B – Th/U vs. Ti/Na plots for the Up per Si lu rian greywackes

from the Holy Cross Moun tains

Stars de note the av er age com po si tions of ba salt (ba), an de site
(an), dacite (da) and rhy o lite (rh), plot ted ac cord ing to Roser (2000); 

other ex pla na tions as in Fig ure 1



tive con ti nen tal mar gin val ues and ra tios (McLennan, 1989;
McLennan et al., 1993). The REE pat terns of the sam ples along 
with the low Th/Sc and Th/U ra tios con firm the pres ence of a
low-dif fer en ti ated com po nent by their mod er ate LREE over
HREE en rich ment, and to tal REE abun dances lower than the
PAAS. The Eu anom aly in the KRG and £RG, dis tinctly lower
than in typ i cal craton-de rived sed i ments, also con firms this in -
ter pre ta tion. 

The vol u met ric dom i nance of the ba sic to in ter me di ate
source com po nent in the sed i men tary rocks is of ten man i fested 
in a high La/Th ra tio (Floyd and Leveridge, 1987), and en rich -
ment of TiO2 in re la tion to Al2O3 (Girty et al., 1996) and Zr
(Bhatia and Crook, 1986). The La/Th ra tios, only in part above 3 
(2.43–3.66 for the £RG and 2.28–3.7 for the KRG), along with
the lack of the prom i nent en rich ment of TiO2 in re la tion to Al2O3

and Zr, do not in di cate the vol u met ric dom i nance of the low-dif -
fer en ti ated com po nent of its source.

Ferro mag nesi an trace el e ments (Cr, V, and Ni) may be
use ful for trac ing the ad mix ture of the oce anic crust or mafic
ma te rial in the com po si tion of the sed i men tary rocks. The en -
rich ment of Cr over other ferro mag nesi an el e ments rep re -
sented by V is of ten used as an in di ca tor of de tri tal chro mite in
the heavy min eral spec trum. Ac cord ing to McLennan et al.
(1993), the ophiolite com po nent would have the Cr/V ra tio
above 10, parallelly with a low Y/Ni ra tio, re flect ing the re la tion
be tween the abun dances of REE and the ferro mag nesi an el e -
ments.

Both of the stud ied sam ple suites show a low av er age Cr/V
ra tio of 0.89 for the £RG and 1.04 for the KRG (UCC = 0.58;
PAAS = 0.73), and low av er age Y/Ni val ues of 0.41 for the £RG
and 0.62 for the KRG (UCC = 1.1; PAAS=0.49). These data do
not sup port a sig nif i cant ad mix ture from the ophiolite com po -
nent.

Yet an other use ful proxy for mon i tor ing the mafic com po -
nent is the Cr/Th ra tio (Condie and Wronkiewicz, 1990), with
av er age val ues of the up per con ti nen tal crust be ing about 3
(Tot ten et al., 2000). The en rich ment of ferro mag nesi an el e -

ments in the stud ied rocks is clearly vis i ble in the el e vated Cr/Th 
ra tio (UCC = 3; PAAS = 7.53; £RG: av er age value = 8.17,
max. = 19.6; KRG: av er age value = 12.2, max. = 24.5). These
val ues, along with low Y/Ni ra tios for these rocks, con firm the
pres ence of some ad mix ture of de tri tus from low-frac tion ated
source rocks (al though not nec es sar ily ophiolitic – Cullers,
1994). On the other hand, in the better-sorted £RG suite, a
strong cor re la tion be tween the Zr and Cr/V ra tio (r2 = 0.74) may
sug gest the pres ence of chromian spi nels in the heavy min eral
spec trum. Within the KRG suite, the abun dances of Cr, Ni, Co,
V, and Sc are pos i tively cor re lated with the MgO abun dances,
likely sug gest ing an ad mix ture of a weath ered ultra mafic com -
po nent (Kamp and Leake, 1995).

TECTONIC SETTING

Im mo bile trace el e ments are very use ful as in di ca tors of the
source terrane type. How ever, the de po si tion of sed i men tary
rocks may be very dis tant in time from the pro cess that formed
their source. The im mo bil ity of trace el e ments causes con ser -
va tion of the geo chem i cal sig na ture of the tec tonic set ting, in
which the par ent source rocks were formed. Hence, the tec tonic 
en vi ron ment of de po si tion should be in ter preted mainly based
on the el e ments/com po nents with faster evo lu tion in the geo -
log i cal re cord, i.e., the petrographic com po si tion, ra tios of some 
ma jor mo bile el e ments and spec trum of rock al ter ation in di ces.
The tec tonic set ting is of ten also well rec og nized on multi-el e -
ment (in clud ing trace el e ment) di a grams (e.g., Floyd et al.,
1991; Fig. 9).

The vari able de gree of al ter ation of clastic ma te rial ob -
served in the stud ied sed i men tary rocks, with the high scat ter -
ing around the av er age trend and the pres ence of rel a tive low
CIA val ues (Fig. 11), sug gests non-steady-state weath er ing
con di tions, pref er a bly oc cur ring in an ac tive tec tonic set ting
(Nesbitt et al., 1997; Purevjav and Roser, 2012).
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Fig. 15A – K2O/Na2O vs. SiO2/Al2O3 discriminant plot (Roser and Korsch, 1986); B – diagram of the tectonic environment
discrimination function based on the major element abundances (method after Bhatia, 1983) 

for the Silurian greywackes from the Holy Cross Mountains

A1 – arc set ting, ba saltic and andesitic de tri tus; A2 – evolved arc – fel sic and plutonic de tri tus; 
ACM – ac tive con ti nen tal mar gin; CIA – chem i cal in dex of al ter ation; OIA – oce anic is land arc; PM – pas sive mar gin; 

other ex pla na tions as in Fig ure 1



The dis tri bu tion of the KRG sam ples on the ma jor-el e -
ment-based di a grams of Bhatia (1983) and Roser and Korsch
(1986) is very sim i lar (Fig. 15), and shows pat terns linked with
their CIA val ues. Low-al tered KRG sam ples are lo cated in the
oce anic and con ti nen tal arc sec tor of the di a gram, whereas
highly al tered sam ples in di cate an ac tive to pas sive mar gin set -
ting. These re sults are in ac cor dance with the sam ple pat tern of 
modal com po si tion di a grams, with their po si tion be ing in good
cor re spon dence to the par tic u lar sam ples.

