
Ge olo gia Sudetica, 2005, 37: 1–26.

The tec tono meta mor phic evo lu tion of the mar bles in the
L¹dek-Œnie¿nik Meta mor phic Unit, West Sude tes

Mi ros³aw Jas trzêb ski

In sti tute of Geo logi cal Sci ences of the Pol ish Acad emy of Sci ences, De part ment of Ge ol ogy of the Sude tes, Pod wale 75, 50- 449 Wroc³aw,
Po land, e-mail: mjast@in te ria.pl

Key words: mar bles, tec ton ism, meta mor phism, Varis can orog eny, L¹dek-Œnie¿nik Meta mor phic Unit, Sudetes.

Ab stract To gether with the ad ja cent rocks, the mar bles of the L¹dek-Œnie¿nik Meta mor phic Unit (LSMU), West Sude tes, SW Po -
land un der went a po lyphase struc tural evo lu tion that oc curred in meta mor phic con di tions chang ing from medium-
 grade to low- grade and in de for ma tion re gimes chang ing from duc tile to semi- brittle. The struc tural evo lu tion of the
mar bles be gan with E–W sub ho ri zon tal short en ing re sult ing in the tilt ing of the Cal- Dol lay er ing (which had gen er ally
origi nated as a pre- tectonic and pre- metamorphic fea ture) and its trans po si tion to a steeply dip ping meta mor phic S1 fo -
lia tion. The sub se quent ver ti cal flat ten ing oc curred at the tem pera ture peak of re gional meta mor phism and pro duced
the N–S trend ing tight, re cum bent F2 folds. This event is also docu mented by the sub ho ri zon tal S2 axial- plane car bon -
ate grain shape fab ric and the par al lel align ment of Phl- Ms±Tr±Czo in the mar bles, and the S2 axial- plane schis tos ity in
the ad ja cent mica schists. The tem pera ture in crease was as so ci ated with the pro gres sive min eral se quence Phl ® Tr ®
Di in the dolomite- bearing mar bles, which proba bly ini tially equili brated at low to mod er ate X(CO2). Un der peak tem -
pera tures, the ob served ar range ment of the meta mor phic zo na tion of the Stro nie for ma tion de vel oped, over print ing the 
folded planes. Sub se quently, un der ret ro gres sive con di tions, younger de for ma tions were lo cal ised in the dy nami cally re -
crys tal lised shear zones that mostly re ac ti vated the S2 planes and were as so ci ated with a late top- to- the-N (NE) di rected
tec tonic trans port. The D3 my lo ni ti sa tion was as so ci ated with the elon ga tion and size re duc tion of car bon ate grains
within the S-C’ or S-C my lo nites. It pro duced the S3 planes and the N–S trend ing L3 stretch ing linea tion. Both groups of 
the tec tonic struc tures and D2- established min eral iso grads (Tr- in and Di- in) were to gether re ori ented dur ing the late
com pres sional stages D4 and D5, re lated re spec tively to the SW–NE (WSW–ENE) and NW–SE (NNW–SSE) di rected
tec tonic short en ings. This is visi ble in the large scale F4 folds, the di ver sity of the D2- and D3- related min eral as sem -
blages, and the tem pera ture es ti ma tions re lated to both tec tonic stages, which in di cate de creas ing meta mor phic con di -
tions from ³ 600°C in the SE to ³ 490°C in the NE of the LSMU dur ing D2, and from ca. 510°C to 430°C for the re spec -
tive do mains dur ing D3. The in com plete pat tern of the Di- in and Tr- in iso grads, which still re fers to the ge ome try of
gneiss- schist bound ary, con firms that the mac ro struc tures of the LSMU mainly de vel oped in tec tonic event(s) fol low ing 
the tem pera ture peak of meta mor phism.
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IN TRO DUC TION

Up per Pro tero zoic to Lower Pa laeo zoic mica schists
with sub or di nate in ter ca la tions of mar bles, quartz ites,
acid- metavolcanites and me ta ba sites form the Stro nie for -
ma tion – a su pracrus tal se quence in the L¹dek-Œnie¿nik
Meta mor phic Unit (LSMU), the West Sude tes. Dur ing the
tec tono meta mor phic evo lu tion of the LSMU, the rocks of
the Stro nie for ma tion were in ten sively de formed (e.g. Don 
et al., 1990) and un der went re gional meta mor phism (e.g.
Smu likowski, 1979) ter mi nated by the em place ment of
Varis can grani toids.

Thanks to the well- exposed in ter lay ers of mar bles,
quartz ites and me ta vol can ites within the mica schists, all
with pre served de for ma tion struc tures, the rocks of the

Stro nie for ma tion have been the fo cus of nu mer ous in ves -
ti ga tions into their struc tural and meta mor phic rec ord.
How ever, the in ter pre ta tions led to dif fer ent, and there -
fore pos si bly in part er ro ne ous con clu sions. Con tro ver sies
re gard ing the ori gin and tec tonic sig nifi cance of N–S trend -
ing folds and linea tions, the ques tion of a po lyphase ver sus
single- phase struc tural evo lu tion, and kine mat ics of the
tec tonic move ments and their re la tion ships to meta mor -
phism have been widely dis cussed, but fur ther stud ies are
still needed.

This pa per pro vides a re con struc tion of the tec tono -
meta mor phic evo lu tion of the mar bles in the L¹dek-
Œnie¿nik Meta mor phic Unit. Thanks to their rheo logi cal



prop er ties, the mar bles al low for a good dis tinc tion be -
tween the tec tonic fea tures de vel oped dur ing con secu tive
tec tono meta mor phic stages. Al though nu mer ous de tailed
pet ro graphic and struc tural stud ies have al ready been per -
formed on these rocks, they did not con sider re la tion ships
be tween meta mor phism and de for ma tion. This pa per re -
lates the meso- and mi cro struc tures to the meta mor phic
evo lu tion in ferred from the chang ing min eral as sem blages
and ther mo ba ro met ric cal cu la tions. The re sults of this

study con trib ute to the rec og ni tion of the ori gin of the tec -
tonic fab rics, the cause of the pro gres sive changes in meta -
mor phic and kine matic con di tions, and dif fer ences in the
meta mor phic rec ord through out the Stro nie for ma tion.
Ac cord ingly, this pa per pro vides new veri fi able data re -
quired for un der stand ing the struc ture and geo dy namic de -
vel op ment of the bor der land of the West Sude tes con ti nen -
tal do main.

GEO LOG I CAL SET TING

The L¹dek-Œnie¿nik Meta mor phic Unit forms the
east ern part of the Or lica-Œnie¿nik Dome (Don et al.,
1990), which is the east ern most tec tonos tra tigraphic unit
of the West Sude tes (Fig. 1). The West Sude tes are con sid -
ered to be ei ther a sin gle Lugian con ti nen tal do main re -
ferred to as an oro genic root (Schul mann & Gayer, 2000)
or a mo saic of sev eral sepa rate ter ranes cor re lated with
large- scale units of the Bo he mian Mas sif. Pub lished ter rane 
mod els place the Or lica-Œnie¿nik Dome in ei ther the SE
part of the Saxo thuringian ter rane (Franke & ¯elaŸnie-
wicz, 2000) or the NE part of the Molda nu bian ter rane
(e.g. Cymer man et al., 1997; Alek sandrowski & Ma zur,

2002). The LSMU is com posed of the meta mor phosed
volcano- sedimentary M³ynow iec and Stro nie for ma tions,
and gneis ses sub di vided into the Œnie¿nik augen- orthognei- 
sses and the fine- grained, of ten mig ma titic Giera³tów gneis -
ses (ac cord ing to Fisch er’s ter mi nol ogy, 1936). The NW
part of the LSMU is a blas to my lo nitic zone called the
Z³oty Stok- Skrzynka Shear Zone. In the east, the NNE-
 trending Staré Me sto Belt di vides the LSMU from the
Moravo- Silesian do main, which formed an ac cre tion ary
wedge over the Bruno- Vistulian (Brunia) mi cro con ti nent
dur ing its Car bon if er ous oblique con ver gence with the
West Sude tes do main (Schul mann & Gayer, 2000). In the
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Fig. 1. a. The po si tion of the Orlica-Œnie¿nik Dome in the West Sudetes (map mod i fied af ter ¯elaŸniewicz et al., 2004). b. Geo log i cal
map show ing the dis tri bu tion of the Stronie for ma tion rocks and the gneiss for ma tions in the L¹dek-Œnie¿nik Meta mor phic Unit (mod -
i fied af ter Sawicki, 1995). The squares mark the lo ca tions of the sam ples se lected for microprobe anal y ses.



north, the K³odzko-Z³oty Stok Grani toids sepa rate the
LSMU from the phyl lites of the K³odzko-Metamorphic
Unit, con ceiva bly an equiva lent of the Teplá- Barrandian
(Bo hemicum) ter rane (e.g. Alek sandrowski & Ma zur 2002; 
Cymer man et al., 1997).

The struc tural re la tion ship be tween the rocks of the
Stro nie for ma tion and the gneis ses of the LSMU re mains a
sub ject of ma jor de bate. Fol low ing Fischer (1936), the Stro -
nie for ma tion is con sid ered to be the struc tur ally higher
part of the LSMU (e.g. by Don et al., 2003). The lower part
con sists of gneis ses en clos ing sev eral ec lo gite and granu lite
bod ies. Ac cord ing to this view, the rocks of the Stro nie for -
ma tion oc cupy po lyphase syn cli no rial mac ro struc tures,
whereas the gneis ses are ex posed in the ax ial parts of an ti -
cli no ria. Con versely, the gneiss do main in the Z³ote Mts. is 
re garded as po si tioned in the core of a syn form (e.g. Oberc, 
1972). In the most re cent in ter pre ta tion, the gneiss do -
mains are con sid ered to be sepa rate tec tonic slices form ing
a nappe pile with the rocks of the Stro nie for ma tion
(Cymer man, 1997).

The Stro nie for ma tion is con sid ered to be an Up per
Pro terozic to Lower Pa laeo zoic volcano- sedimentary se -
quence, with the light quartz ites at the base, mica schists
and graph ite quartz ites in the main part of se quence and
me ta vol canic rocks and mar bles at its top (e.g. Don et al.,
2003). The me ta ba sites of the Stro nie for ma tion are at trib -
uted to an en sialic rift (Floyd et al., 1996), but their geo -
chemi cal sig na tures vary from WPB to MORB (Nowak &
¯elaŸniewicz, 2002). The mi cro fos sils pre served in the
mar bles (e.g. Gu nia, 1984b) and quartz ites (Gu nia, 1984a)
in di cate Late Pro tero zoic to Early Cam brian sedi men ta -
tion. The rel ics of fauna skele tons in di cate a Pa laeo zoic age
for the mar bles (Koszela, 1997). New U-Pb SHRIMP zir -
con dat ing of the acid me ta vol canic in ter ca la tions rep re -
sent ing the synsediman tary vol can ism in the Stro nie for -
ma tion yields an age of ~500 Ma (Mur tezi & Fan ning,
2005).

The augen to fla ser Œnie¿nik or thogneis ses are de for-
med and re gion ally meta mor phosed por phy ritic gran ites.
Mag mas re sult ing from the melt ing of Neo pro tero zoic
crust (Tur niak et al., 2000) in truded into the rocks of the
Stro nie for ma tion (e.g. Don, 1964; Bor kowska et al., 1990)
dur ing a wide spread mag matic event ~500 Ma (e.g. Ol iver
et al., 1993; Tur niak et al., 2000; Kröner et al., 2001). The
fine- grained partly mig ma titic Giera³tów gneis ses en com -
pass a lens- shaped, 12- km long, granu lite body (ex tend ing
from Stary Giera³tów to wards the NE) (Fig. 1) and sev eral
dis persed ec lo gite and post- eclogite am phi bo lite lenses
(Miêdzygórze, Wójtówka, Mt. Sowia Kopa, Nowa Mo -
rawa). The geo chemi cal and age simi lari ties as cer tained for
the pro to liths of both gneis ses sug gest their close af fin ity
(e.g. Bor kowska et al., 1990; Tur niak et al., 2000); how ever, 
their mu tual age re la tion ships are still de bat able. In the
Miêdzygórze area, fine- grained, mig ma titic gneis ses oc cur -
ring within the augen Œnie¿nik gneis ses have been con sid -
ered ei ther en claves (e.g. Grzeœkowiak & ¯elaŸniewicz,
2002) or a more de formed and mig ma titzed form of the
Œnie¿nik gneis ses (Don in Don et al., 1990; Tur niak et al.,
2000).