Based on this, the ac tive to pas sive con ti nen tal mar gin dis -
tri bu tion of the £RG sam ples on the ma jor-el e ment-based
discriminant di a grams (Fig. 15) is prob a bly also at trib uted to
their dif fer en tial re cy cling (not first-cy cle sed i ments) and the
orig i nal source of their par ent de pos its can prob a bly be linked
with an ac tive con ti nen tal mar gin.

The multi-el e ment di a gram nor mal ised to the Up per Con ti -
nen tal Crust, when com pared to the crust-nor mal ized abun -
dances of se lected el e ments in the Pa leo zoic sed i men tary
rocks from known tec tonic set tings, may also serve as a very
use ful tec tonic set ting discriminator (Floyd et al., 1991). On the
di a gram (Fig. 9), the less-al tered part of the KRG suite
(Niewachlów For ma tion) shows a dom i nance of the fea tures re -
fer ring to the ac tive con ti nen tal mar gin [K-Ba near the UCC
abun dances, low Nb/Nb* anom aly (av. 0.26), a pro nounced
V-Cr-Ni-Ti-Sc pos i tive anom aly, La-Th and Cs de ple tion]. On
the other hand, the pro nounced neg a tive Sr anom aly and the
mod er ate en rich ment in el e ments re lated to heavy min er als,
sug gest some re work ing of the ma te rial, which is typ i cal for pas -
sive mar gin sed i ments. The more highly al tered, up per part of
the KRG (Kielce Beds), shows dis tinct geo chem i cal sim i lar i ties
with the £RG suite. On the multi-el e ment di a gram, both rock
suites show rel a tively more pas sive-mar gin sig na tures, with
dis tinct K-Rb de ple tion, stron ger Sr de ple tion, rel a tive en rich -
ment in Hf-Zr-Y and less pro nounced V-Cr-Ni-Ti-Sc en rich -
ment. The Nb/Nb* anom aly is sim i lar, with a mean of 0.23.

DISCUSSION

PALAEOGEOGRAPHIC SETTING

From the per spec tive of Si lu rian palaeo ge ogra phy,
£ysogóry, Ma³opolska and the mar ginal part of the East Eu ro -
pean Craton (EEC) may be con sid ered as parts of a sin gle con -
tin u ous con ti nen tal crust do main. The Baltica–Ma³opolska
unity, at least since Or do vi cian times, is con firmed by con sis -
tent Si lu rian and Or do vi cian palaeopoles (Nawrocki, 2000;
Schatz, 2006) and a Bal tic-type Or do vi cian fauna known from
the Kielce Re gion (Dzik and Pisera, 1994; Cocks, 2002). The
Early Pa leo zoic £ysogóry–Baltica con nec tions are man i fested
by the very close af fin i ties in the evo lu tion of Furongian (Up per
Cam brian) tri lo bite fauna (¯yliñska, 2002) and typ i cal of Baltica
K-Ar multigrain ages of de tri tal mus co vite in Cam brian rocks of
the £ysogóry Re gion (Belka et al., 2002; Nawrocki et al., 2007).
Ac cord ing to Koz³owski (2008), the com mon de vel op ment of a
Si lu rian fore land ba sin suc ces sion con firms the ad ja cency of
these ar eas at the time of Cal edo nian ac cre tion (Fig. 1A; Ta -
ble 1). It is im por tant to note that ear lier, Narkiewicz (2002) had
as signed the £ysogóry Ba sin to the Cal edo nian fore land; how -
ever, he pos tu lated a sta ble cratonic po si tion of the Kielce Re -
gion and a post Si lu rian–pre-Emsian right-lat eral trans la tion of
both do mains. This in ter pre ta tion has been based on the pos tu -
lated dif fer ences in the ther mal his tory of both ter ranes and their 
dif fer ent sub si dence his tory (Narkiewicz, 2002). The first ar gu -
ment is less es sen tial be cause a con sis tent ther mal ma tu rity

pat tern oc curs up to at least the Up per De vo nian and is not
pres ent only in the Tri as sic rocks around the HCM inlier
(Narkiewicz et al., 2010: fig. 11). Pres ent knowl edge
(Narkiewicz et al., 2010) in di cates that the pat tern is likely com -
mon for both blocks (grad ual in crease from the south to the
north across both do mains), hence the ther mal event re spon si -
ble for its cre ation, post-date even tual trans la tion of the Holy
Cross ter ranes.

More cru cial is the at tempt to com pare the Si lu rian sub si -
dence his tory be tween Ma³opolska and £ysogóry. The first
prob lem in this as pect is the thick ness of the Up per Si lu rian
rocks, adopted in the model. Narkiewicz (2002) used the min i -
mal es ti ma tions of the thick ness for the in ter preted vari ant of his 
model (see dis cus sion in Koz³owski, 2008: p. 69–70), whereas
the max i mum known thick ness (Tomczyk, 1954, 1974: fig. 13;
Po¿aryski and Tomczyk, 1993: fig. 15) was not men tioned. The
sec ond prob lem is the lack of pre cise time cal i bra tion in the Up -
per Si lu rian of the Kielce Re gion, be cause the en tire greywacke
suc ces sion rep re sents ex clu sively the Bohemograptus bohe -
micus Zone (prob a bly in com plete at the top). Sum ming up, it
can not be ex cluded that the Si lu rian Ma³opolska Ba sin, be fore
its in ver sion, might even have had a higher sub si dence ra tio in
com par i son to the £ysogóry Ba sin.

The re sults of the above-pre sented prov e nance anal y sis
(listed in Ta ble 1) con firm a com mon source for the Ludlovian
greywackes from both re gions and their for ma tion in side a com -
mon fore land ba sin. The data strengthen also the in ter pre ta tion
of the pos tu lated Si lu rian plate-scale unity of the Holy Cross
Moun tains re gions since at least the Or do vi cian (Cooks and
Torsvik, 2005; Nawrocki et al., 2007). On the other hand, the
listed dif fer ences (Ta ble 1) may be re ferred to the in ter nal di ver -
sity of the fore land ba sin ge ol ogy and need to be dis cussed
sep a rately (see be low).

Re con struc tion of the Si lu rian palaeo ge ogra phy in the
south ern part of the TESZ would ben e fit from the com par i son of 
the greywackes with their lat eral equiv a lents. To the north-west
of the Holy Cross Moun tains (Mazovia, Pomerania; Fig 16A),
the fore land infill is com posed of up to a 2000 m thick com plex
of shales and siltstones (see Jaworowski, 1971, 2000). The be -
gin ning of fore land sed i men ta tion in this area is diachronous
(Jaworowski, 2000) and be gan in the early Wen lock in its west -
ern part (e.g., S³upsk IG-1 bore hole), and in the early
Ludfordian in its east ern part (e.g., ¯arnowiec IG-1 bore hole),
which con firms the south-west der i va tion of the clastic ma te rial.
To the south-west of the undeformed (EEP) part of the fore land, 
the Koszalin–Chojnice Zone rep re sents its more prox i mal part
(Fig. 16A), with the pres ence of Cal edo nian de for ma tion and a
Late Or do vi cian be gin ning of the foredeep infill (Podhalañska
and Modliñski, 2006). Prov e nance stud ies of both suc ces sions
(Krzemiñski and Poprawa, 2006) in di cate a sim i lar Up per Con ti -
nen tal Crust source and pas sive mar gin sig na tures of the tec -
tonic set ting. De tri tal zir cons (Poprawa et al., 2006) show ages
typ i cal of the East Eu ro pean Craton, with some ad mix ture of
Cadomian and Cal edo nian sources, while the de tri tal mus co -
vite cool ing ages re cord a dis tinct im print of Cal edo nian
low-grade meta mor phism in the source area (Poprawa et al.,
2006). Ac cord ing to the palaeotectonic re con struc tion
(Poprawa, 2006: fig. 6), the Cal edo nian orogen in north ern Po -
land was com posed (from bot tom to top) of the sed i men tary
cover of Baltica, Bal tic crust, in cor po rated oce anic crust, an is -
land arc and the crys tal line base ment of Avalonia. In this con -
text, the fa cies, geo chem is try and de tri tus ages in the Pom er a -
nian seg ment of the fore land in di cate the dom i nance of an older 
sed i men tary [(or lower plate (EEP) crust)] com po nent in the
source (Krzemiñski and Poprawa, 2006; Poprawa, 2006). In our 
opin ion, the lack of a clearly iden ti fied is land arc com po nent in
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the Pom er a nian suc ces sion (Krzemiñski and Poprawa, 2006),
rec og nized in the Rügen seg ment of the Cal edo nian su ture
(Giesse et al., 1994; Schovsbo, 2003), can be ex plained by a
lo cal mor pho log i cal iso la tion of the in ner ter ranes by a rel a tively 
wide ex ter nal zone of the orogen com posed of de formed sed i -
men tary rocks (fold-thrust belt; com pare Dorsey, 1985, 1988).

To the south-west of the Holy Cross Moun tains, the Cal edo -
nian fore land suc ces sion ex tends up to the mar gins of the
Ma³opolska terrane (Fig. 16A). The most prox i mal fa cies of the
fore land infill (£apczyca con glom er ates and greywackes –
Bu³a, 2000) ap peared near the Kraków–Lubliniec strike-slip
zone (bor der be tween the Ma³opolska and Up per Silesia ter -
ranes).The Up per Silesia block has a Cadomian con sol i da tion
of the base ment and lacks traces of Cal edo nian vol ca nic and/or 
tec tonic ac tiv ity (Bu³a et al., 1997). Be cause the clast spec trum

in the £apczyca For ma tion does not cor re spond to the pre-De -
vo nian sub stra tum of Up per Silesia (Bu³a, 2000), the jux ta po si -
tion of Ma³opolska against the Up per Silesia terrane is ques tion -
able. Hence, the Si lu rian palaeo ge ogra phy be yond the
Kraków–Lubliniec Zone needs to be re con structed on the ba sis
of the Ma³opolska–£ysogóry Cal edo nian foredeep infill and its
tec tonic his tory.