The rocks of the Stro nie for ma tion un der went a com -

plex tec tonic evo lu tion span ning up to 7 stages of de for ma -
tion (e.g. Don et al., 1990) and re gional meta mor phism
(e.g. Smu likowski, 1979) pre ced ing the in tru sions of Varis -
can grani toids. The LSMU rocks re corded Up per De vo -
nian (Klemd & Bröcker, 1999; Szcze pañski et al., 2004;
Lange et al., 2005) and/or Lower Car bon if er ous meta mor -
phism (Bor kowska et al., 1990; Brueck ner et al., 1991; Stel -
ten pohl et al., 1993; Maluski et al., 1995; Tur niak et al.,
2000; Lange et al., 2002; Mar heine et al., 2003; Štíp ská et al.,
2004). It has also been sug gested that the po lyphase meta -
mor phic evo lu tion of the LSMU started in the Early Cale -
do nian phase (Don in Don et al., 1990; Olivier et al., 1993;
Grzeœkowiak et al., 2005). In this lat ter view, the first de -
for ma tional event in the rocks of the Stro nie for ma tion
could be con nected with the Sar din ian oro genic phase, ter -
mi nated by the in tru sions of por phy ritic gran ites – the
protho lih of the Œnie¿nik gneis ses (e.g. Fischer, 1936; Don
in Don et al., 1990). Ac cord ing to Don (e.g. in Don et al.,
1990), the suc ceed ing de for ma tional event, con nected with 
the E- directed thrust ing, led to the for ma tion of N–S
trend ing, tight folds in the metape lites and a me ridi on ally
trend ing rod ding linea tion in the Œnie¿nik or thogneis ses.
The ul ti mate ar range ment of six an ti cli no ria and five syn -
cli no ria re sulted from the oblit era tion of the N–S trend ing
folds by NW–SE ones dur ing a sub se quent oblique fold ing
(Don et al., 1990). The axes of these mac ro struc tures com -
pose a fan- like pat tern (termed the L¹dek vir ga tion by Teis -
seyre, 1956) and con verge, plung ing to wards the NW in
the area of the Krowi arki Mts. (Don, 1964). Dumicz (1979,
Dumicz in Don et al., 1990) re marked that the LSMU re -
corded two Varis can tec tonic cy cles. Dur ing the first, as a
re sult of the hori zon tal short en ing, an in ten sive fold ing
lead ing to the crus tal thick en ing took place. The con se -
quent iso static up lift was as so ci ated with the for ma tion of
tight re cum bent folds and origi nally hori zon tal meta mor -
phic ax ial planes. Dur ing the Late- Variscan cy cle, an oblit -
er ated shear ing and a large- scale fold ing of the ear lier struc -
tures took place (Dumicz, 1979).

The re gional elon ga tion along the N–S trend ing rod -
ding linea tion in the LSMU or thogneis ses could be the re -
sult of ei ther co in ci den tal strain due to a N–S tec tonic es -
cape in duced by the E–W short en ing (¯elaŸniewicz, 1988)
or NE–SW strike slip in a tran spres sional re gime (Cymer -
man, 1997). ̄ elaŸniewicz (1991) con nects the de vel op ment 
of the N–S stretch ing linea tion with the early tec tonic
stage of the tec tonic evo lu tion, whereas Cymer man (1997)
as sumes that all the tec tonic fea tures de vel oped dur ing one
de for ma tional event.

The geo ther mo ba ro met ric cal cu la tions in di cate that
all the stud ied do mains of the Stro nie for ma tion un der -
went me dium grade Bar rovian meta mor phism. Pub lished
data re veals that the mica schists ex pe ri enced pro gres sive
meta mor phism reach ing tem pera tures of 520–650°C and
pres sures of 7–9 kbar (e.g. Józe fiak, 2000; Ro ma nová &
Štíp ská, 2001; Mur tezi, 2003; Žaèk ová & Štíp ská, 2004).
The maxi mum tem pera tures ob tained for the LSMU mar -
bles yield ~500–565°C (e.g. Koszela, 1997; Jas trzêb ski,
2003). The P-T es ti ma tions cal cu lated for the me ta ba sites
con cur with those men tioned above, yield ing 530–669°C
and 8–9 kbar (Nowak & ¯elaŸniewicz, 2002). By con trast
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to these val ues, the dis persed granu lite and ec lo gite bod ies
un der went ei ther high pres sure (HP) (Štíp ská et al., 2004)
or even ultra- high pres sure (UHP)/ultra- high tem pera ture
(UHT) con di tions (Bakun- Czubarow, 1992; Bröcker &
Klemd, 1996; Kryza et al., 1996; Szcze pañski et al., 2004).
The P-T es ti ma tions for the Œnie¿nik and Giera³tów gneis -
ses are more dif fi cult to cal cu late be cause of the poorer
min eral as sem blages. The ther mo ba ro met ric cal cu la tions
per formed in the gneis ses of the LSMU show that they un -
der went meta mor phism un der upper- amhibolite fa cies
con di tions (Grzeœkowiak & ¯elaŸniewicz, 2002; Stawiko-
wski, 2002; Žaèk ová & Štíp ská, 2004). The high gros su lar

con tent (XCa: 0.3–0.5) in the gar nets from the gneis ses ad -
ja cent to the ec lo gites sug gests that the garnet- bearing
gneiss es ex pe ri enced (U)HP con di tions (Bor kowska et al.,
1990; Bröcker & Klemd, 1996). How ever, new, de tailed in -
ves ti ga tions show that the un usual gar net com po si tion did
not re sult from the high pres sures. It is more likely that it
was ei ther pro duced by a dif fu sional modi fi ca tion of the in -
her ited grains (Grzeœkowiak, 2004) or re sulted from a mi -
gra tion of Ca ions from the ad join ing me ta ba sites dur ing
gar net growth at the mig ma ti sa tion stage (Stawikowski,
2005) un der me dium pres sure con di tions.

PRE VI OUS STUD IES ON MAR BLES

The mar bles of the L¹dek-Œnie¿nik Meta mor phic Unit 
have been the ob ject of nu mer ous stud ies fo cus ing on vari -
ous as pects of their ge ol ogy, e.g. their eco nomi cal use (e.g.
KuŸniar, 1960; Witek, 1976), pre served mi cro fos sils (e.g.
Gu nia, 1996; Koszela, 1997), and the en vi ron ment of their
sedi men ta tion, and their po si tion in the lithos tra tigraphic
col umn of the Stro nie for ma tion (Kar wacki, 1990;
Koszela, 1997). De tailed pet ro graphic de scrip tions of the
LSMU mar bles have been pre sented by many authors, in -
clud ing KuŸniar (1960), But kiewicz (1968), Witek (1976),
Smu likowski (1979), Kar wacki (1990), and most re cently
by Koszela (1997). Due to the good ex po sure of the mar ble
in ter lay ers within the mica schists and the well- preserved
de for ma tion struc tures, the mar bles have also been the fo -
cus of nu mer ous struc tural in ves ti ga tions. In this sec tion,
spe cial em pha sis has been put on ear lier map ping and ex ist -
ing struc tural and pet ro logic stud ies of these rocks.

The mar bles of the Stro nie for ma tion oc cur within the 
mica schists mostly as elon gated in ter lay ers sev eral me ters
up to 400 me ters thick and tens of me ters to a few kilo me -
tres long (Fig. 1). They are dis trib uted ir regu larly through -
out the LSMU and con cen trate in the NW part of the
Krowi arki Range, while there are only sev eral iso lated in -
serts in the S and E parts of the LSMU (Fig. 1b). These mar -
ble bod ies are gen er ally pre served the origi nal po si tion of
the sedi men tary in ter beds within the ad ja cent me ta vol anic
and metape li tic rocks (Koszela, 1997). De tailed pet ro -
graphic in ves ti ga tions re vealed the vari abil ity of the cal -
cite/dolo mite ra tio of in di vid ual mar ble lay ers in the out -
crop pro files (e.g. Witek, 1976; Kar wacki, 1990). How ever, 
in gen eral, the mar ble bod ies oc cu py ing the NW part of
the Krowi arki Mts. are mainly a dolomite- rich va ri ety,
whereas the in ter ca la tions in the SW part of the LSMU are
mainly cal cite mar bles (Cwo jdzi ñski, 1979a, 1979b, 1983).
The lat ter were as signed by Koszela (1997) to the lower
part of the me ta vol canic as so cia tion of the Stro nie for ma -
tion. In his opin ion, the im pure, mainly dolo mite mar bles
might rep re sent the up per parts of the li to stra tigraphic
pro file.

The dis tinct litho logi cal con tacts with the ad ja cent
rocks al low the sur vey of large, map- scale tec tonic struc -
tures within the LSMU (e.g. KuŸniar, 1960; Don, 1964,
1976, 1988; Kar wacki 1990). De spite varia tions in the

chemi cal com po si tion in the NW part of the Krowi arki
Range, KuŸniar (1960) con sid ered four NW- trending, elon -
gated mar ble out crops to be syn for mal parts of a sin gle
~150-m thick mar ble layer, de formed into slightly in -
clined, SW- vergent and NW- plunging mac ro folds. Con -
trar ily, the out crops in the Krowi arki Mts could rep re sent
two lay ers folded into a syn cline, the hinge zone of which
is ex posed near Nowy Wal iszów (Don, 1964). The SW-
 vergent ge ome try of the de formed mar ble in ter beds has
been con firmed in the Krowi arki Mts and rec og nised in its
SE part in Rogó¿ka (Kar wacki, 1990).

On the west ern slope of Mt. Krzy¿nik, 1 km south -
west of Stro nie Œlaskie, the mar bles are ex posed in two lay -
ers; the west ern layer is tra di tion ally termed Bia³a Mari -
anna, and the east ern Zie lona Mari anna. They are both ca.
40 me ters thick (Fig. 4), and are con sid ered to be two limbs
of a sin gle mar ble body de formed in the form of a N–S
trend ing tight syn form (Oberc, 1966; Don, 1976; Cwo jdzi -
ñski, 1983). How ever, these lay ers have also been con sid -
ered sepa rate, in de pend ent bod ies (Kar wacki, 1990). He as -
sumes that the two lay ers are pinched out within the mica
schists, re mark ing also their dif fer ent li thol ogy: the Zie -
lona Mari anna con tains more metape li tic in serts. In
Kletno, four sev eral tens of me ters wide mar ble out crops
oc cur (Kasza, 1964; Fr¹ckiewicz & Teis sey ere, 1973). They 
could be the ex po sures of an in ten sively folded mar ble
layer, which proba bly ex tends to wards the south where it
also ex poses in the Mo rava val ley (Don, 1982). Out -
cropped dis persed mar ble bod ies also oc cur in the vi cin ity
of Ra do chów (Cwo jdzi ñski, 1979b), Lu tynia and L¹dek
Zdrój (Gier we la niec, 1971), Z³oty Stok (Cwo jdzi ñski,
1976), Janowa Góra (e.g. Don, 1988), and Ka mienica (e.g.
Teis seyre, 1959; Don, 1982). The con di tions of oc cur rence
and the lo ca tions of the LSMU mar bles are de scribed in de -
tail by Kar wacki (1990), among oth ers.

The mar bles of the Stro nie for ma tion af fected the re -
gional meta mor phism (Teis seyre, 1959), pos si bly as so ci -
ated with a fluid flow re sult ing in changes in a bulk- rock
com po si tion (Ba naœ, 1962). An ob served ir regu lar dis tri bu -
tion of feld spars, epi dote, Ca- amphibole and Ca- pyroxene
in the mar ble bod ies that are in con tact with the grani toids
and gneis ses in the Or lica-Œnie¿nik Dome sug gests a higher 
meta mor phic grade for the mar bles near Stro nie Œl¹skie
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than for those ex posed near ̄ elazno (Kar wacki, 1990). Ac -
cord ingly, the maxi mum val ues of the Mg- content in the
cal cites, cor re spond ing with tem pera tures of ~500°C,

were noted in the mar bles in the vi cin ity of Kletno and
Stro nie Œl¹skie (Koszela, 1997; Jas trzêb ski, 2003).