RECONSTRUCTION OF THE SOURCE AREA

Ac cord ing to the prov e nance anal y sis, both Up per Si lu rian
bas ins of the HCM have a very sim i lar, re cy cled orogen type
source, lo cated to the west and south-west of the Ma³opolska
and £ysogóry ter ranes (pres ent co or di nates). De tri tus de rived
from this source dif fers from the older clastic sed i men tary rocks
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Lower Si lu rian suc ces sion

Kielce Re gion £ysogóry Re gion

grap to lit ic shales (Tomczyk, 1970); rel a tively con densed Llandoverian (Tomczyk, 1970)

(~300m; Tomczyk, 1970) (~300m; Deczkowski and Tomczyk, 1969)

nu mer ous ben ton ite beds (Chlebowski, 1978) sin gle ben ton ite beds (Deczkowski and
Tomczyk, 1969)

Up per Si lu rian
greywackes

base lower leintwardinensis Zone (Tomczyk, 1956) up per leintwardinensis Zone (Deczkowski and
Tomczyk, 1969)

thick ness

~1000 m (Tomczyk, 1954; Tomczyk, 1974:
fig. 13; Po¿aryski and Tomczyk, 1993: fig. 15); 

>300m (litharenite) + >400m (quartz rich)
(Koz³owski, 2008)

1050 m

500 m (litharenite) + 550 m (quartz rich)

(Koz³owski, 2008)

li thol ogy

coarse grained arenites/wackes to con glom er -
ates, low shale con tri bu tion (Czarnocki, 1919;
Koz³owski, 2008), Bouma cy cles of ten trun -

cated with rel a tively thick coarse grained part,
nu mer ous re de pos ited ben thic fos sils
(Koz³owski and Tomczykowa, 1999)

fine to coarse grained arenites, higher shale
con tri bu tion, rare moulds of small cri noids

(Koz³owski, 2008),
Bouma cy cles rel a tively more com plete with

rel a tively thin ner coarse grained part
(Koz³owski, 2008)

trans port di rec tions from WSW (Koz³owski et al., 2004) from WNW (Koz³owski et al., 2004)

source rock gen eral
com po si tion

sed i men tary and metasedimentary rocks with
some con tri bu tion of cherts; sig nif i cant con tri -

bu tion of dif fer en ti ated vol ca nic rocks:
andesites, dacites-rhyolites and tra chytes*

higher con tri bu tion of cherts, dom i na tion of
tra chytes, and andesites;

 rare dacites-rhyolites*

very sim i lar av er age REE pat tern (Koz³owski et al., 2004), pres ence of a sim i lar spec trum of
REE pat tern vari a tions*

pres ence of sam ples with clear an de site-type
REE pat tern* lower ad mix ture of an de site type de tri tus* 

de tri tus ages

mus co vite with sim i lar K-Ar multigrain and Ar-Ar sin gle grain cool ing ages (700–770 Ma;
Koz³owski et al., 2004; Nawrocki et al., 2007)

bi o tite with K-Ar, multigrain cool ing ages
442–402 Ma (Koz³owski et al., 2004; Nawrocki 

et al., 2007) 
no data for bi o tite

in ter nal ho mo ge ne ity lower* higher*

de tri tus al ter ation lower* higher*

terrane type

up per con ti nen tal crust source, dom i nated by older sed i men tary rocks; im por tant con tri bu tion
of young dif fer en ti ated vol ca nic arc ma te rial, af fected by intracrustal dif fer en ti a tion; ad mix ture

of an ophiolite com po nent can not be ex cluded*

in ter pre ta tion: re cy cled arc-con ti nent orogen with dis tinct mag matic arc and subduction com -
plex com po nents*

prob a bly higher ad mix ture of the mag matic arc 
com po nent*

prob a bly higher ad mix ture of the subduction
com plex com po nent*

tec tonic set ting pre served sig na tures of ac tive con ti nen tal
mar gin and vol ca nic arc*

sig na tures of ac tive con ti nen tal mar gin partly
mod i fied by re cy cling and trans port * 

cal edo nian tec tonic
his tory

ex ten sion at the be gin ning of the greywacke
sed i men ta tion (Bardo diabase; Krzemiñski,

2004; Nawrocki et al., 2013); com pres sion at
the end of sed i men ta tion – deep ex hu ma tion
of the sub strate (Miedziana Góra Con glom er -

ates, Czarnocki, 1919)

sub si dence bal anced in the mid dle Ludfordian, 
filled-over filled stage of fore land de vel op ment
up to the Lochkovian; lack of tec tonic de for -

ma tions (Koz³owski, 2008)

* – this study

T a  b l e  1

Com par i son of ge ol ogy and prov e nance of the Si lu rian greywackes from the Kielce and £ysogóry re gions
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of the HCM. The Cam brian–Or do vi cian sand stones vary in the
geo chem i cal and pet ro log i cal com po si tion (e.g., Jaworowski
and Sikorska, 2006; Nawrocki et al., 2007), as well as the
multigrain K-Ar cool ing ages of the de tri tal mus co vite (Belka et
al., 2002; Nawrocki et al., 2007). The petrographic and geo -
chem i cal com po si tions of the Llandoverian Bardo sand stone
in di cate its re cy cled sed i men tary rock source and a pas sive
mar gin tec tonic set ting of sed i men ta tion. The de tri tal mus co vite 
has a multigrain K-Ar cool ing age of 561 Ma (Nawrocki et al.,
2007), which is close to the ages com monly noted in the Cam -
brian rocks of the Ma³opolska terrane (Belka et al., 2002;
Nawrocki et al., 2007). The strati graphic po si tion of the sand -
stone cor re lated with the sea level lowstand (cf. John son, 2006) 
and its prov e nance sig na tures sug gest that its source was
prob a bly a tem po rarily emer gent lo cal sed i men tary sub stra tum.

Ac cord ing to the re sults of our study, the source area for the
Si lu rian greywackes was an orogen built of a num ber of com po -
nents, man i fested in both stud ied suites by a wide range of clast 
li thol ogy, a di verse modal com po si tion, as well as a high spec -
trum of sin gle sam ple geo chem i cal vari a tions (e.g., REE pat -
terns, Fig. 10).

The most prox i mal source com po nents were prob a bly rep -
re sented by the ex humed sed i men tary cover and the base ment 
crust of the mar ginal part of the Ma³opolska and/or the £ysogóry 
ter ranes (ex ter nal fold-and-thrust belt of the orogen, cf.
Poprawa et al., 2006). The REE pat terns of sev eral sam ples
from both suites are very close to those known from the Cam -
brian rocks of the Ma³opolska terrane and the Bardo sand stone

(Fig. 10 C, D). The source is also con firmed by abun dant re de -
pos ited acritarchs of Or do vi cian and Early Si lu rian age re ported 
from the KRG (Stempieñ, 1990). The prop a ga tion of this
large-scale up lift in the thrust zone is also doc u mented by the
clast spec trum of the Miedziana Góra Con glom er ates, de pos -
ited on the top of the fore land suc ces sion in the west ern part of
the Kielce Re gion (Czarnocki, 1936) and com posed of rocks
sim i lar to the lo cal sub stra tum.

An other lower plate-re lated com po nent is prob a bly rep re -
sented by the sev eral metre thick quartz arenite com plex in the
mid dle part of the Niewachlów Beds (sam ple no. 69, old quarry
in Niestachów). The com plex is petro graphi cally and geoche -
mically con trast ing with the rest of the Niewachlów greywackes
and con tains very abun dant coarse mus co vite with sin gle grain
Ar-Ar cool ing ages of 732 ± 3 Ma (Nawrocki et al., 2007). The
ad mix ture of de tri tal mus co vite with a very sim i lar multigrain
K-Ar age is also noted in other parts of the greywacke suc ces -
sion in both HCM re gions (Koz³owski et al., 2004; Nawrocki et
al., 2007); how ever, the mus co vite is very rare in beds dom i -
nated by volcaniclastic ma te rial (rich in large bi o tite flakes – see
be low). A sim i lar age of de tri tal zir con (3 grains) has been ob -
tained from the Caradocian of the Koszalin–Chojnice Zone
(Poprawa et al., 2006). This con sis tent sig nal was re ferred
(Nawrocki and Poprawa, 2006; Nawrocki et al., 2007) to the
the o ret i cal Wielkopolska terrane accreted dur ing the Cal edo -
nian event. The pres ent study shows that the REE pat tern of the 
Niestachów sand stone (69 – Fig. 10D) is very sim i lar to that of
the Bardo sand stone. More over, sim i lar ages of the de tri tus
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Fig. 16A – Cal edo nian ter ranes (pres ent in the lower layer of the crust) on the south west ern mar gin of the East Eu ro pean Craton
and the main tec tonic lin ea ments with a prob a ble pre-Variscan foun da tion (based on Oczlon et al., 2007; Narkiewicz et al., 2011, lat -
eral ex tent of the Cal edo nian fore land fa cies af ter Jaworowski, 1971; Koz³owski and Munnecke, 2010 and ref er ences therein);  B –
sketch of in ter preted Late Si lu rian paaleogeography dur ing the dock ing of the Teisseyre Arc to the south west ern mar gin of the EEP

Prox i mal Baltica ter ranes in the lower layer of the crust af ter Oczlon et al., (2007): SJY – South Jylland Terrane, HEE – Hol stein–East Elbe;
prpoximal Baltica ter ranes in the lower layer of the crust af ter Janik et al. (2005) and Narkiewicz et al. (2011): PomU – Pom er a nian Unit, KuiU
– Kuiavian Unit; EAv – East Avalonia; HCF – Holy Cross Fault; KCH – Koszalin–Chojnice Zone (ex ter nal part of the fold-thrust belt
overthrusted on the EEP mar gin); £T – £ysogóry terrane (dis tal fore land); MP – Ma³opolska terrane (prox i mal fore land); PB – Pom er a nian
Ba sin (dis tal fore land); USB – Up per Silesia; VDF – Variscan de for ma tion front;, red ar rows rep re sent gen eral trans port di rec tions of clastic
ma te rial; green ar rows il lus trate the pos si ble track of Cadomian de tri tus (prob a bly re cy cled) re ported from Pomerania (Poprawa et al., 2006); 
vi o let ar rows il lus trate the pos si ble track of de tri tus with ~730 My ages – in ter preted as re lated to the Rodinia breakup heat ing event (re -
flected also as HVUM area in A – Janik et al., 2005); Narol Unit in the in ter pre ta tion rep re sents the part of the Ma³opolska terrane with a
pre-Si lu rian fa cies re cord sim i lar to the £ysogóry terrane; lat eral ex tent of HVUM (high ve loc ity up per man tle) and “Narol Unit” af ter Janik et
al. (2005)
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(700–770 Ma), not con nected with the Cal edo nian ac cre tion,
oc cur in the synrift suc ces sion of the EEP (Semenenko, 1968),
the Cam brian of Pomerania (Poprawa et al., 2006) and the Holy 
Cross Moun tains (Belka et al., 2002; Nawrocki et al., 2007).
The cool ing ages of mus co vite from the greywackes could be
at trib uted to the tectonothermal event of breakup of the Rodinia
palaeocontinent along the Tornquist lin ea ment (Poprawa et al.,
2006; ¯elaŸniewicz et al., 2009). Hence, the abun dant
quartz-mus co vite com po nent prob a bly rep re sents an ex humed 
low-grade meta mor phic base ment of the mar ginal part of the
lower plate (for mer Baltica).