AN A LYT I CAL METH ODS

In or der to es tab lish the tec tono meta mor phic evo lu -
tion of the mar bles and pos si ble dif fer ences in their tec -
tonic and meta mor phic rec ord, in te grated field and labo ra -
tory struc tural and pet ro logi cal stud ies were car ried out on 
mar ble oc cur rences through out the Pol ish part of the
LSMU (Fig. 1). Dur ing the field work, tec tonic struc tures
in the mar bles and ad ja cent rocks were iden ti fied and clas si -
fied. The geo met ric re la tion ships be tween folds and pla nar
and lin ear struc tures were taken into ac count in or der to
rec og nise the de for ma tional se quence of the mar bles. The
or der of the ob served meso folds and the ori en ta tion of the
mac ro fold en ve lope were tested to de ter mine the po si tion
of pla nar struc tures from be fore their re ori en ta tion dur ing
suc ces sive tec tonic events. In or der to es tab lish the re gime
of the tec tonic move ments, the kine matic in di ca tors, i.e.
asym me try of higher- order folds, asym me try of d- and s-
 type por phy ro clasts (Passch ier & Trouw, 1995) and the ge -
ome try of S-C- and S- C’- type my lo nites (Blenik shop &
Treo lar, 1995) were con sid ered.

Pol ished thin sec tions were ex am ined in or der to cor -
re late the chang ing min eral as sem blages with suc ces sive
tec tonic fab rics. The ma jor el e ments and chem i cal
zonation of the min er als form ing suc ces sive tec tonic fab -
rics in the mar bles were ana lysed us ing a JEOL JSM 840A
elec tron microprobe com bined with a ThermoNoran
microanalysis sys tem of the Lab o ra tory of In sti tute of
Geo log i cal Sci ences of Pol ish Acad emy of Sci ences in War -
saw, Po land. Ad di tional anal y ses were col lected us ing a
CAMECA-CAMEBAX SX 1002 in the Elec tron Mi cro-
probe Lab o ra tory Inter-In sti tute An a lyt i cal Com plex for

Min er als and Syn thetic Sub stances in War saw, Po land.
Spot anal y ses were col lected un der con di tions of ac cel er at -
ing volt age of 15kV with a beam cur rent of 10nA. The
Mg-Ka in ten sity map ping and tra verse anal y ses for sev eral
cal cite grains were car ried out in or der to re cog nise the or i -
gin of their chem i cal zonation, re quired for the con scious
ap pli ca tion of the car bon ate geothermometer (e.g. Essene,
1983). The tem per a ture of each sam ple was cal cu lated by
tak ing the av er age of the high est Mg anal y ses from the
cores of sev eral dif fer ent cal cites de void of ret ro gressed do -
lo mite exsolutions but co ex ist ing with do lo mite in the ma -
trix. These con di tions were cal cu lated us ing the Cal-Dol
geothermometer, with a cor rec tion for the ef fect of Fe, as
per Anovitz & Essene (1987). Due to the nearly Fe-free
com po si tion of the min er als, an iso baric T-X(CO2) di a -
gram show ing the phase equi lib ria of D2-re lated min eral
re ac tions was con structed for the sim pli fied sys tem
K2O-Al2O3-CaO-MgO-SiO2-CO2-H2O us ing the THER-
MOCALC 3.1 soft ware con tain ing an in ter nally con sis -
tent ther mo dy namic da ta base (Hol land & Powell, 1998).
The di a gram was con structed for a pres sure of 7 kbar, and
this av er age of the peak con di tions of re gional meta mor -
phism (e.g. Murtezi, 2003; Žaèková & Štípská, 2004) was
found to cor re late with the tec tonic stage D2. The min eral
ab bre vi a tions used in this pa per are af ter Kretz (1983).

The en tire docu men ta tion of this study (ori ented mar -
ble sam ples, thin sec tions, min eral analy ses) is stored in the 
In sti tute of Geo logi cal Sci ences of the Pol ish Acad emy of
Sci ences, De part ment of Ge ol ogy of the Sude tes, Pod wale
75, Wroc³aw, Po land.

PE TROG RA PHY AND MIN ER AL OGY

The mo dal con tent of the car bon ates in most of the
mar bles of the L¹dek-Œnie¿nik Meta mor phic Unit var ies
form 92 to 99% with pure mar bles hav ing a con tent above
95%, as per the clas si fi ca tion of Ro sen et al., 2004. The ma -
jor min er als are cal cite and dolo mite. They are usu ally con -
cen trated in mo nominer alic lami nae or lenses. The mi nor
meta mor phic min er als are white mi cas, Mg- biotite, Mg-
 chlorite, K- feldspar, pla gio clase, Ca- amphibole, Ca-clino-
pyroxene and epidote- clinozoisite. The di verse min eral
hab its, vol ume pro por tions and spa tial ar range ments all re -
sulted from the dif fer ent chemi cal com po si tions of the pro -
to liths, meta mor phic con di tions and in ten sity of dy namic
re crys tal li sa tion, and de fine spe cific struc tures of the mar -
bles: pla nar or non- planar, ho meo blas tic or het ero blas tic,
grano- or le pi do blas tic. The con densed pet ro graphic de -
scrip tion of the LSMU mar bles is pre sented in Ta ble 3. In
this pa per, on the ba sis of the Cal- Dol ra tio, the mar bles are 

sub di vided into four groups: (i) cal cite mar bles, (ii) calcite-
 dolomite mar bles, (iii) dolomite- calcite mar bles and (iv)
dolo mite mar bles (Tab. 3).