The Ludlovian greywackes con tain also an abun dant ad -
mix ture of vol ca nic rock de tri tus with young de pleted crust sig -
na tures (Figs. 10E, F and 14). At this mo ment, we have no un -
equiv o cal ev i dence for the Cal edo nian age of this de tri tus (Nd
iso tope sig na tures, sin gle clast dat ing); how ever, the abun dant
de tri tal euhedral bi o tite crys tals with K-Ar multigrain cool ing
ages of 442–402 Ma (Koz³owski et al., 2004; Nawrocki et al.,
2007) seem to be re lated to the strati graphic po si tion of the
bentonites in the pre-collisional suc ces sion (very sim i lar
euhedral bi o tite crys tals are pres ent also in the bentonites
them selves, e.g., il lus trated in Langier-KuŸniarowa and Ryka,
1972). More over, REE pat terns sim i lar to the Stawy ben ton ite
are noted in sin gle sam ples of both stud ied suites (Fig. 10F).
The volcaniclastic ma te rial may cor re spond to the is land arc
com po nent, or rep re sent the re cy cled fill ing of a forearc ba sin
in cor po rated into the orogen. In the first case, in creas ing dis -
sec tion of the arc terrane could be re corded in the fore land sed -
i men tary suc ces sion. This sce nario is not con firmed by the evo -
lu tion of du ra ble prov e nance prox ies (pe trol ogy, ma jor el e -
ments), which grad u ally change from an ac tive (vol ca nic arc) to
pas sive (re cy cled orogen) sig na tures in the Si lu rian suc ces sion
in both ar eas (par tic u larly KRG). In our in ter pre ta tion, at the be -
gin ning of the greywacke sed i men ta tion, the ini tial prom i nent
re lief had caused rapid in flux of first-cy cle arc-re lated de tri tus
from a de formed and el e vated forearc ba sin. At that stage, the
prox im ity of redeposition caused only mi nor changes in the
petrographic and geo chem i cal com po si tion of the de tri tus.
Hence, the lower part of the suc ces sion could largely in herit the
geo chem i cal com po si tion (and in part also petrographic) of the
pre-col li sion arc-re lated set ting. Thus, the up per parts of the
suc ces sions in both re gions (i.e., Kielce Beds, Trochowiny For -
ma tion) may be at trib uted to can ni bal is tic sed i men ta tion and
grad ual peneplenization of the su ture zone (cf. Dorsey, 1988).
The prograding mat u ra tion of the de tri tus could grad u ally erase
the ac tive set ting sig na tures.

An other ex otic com po nent of the re con structed orogen is
prob a bly rep re sented by abun dant cherts, which could be de -
rived from the in cor po rated accretionary prism. Some en rich -
ment in ferro mag nesi an trace el e ments may sug gest ad mix ture 
of weath ered ultra mafic ma te rial; hence ad mix ture of an
ophiolite-re lated com po nent can not be ex cluded.

MODEL OF PALAEOGEOGRAPHIC EVOLUTION

Ac cord ing to cur rent knowl edge, the north ern part of the
Tornquist Ocean, which sep a rated Avalonia from Baltica,
closed in the Hirnantian (Torsvik and Rehnstrom, 2003). The
ini ti a tion of the fore land ba sin sed i men ta tion suc ces sively prop -
a gated to the south east of the TESZ, which is sug gested by the
obliq uity of the fi nal clo sure of the oce anic do main (Torsvik et
al., 1996; Jaworowski, 2000).

In the south ern part of the TESZ, dur ing the Late Or do vi cian 
and Early Si lu rian, the £ysogóry and Ma³opolska ter ranes prob -
a bly formed the mar ginal part of the for mer Baltica shelf

(Narkiewicz, 2002; Cocks and Torsvik, 2005; Nawrocki et al.,
2007). The area was dis tal to the main con ti nen tal land masses
from the one side, whereas from the other side it was iso lated
by a still ex ist ing oce anic rem nant from the ex otic ter ranes. This
sit u a tion is ex pressed in the slow sed i men ta tion of the partly
con densed, dark grap to lit ic shales in the re gion (Tomczyk and
Tomczykowa, 1976; Masiak et al., 2003), in ter rupted only by
one known ep i sode of coarse-grained de po si tion – the Bardo
sand stone bed. Ben ton ite in ter ca la tions, in creas ing in fre -
quency and thick ness to wards the top of the suc ces sion (Ryka
and Tomczyk, 1959), may in di cate the ap proach ing of
subduction-re lated vol ca nic cen tres, which, how ever, were
mor pho log i cally still iso lated by the nar row ing oce anic do main.
In our in ter pre ta tion, the nar row south ern rem nant of the
Tornquist Ocean was bor dered from the other side by a hy po -
thet i cal vol ca nic arc termed here the Teisseyre Arc, which could 
be lo cated at the south east ern mar gin of the Avalonian Plate.

With the be gin ning of the Ludlovian, the fi nal clo sure of the
oce anic rem nants be tween Ma³opolska–£ysogóry and the
Teisseyre Arc in duced a change of the sed i men ta tion re gime in
the fore land. The fi nal dock ing of the arc caused the for ma tion
of an arc-con ti nent orogen, a rapid change in sed i men ta tion in
the fore land and ter mi na tion of vol ca nic ac tiv ity.

The best known, actualistic model for this sce nario is the
Tai wan orogen (Huang et al., 1997, 2000). The orogen is com -
posed of sev eral ter ranes thrust over the con ti nent (lower
plate). The orogenic prism con tains (from the bot tom): accreted
and de formed synorogenic sed i ments of the fore land ba sin, ex -
ten sive frag ments of the lower plate base ment and its de formed 
(of ten low-grade meta mor phosed) cover; accretionary melange 
with ophiolite frag ments, de formed rem nants of the forearc ba -
sin and the nar row zone of vol ca nic arc rocks. The up lift and
rapid ero sion of all of these com po nents caused the cat a -
strophic in fill ing of ad ja cent fore land bas ins (Tai wan Strait) by
the clastic wedge (Hong, 1997), with suc ces sive gen tle de for -
ma tion and ex hu ma tion of its prox i mal parts, which are in cor po -
rated into the ex ter nal part of the orogen.