Cal cite
The wide range of vol ume pro por tions of cal cite and

dolo mite in the mar bles means that cal cite is pres ent in
vari ous amounts of rock vol ume (Tab. 3). The cal cite blasts 
form an he dral crys tals with a slight ani somer tic habit, ca. 1 
mm in di ame ter on av er age with maxi mum di ame ters up
to ca. 6 mm. The cal cite bounda ries with sili cate min er als
are straight, whereas those with the sur round ing car bon -
ates are ir regu lar, in di cat ing their re crys tal li sa tion by the
grain bound ary mi gra tion (Schmid et al., 1980). The less
fre quent straight bounda ries and po lygo nal shapes of cal -
cite ag gre gates in di cate the de crease in to tal free sur face en -
ergy by grain bound ary area re duc tion (as in Passch ier &
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Trouw, 1998), which par tially over printed a pre- existing
fab ric dur ing pe ri ods of static re crys tal li sa tion. In the do lo -
mite-bear ing mar bles, cal cite mainly forms mil li me tre- to
centimeter- scale lami nae. Oc ca sion ally, it is in ter sti tial be -
tween dolo mite grains or forms veins of vary ing size (from
1 mm to a few deci me tres across), cross- cutting the rock
lami na tion. The Mg- content in the cal cites of the dolo-
mite-bear ing mar bles var ies from 2.0 to 6.9 Mol% MgCO3,
and it is het ero ge ne ous within a sin gle grain. Moreo ver, the 

av er age Mg- content of sin gle cal cites can dif fer in a wide
range, even in ad join ing grains. The in ner parts of the cal -
cites are char ac ter ised by a con stant Mg- concentration
with dif fer ences not ex ceed ing 0.3 Mol% MgCO3, whereas
tra ver ses across the rims re veal a dis tinctly ir regu lar pat -
tern with an Mg- decreasing trend to wards the grain
bounda ries (Fig. 2a). Ac cord ingly, the back- scattered elec -
tron im ages and Mg- Ka in ten sity map ping of sev eral ret ro -
gressed mag ne sian cal cites re vealed dolo mite ex so lu tion
mainly gath er ing within the rims of the cal cites and along
the grain bounda ries. In some cases, the dolo mite ex so lu -
tions lo cate within a whole grain (Fig. 2b). The dis tur bance 
in the de creas ing trend of the Mg con tent for cal cite rims
to wards their edges may sug gest that dolo mite exslou tion
also oc curred on a sub mi cro scopic scale. By con trast, the
chemi cal analy ses of cal cites from the cal cite mar bles show
a very low Mg- content (up to 0.3 Mol% MgCO3). The Fe-
 content in the cal cites var ies from 0 to 1.8 Mol % FeCO3

and is gen er ally higher in more Mg- rich blasts.

Dolo mite
Dolo mite blasts tend to be more ani so met ric and

finer- grained than cal cites (Fig. 5b, 5d) (ca. 0.3 mm in di -
ame ter). The dolo mite blasts form mainly an he dral grains
with ir regu lar, curved bounda ries or, oc ca sion ally, sub he -
dral rhom boi dal grains. Elon gated or flat tened blasts are
ori en tated par al lel to the rock lami na tion. The size di ver -
sity of the two car bon ate min er als led to the de vel op ment
of the lami na tion rec og nised on the meso scale in the mar -
bles, even with a de fi ciency of mi cas.

Bio tite
Bio tite is pres ent in nearly half of the stud ied mar ble

out crops (Fig. 8). Its con tent is up to 5% of the rock vol -
ume. De pend ing on the vol ume, it is dis trib uted as sin gle
flakes in a car bon ate ma trix or it is con cen trated in Bt-
 Ms±Chl±Ep(Czo) lami nae. In most cases, the bio tite
flakes are ori en tated par al lel to the main rock lami na tion.
Their size ranges from tens of mi crome ters to ca. 1.5 mm
across. Most of the ana lysed bio tites plot in phlo go pite
quar ter and give an XMg = (Mg/Mg+Fe) = 0.86–0.99 (Tab.
2). In the dolomite- absent mar bles, the bio tites are con sid -
era bly more Fe- rich (XMg = 0.52). Al ter nate Mg- rich chlo -
rite and quartz oc cur along the cleav age planes and near the 
flake mar gins (Fig. 3f).

White mi cas
White mi cas are lo cally pres ent within lami nae com -

posed of phyl lo sili cate min er als (Figs 5b, 6e) or as sparse
sin gle flakes (Fig. 5d). Form ing up to 2.0-cm long flakes,
they are mainly ori ented par al lel to the main rock lami na -
tion. On the ba sis of the Si- content, the white mi cas can be
di vided into two groups with ca. 6.12 and ca. 6.35 Si per
for mula unit.

Ca- amphibole
Ca- amphibole has been noted as a mi nor com po nent

of the dolo mite lami nae in a few oc cur rences, i.e. Nowy
Wal iszów, Lu tynia, Kletno, Mt. Janow iec, and quar ries in
the Mt. Krzy¿nik area (Zie lona and Bia³a Mari anna lay ers)
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Fig. 2. a. A rep re sen ta tive tra verse anal y sis through a D2-re lated 
cal cite blast. The pro file dis plays a nearly con stant Mg-concentra- 
tion in the in ner cal cite part and a de creas ing trend with an ir reg -
u lar Mg-con tent to wards the cal cite rim. This shows the pres ence
of sub mi cro scopic-scale do lo mite exsolutions syn chro nous with
the Mg-de ple tion of the cal cite edges. b. Back-scat tered elec tron
im age show ing do lo mite exsolutions de vel oped both near the cal -
cite edges and within its core, re sult ing from the chem i cal
reequilibration dur ing ret ro gres sion.
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Fig. 3. a. Al la nite and clinozoisite in the cal cite-do lo mite mar bles from the Krzy¿nik quarry. b. Ca-pyroxene, phlogopite and K-feld -
spar in cal cite mar bles from Lutynia. c. Lenses com posed of cal cite, serpentinized Mg-ol iv ine and spinel within the martix con sist ing of
do lo mite and phlogopite. From Z³oty Stok. d. Mg-ol iv ine in do lo mite-cal cite mar bles from Z³oty Stok. e. Ca-am phi bole par tially re -
placed by talc ac cu mu lated near the edges and along the cleav age planes in cal cite-do lo mite mar bles from the Stronie Œl¹skie quarry. f.
Mg-bi o tite with al ter nate chlorite in the cal cite-do lo mite mar bles from the Janowiec Mt.