Both HCM re gions may be re ferred to the fore land ba sin sit -
u a tion in the Tai wan orogen model (Hong, 1997), be cause of:
(1) epicratonic (Baltica) char ac ter of the un der ly ing Cam -
brian–Lower Si lu rian suc ces sion (Szulczewski, 1996); (2) ab -
sence of traces of Si lu rian subduction-re lated magmatism on
Baltica, sug gest ing a SW di rec tion of Cal edo nian subduction;
(3) the very sud den be gin ning of greywacke sed i men ta tion; (4)
syncollisional prograding sub si dence, (5) sig nif i cantly de layed
in time, mod er ate Cal edo nian de for ma tion in the Kielce Re gion
(prox i mal fore land); (6) lack of Cal edo nian de for ma tion and
con tin u ous sed i men ta tion in the £ysogóry Re gion (dis tal fore -
land) un til the De vo nian.

The pre-deformational Bardo diabase in tru sion in the Kielce 
Re gion (Nawrocki, 2000) with a Ludlovian age of for ma tion
(Nawrocki et al., 2007, 2013) in this con text may rep re sent a
bend ing-flex ural ex ten sion in the fore land set ting (com pare Lin
and Watts, 2002; Lester et al., 2012).

The pres ent-day lo cal isa tion of the source for the stud ied
rocks (south ern seg ment of the proper Cal edo nian orogen) is de -
bat able (see Fig. 16A). The Tai wan model may be very help ful in
the ex pla na tion of the loss of the vol ca nic terrane in the post Cal -
edo nian his tory. It is highly prob a ble that im me di ately af ter the col -
li sion, the Teisseyre Arc had col lapsed (cf. Huang et al., 2000).
Post-Cal edo nian re lax ation of the accreted crust may have cause
its ex ten sion (cf. Clift et al., 2008) and later underthrust, as a lower
plate, be neath the Armorica Plate dur ing the clo sure of the Rheic
Ocean. An other pos si bil ity is a large scale lat eral shift ing of the ter -
ranes accreted dur ing the Cal edo nian orog eny due to Variscan
transpression (see e.g., Oczlon et al., 2007).
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RELATION BETWEEN THE KIELCE
 AND THE £YSOGÓRY REGIONS IN THE SILURIAN

For many years, the re la tion be tween the two re gions of the
Holy Cross Moun tains in Pa leo zoic times has been a topic of
dis cus sions. The con trast be tween the Kielce and £ysogóry re -
gions was re peat edly emphasised (e.g., Brochwicz-Lewiñski et
al., 1984; Tomczykowa and Tomczyk, 2000; Nawrocki et al.,
2007), but the main ques tion of the rel a tive po si tion in the Pa -
leo zoic has not been re solved un til to day.

The main dif fer ences are in di cated in the pre-Si lu rian de vel -
op ment of the Kielce and £ysogóry bas ins. In the Kielce Re gion
(and the en tire Ma³opolska terrane), a prom i nent an gu lar
Sandomirian un con formity can be ob served be tween the Cam -
brian and Or do vi cian strata, while the un con formity is ab sent in
£ysogóry. The dif fer ences in the Or do vi cian suc ces sion of both
re gions (Trela, 1998) may in di cate a con ti nu ity of their
palaeographical in de pend ence. The be gin ning of sed i men ta -
tion of the Up per Si lu rian greywackes is the first clearly cor re la -
tive event for both do mains.

Ac cord ing to the lat eral ex tent of the fore land (see above),
the alimentation area was lo cated at a sig nif i cant dis tance, but
not less than the pres ent-day west ern limit of the Ma³opolska
and £ysogóry ter ranes. Hence, as sum ing the jux ta po si tion of
Ma³opolska against £ysogóry in the Si lu rian, con verg ing trans -
port di rec tions (subparallel to the Kielce–£ysogóry bound ary;
Fig. 3) should re sult in the amal gam ation and iden tity of the
greywacke de tri tus be tween the do mains. On the scale of the
Holy Cross Moun tains inlier, lat eral fa cies changes along the
trans port di rec tions are un no tice able in side both fa cies re gions. 
How ever, in an ori en ta tion per pen dic u lar to the trans port di rec -
tions, the Holy Cross Fault abruptly sep a rates con trast ing fa -
cies ar eas. Al though the petrographic and geo chem i cal anal y -
sis in di cates that the de tri tus from both greywacke com plexes
was de rived from a very sim i lar source (see above; Ta ble 1),
but some sec ond ary dis sim i lar i ties in di cate its dif fer ent com po -
nent con tri bu tions, al ter ation and re work ing his tory. In sev eral
as pects, the KRG show lower de tri tus al ter ation than their
coun ter parts from £ysogóry (Ta ble 1). The rel a tively lower re cy -
cling of the KRG is re flected also in their lower ho mo ge ne ity.

Petrographic and geo chem i cal con trasts con sis tently in di -
cate a more prox i mal po si tion of the Kielce Re gion in com par i -
son to the £ysogóry Re gion in re la tion to the orogen, or sim i lar
source rocks had been in de pend ently mod i fied due to a dif fer -
ent weath er ing his tory. The first pos si bil ity is in de pend ently
con firmed by the more prox i mal-to-the-orogen tec tonic evo lu -
tion of the Kielce Re gion and thus more prox i mal fa cies. The ini -
tial in fill ing of the fore land be gan there ear lier and was suc -
ceeded by frac tur ing of the base ment and diabase in tru sions. In 
the next stage, mi gra tion of the com pres sive re gime caused
overthrusting and deep ex hu ma tion of the lo cal base ment.

The fa cies con trasts be tween the KRG and £RG, along with 
the dis sim i lar i ties in the lo cal fore land tec tonic evo lu tion, in di -
cate a dif fer ent dis tance of the two HCM re gions in re la tion to
the source orogen (Fig. 16B). Hence, we pos tu late that the Si lu -
rian po si tion of the Ma³opolska terrane was to the west with re -
gard to its pres ent-day lo ca tion. The post-Si lu rian left-lat eral
strike-slip move ment to its re cent lo ca tion took place along the
Holy Cross Fault. The scale of the pos tu lated shift could not
have ex ceeded the width of the fore land area, prob a bly not over 
200 km, based on the gen eral ar chi tec ture of the ba sin. Ac cord -
ingly, the scale of the shift is be low the res o lu tion of the
palaeomagnetic method. Ac cord ing to Narkiewicz (2002), in his 
right-lat eral strike-slip model, the time of the even tual trans la -
tion of the HCM ter ranes is brack eted be tween the Late
Ludlovian (as the time of the al leg edly dif fer ent sub si dence)

and Emsian (as the time of the “on set of uni form mar ginal-ma -
rine to con ti nen tal clastic de po si tion”). In de pend ent fa cies de -
vel op ment of the do mains up to the Lochkovian lim its, in our
opin ion, the time of re build ing from the bot tom. From the top,
the first un dis pu ta ble uni form fa cies pat tern across both re gions 
took place as late as in Late Perm ian times (Czarnocki, 1923),
be cause of the pos tu lated rel a tively small-scale trans la tion
within a sin gle ba sin, and the pres ence of sev eral sig nif i cant dif -
fer ences in the de vel op ment of both do mains in the De vo nian
(Szulczewski, 1995).

Tec tonic struc tures along the Holy Cross Fault have re -
corded a right-lat eral move ment along this line of Late Pa leo -
zoic age (post-fold in re la tion to the Variscan fold ing; Konon,
2007). Hence, the left-lat eral trans la tion pos tu lated herein must
have been ear lier.

CONCLUSIONS

1. The geo chem is try and pe trol ogy of the Up per Si lu rian
greywackes from the Holy Cross Moun tains con firm
(Koz³owski, 2008) their com mon de po si tion in both one Cal edo -
nian fore land ba sin of the south ern part of the TESZ and one
source seg ment in its hin ter land, lo cated to the west of the ba sin 
(pres ent-day co or di nates).

2. The Up per Si lu rian greywackes are tex tur ally and
geochemically im ma ture and were de pos ited in a fore land ba sin 
of an arc-con ti nent orogen, anal o gously to the pres ent-day Tai -
wan fore land. Ac cord ing to the pre sented palaeogeographic
model, the source area was formed due to the col li sion of the
most ex ter nal parts of the EEP (lower plate) with a vol ca nic arc
de vel oped on the east ern mar gin of the Avalonian (up per)
Plate, termed here the Teisseyre Arc, dur ing the fi nal stage of
oblique clo sure of the south ern rem nant of the Tornquist
Ocean. 

3. The source area con sists of var i ous ter ranes in clud ing
frag ments of a vol ca nic arc, circum-vol ca nic arc bas ins, an
accretionary prism, and frag ments of the ex humed base ment of 
the lower (Baltica) plate and its sed i men tary cover in the low er -
most part of the orogenic wedge. Older sed i men tary rocks and
var i ously dif fer en ti ated vol ca nic rocks  were the source of de tri -
tus.

4. The vol ca nic com po nent in the greywackes is an de site to
dacite in com po si tion and was prob a bly formed in an evolved
arc set ting at a time di rectly pre ced ing the sed i men ta tion of the
rocks stud ied.

5. In a sig nif i cant part of the sam ples, the subduction-re -
lated geo chem is try and pe trog ra phy was in her ited as a re sult of
slight to mod er ate al ter ation, im ply ing ac tive tec tonic move -
ments at the be gin ning of greywacke sed i men ta tion.

6. Greywackes from both study ar eas (Kielce and £ysogóry) 
show dis tinct sim i lar i ties in their more al ter ation-re sis tant geo -
chem i cal pa ram e ters (REE pat terns, trace el e ment geo chem is -
try), clast spec trum, con sis tent ages of de tri tal mus co vite,
trans port di rec tions, tim ing of de po si tion and fa cies suc ces sion. 
These sim i lar i ties in di cate a com mon source of the greywackes
in both re gions of the HCM.

7. The greywackes from the £ysogóry Re gion show higher
tex tural and geo chem i cal ma tu rity, higher sort ing im print and
more con sis tent in ter nal ho mo ge ne ity. These fea tures sug gest
their lon ger trans port in com par i son to the KRG. Based on the
sum ma rized dif fer ences be tween the Si lu rian suc ces sion of the 
Kielce and £ysogóry re gions, we con clude that the Kielce Re -
gion rep re sents a more prox i mal part of the fore land in re la tion
to the £ysogóry Re gion.
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8. Con trasts in the al ter na tion of the de tri tus and dif fer ent
sub-ba sin his to ries con firm (Koz³owski, 2008) a small- to me -
dium-scale (be low palaeomagnetic res o lu tion), left-lat eral shift
of the Ma³opolska and £ysogóry ter ranes along the Holy Cross
Fault af ter the Lochkovian and be fore the Late Perm ian. Be -
cause of the re cord of a Late Pa leo zoic right-lat eral move ment
along the fault (Konon, 2007), the lower part of the brack eted
time in ter val is most likely.
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