Ta ble 1
Se lected chemi cal analy ses of cal cites from the mar bles of the L¹dek-Œnie¿nik Meta mor phic Unit

Di- in Tr- in Tr- out, Phl- in Tr- in Tr- out, Phl- in

S and E of the OSD SE of the Krowi arki
mid. of the
Krowi arki

NW of the
Krowi arki

SE of the Krowi arki
mid. od the
Krowi arki

NW of the
Krowi arki

Sam ple L8a Lu3b JG2 S1m S1m Ro11 Ro11 ¯14 ¯14 K1a K1a ¯35 ¯35 ¯25 ¯25

Analy sis  Cal21 2b17 2f05 Cal21 Cal21b 4d05 4d06 4e05 4e06 Cal1 Cal1b Cal2œ Cal2b Cal2œ Cal2b

Min eral Cal Cal Cal Cal core Cal rim Cal core Cal rim Cal core Cal rim Cal core Cal rim Cal core Cal rim Cal core Cal rim

Struc tural
po si tion

S2 S2 S2 S2 S2 S2 S2 S2 S2 L3/S3 L3/S3 L3/S3 L3/S3 L3/S3 L3/S3

Wt%

FeO 0.14 0.03 0.17 0.24 0.52 0.14 0.14 0.02 0.04 0.64 0.31 0.04 0.06 0.05 0.00

MnO 0.00 0.00 0.93 0.06 0.00 0.05 0.00 0.12 0.18 0.03 0.00 0.00 0.00 0.06 0.06

MgO 0.11 0.34 0.16 2.35 1.26 1.91 1.29 1.41 1.13 1.78 1.35 0.96 0.33 1.07 0.80

CaO 53.16 56.19 53.98 51.09 53.44 55.33 53.92 56.04 56.80 52.75 53.38 54.95 54.87 53.01 52.69

To tal 53.41 56.56 55.24 53.74 55.22 57.43 55.35 57.59 58.15 55.20 55.04 55.95 55.26 54.19 53.55

Fe2+ 0.004 0.001 0.005 0.007 0.015 0.004 0.004 0.001 0.001 0.018 0.009 0.001 0.002 0.001 0.000

Mn 0.000 0.000 0.027 0.002 0.000 0.001 0.000 0.003 0.005 0.001 0.000 0.000 0.000 0.002 0.002

Mg 0.006 0.017 0.008 0.120 0.063 0.091 0.064 0.067 0.054 0.089 0.068 0.047 0.017 0.055 0.041

Ca 1.990 1.982 1.960 1.872 1.922 1.903 1.932 1.929 1.940 1.892 1.924 1.951 1.982 1.942 1.957

To tal 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000 2.000

Ca CO3 99.5 99.1 98.0 93.6 96.1 95.2 96.6 96.4 97.0 94.6 96.2 97.6 99.1 97.1 97.8

MgCO3 0.29 0.83 0.4 5.99 3.15 4.57 3.21 3.37 2.68 4.44 3.38 2.37 0.83 2.73 2.07

Fe CO3 0.2 0.04 0.24 0.34 0.73 0.19 0.2 0.03 0.05 0.9 0.44 0.06 0.08 0.07 0

MnCO3 0 0 1.34 0.09 0 0.07 0 0.16 0.24 0.04 0 0 0 0.09 0.09

T °C * 565 450 512 445 470 409 513 458 385 413 357

The cal cites are nor mal ized to 2 cati ons per for mula unit. The low Mg- content in the cal cite rims re sulted from their chemi cal re- equilibration. The low
Mg- content in the cal cites of the sam ples from Ka mienica (L8a), Lu tynia (Lu3b) and Janowa Góra (JG2) (Fig. 1) is due to the low Mg- saturation in the
dolomite- absent cal cite mar bles. Nd. – not de ter mined. (*) Tem pera tures cal cu lated ac cord ing to the cali bra tion of An no vitz and Essene (1987).



(Fig. 5d). It oc curs as elon gate prisms up to 1 mm in di ame -
ter, with ei ther dia mond or nee dle cross sec tions (Fig. 3e).
Ca- amphibole ex hib its the com po si tion of tremo lite and
shows slight zon ing from core (XMg = (Mg)/(Fe2++Mg) =
0.90) to rim (XMg = 0.94) or forms nearly pure tremo lite
(XMg > 99) (Tab. 2). It is par tially re placed by talc ac cu mu -
lated near the edges and along cleav age planes (Fig. 3e).

Ca- pyroxene
Ca- pyroxene is lim ited to the cal cite mar bles oc cur ring 

near Lu tynia, Janowa Góra and Ka mienica, in close ad ja -
cency to the Œnie¿nik or thogneis ses. It con sti tutes up to
6% of the rock vol ume and forms small rounded grains up
to 300 µm in di ame ter (Fig. 3b). The chemi cal analy ses do
not re veal any zo na tion in the Mg/Fe ra tio in any of the ex -
am ined blasts. Their Ca/Mg/Fe pro por tions situ ate the
ana lysed Ca- pyroxenes in the di op side field. Their XMg var -
ies from 0.78 to 0.99. Ca- pyroxene regu larly co ex ists with
K- feldspar and pla gio clase, oc ca sion ally, with ve su vi an ite

(Ka mienica) and phlo go pite (Lu tynia).

Pla gio clase
Pla gio clase is noted spo radi cally in cal cite or calcite-

 dolomite mar bles. It oc curs as iso lated small rounded
grains up to 400 µm in di ame ter, or lens- shaped ag gre gates
up to 1 mm long. It usu ally lacks twin ning. Chemi cal
analy ses of pla gio clase can gen er ally be di vided into two
groups: Ab = ~99 and Ab = 79–86.

Epi dote/cli no zoi site group
Epi dote/cli no zoi site min er als form elon gate to short

pris matic sub he dral grains, regu larly ca. 500 µm long, max. 
2.5 mm long. The green ish core and col our less rim re veal
their com po si tional zon ing, char ac ter ised by a de crease in
the pis tac ite mem ber from core (Fe/(Fe+Al) = 0.30–0.31)
to rim (Fe/(Fe+Al) = 0.20–0.24). The brownish epi dote
cores in the calcite- dolomite mar bles from the quarry on
Mt. Krzy¿nik con tain a con sid er able REE con tent –
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Ta ble 2
Se lected chem i cal anal y ses of in dex min er als from the marbles

Tr-out Tr-in Di-in

Sam ple Kl8b Kl8b J3b J3b J3b J3b S1 S1 Lu3b Lu3b L8a L8a Lu3b Lu3b ZS7a ZS7a

Analy sis Bt 06 Bt 07 Bt1 œr Bt1 brz amf1 amf2 Amf 1 œr
Amf 1

brz
amf  1 sr amf  1 br Di 1c Di 1r Di 1c Di 1r Fo 12 Spl 17

Min eral Bt core Bt rim Bt core Bt rim
Amp
core

Amp
rim

Amp
core

Amp rim
Amp
core

Amp rim Di core Di rim Di core Di rim Fo Spl

Wt%

SiO2 40.34 38.35 40.62 39.59 57.55 57.08 55.77 55.42 56.28 55.65 53.97 53.87 54.66 54.29 42.15 0.03

TiO2 1.45 1.21 0.53 0.05 0.05 0.09 0.21 0.08 0.12 0.00 0.00 0.00 0.23 0.10 0.00 0.02

Al2O3 17.17 17.33 18.54 18.86 1.85 2.42 2.93 3.70 2.48 2.10 0.95 0.39 0.92 0.90 0.00 69.10

FeO* 4.7 3.95 1.54 1.41 0.96 1.04 2.40 3.68 2.71 3.55 5.20 5.79 0.90 1.36 1.54 1.37

MnO 0.00 0.05 0.05 0.05 0.00 0.07 0.00 0.13 0.07 0.00 0.34 0.31 0.11 0.00 0.08 0.09

MgO 20.68 20.8 23.64 23.48 22.64 22.80 21.83 20.86 19.80 18.88 14.23 14.08 16.89 17.40 54.97 25.02

CaO 0.33 0.37 0.00 0.11 13.51 13.29 13.51 12.95 14.76 14.85 24.52 24.48 25.08 25.12 0.16 0.06

Na2O 0.22 0.11 0.17 0.14 0.22 0.28 0.33 0.34 0.24 0.19 0.43 0.29 0.37 0.33 N.d. N.d

K2O 10.10 9.13 10.00 9.46 0.07 0.04 0.03 0.07 0.23 0.00 0.00 0.05 0.00 0.00 N.d. N.d

ZnO N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. N.d. 3.04

To tal 94.99 91.30 95.09 93.15 96.85 97.11 97.01 97.23 96.69 95.22 99.64 99.26 99.16 99.50 98.90 98.73

Si 5.726 5.631 5.659 5.615 7.932 7.818 7.718 7.654 8.028 8.107 1.997 2.007 1.993 1.979 1.005 0.006

Ti 0.155 0.134 0.056 0.005 0.005 0.009 0.022 0.008 0.013 0.000 0.000 0.000 0.006 0.003 0.000 0.003

Al 2.873 2.999 3.043 3.153 0.300 0.391 0.478 0.602 0.417 0.361 0.042 0.017 0.040 0.039 0.000 15.983

Fe 0.558 0.485 0.179 0.167 0.111 0.119 0.278 0.425 0.323 0.432 0.161 0.180 0.027 0.041 0.031 0.225

Mn 0.000 0.006 0.006 0.006 0.000 0.008 0.000 0.015 0.008 0.000 0.011 0.010 0.003 0.000 0.002 0.015

Mg 4.376 4.553 4.910 4.965 4.652 4.655 4.504 4.295 4.211 4.100 0.785 0.782 0.918 0.945 1.953 7.316

Ca 0.050 0.058 0.000 0.017 1.995 1.950 2.003 1.916 2.256 2.318 0.972 0.977 0.980 0.981 0.004 0.013

Na 0.061 0.031 0.046 0.038 0.059 0.074 0.089 0.091 0.066 0.054 0.031 0.021 0.026 0.023 - -

K 1.829 1.710 1.777 1.712 0.012 0.007 0.005 0.012 0.042 0.000 0.000 0.002 0.000 0.000 - -

Zn - - - - - - - - - - - - - - - 0.440

To tal 15.627 15.607 15.675 15.678 15.066 15.031 15.097 15.019 15.364 15.371 3.998 3.996 3.994 4.011 2.995 24.000

Mg/(Mg
+Fe)

0.88 0.90 0.96 0.97 0.98 0.98 0.94 0.94 0.93 0.90 0.83 0.81 0.97 0.96 0.98 0.97

Mg-bi o tite is nor mal ized to 22 oxygens. Ca-am phi bole is nor mal ized to 13 cat ions+Na+K+Ca. Ca-pyroxene is nor mal ized to 6 oxygens. Mg-ol iv ine is
nor mal ized to 4 oxygens. Spinel is nor mal ized to 32 oxygens. (*)  To tal iron as FeO.



Ca/(Ca+Ce+Nd +Y+La) = 0.75. Sparse ana lysed epi -
dotes from Janowa Góra are char ac ter ised by a high Mn
con tent (Fe/Fe+Mn = 0.16).

Mg- olivine
Mg- olivine forms euhe dral or an he dral grains up to

200 µm in di ame ter. They regu larly con tain ir regu lar
cracks par tially re placed by al ter nate ser pen tine (Fig. 3d).
It has a ho moge nous chemi cal com po si tion of Mg- rich for -
ster ite (Mg/Mg+Fe = 0.98). Its oc cur rence is re stricted to

mar ble bod ies lo cated 2 km south west of Z³oty Stok.

Spi nel
Spi nel usu ally forms col our less iso met ric grains with

maxi mum di ame ters of 150 µm and a mean near 50 µm. It
is char ac ter ised by a low Fe con tent (Mg/Mg+Fe =
0.97–0.98). It oc curs in up to 3-mm long cal cite lenses in the 
dolomite- calcite mar bles near Z³oty Stok, where it co ex ists 
with Mg- olivine (Fig. 3c, d).

MESO- AND MICROSTRUCTURAL CHAR AC TER IS TICS

Struc tural re cord

Nu mer ous tec tonic struc tures rep re sent ing duc tile,
medium- grade meta mor phic con di tions and con tinu ing to

more brit tle, low- grade ones were pre served in the mar bles 
of the L¹dek-Œnie¿nik Meta mor phic Unit. Scarce, small-
 scale in trafo lial, root less folds are the de for ma tion struc -
tures rec og nis able in the min eral lay er ing of Cal and Dol
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Ta ble 3
Pet ro graphic char ac ter is tics of rep re sen ta tive mar ble sam ples

Clas si fi ca -
tion

Mesoscopic
char ac ter

Avg. min eral 
com po si tion

Petrog ra phy Lo cal isa tion Min eral com po si tion
Ac ces sory
min er als

Cal cite
mar bles -
Dol 0-5%

White, with
sub or di nate
pink or grey 
bands or
lenses

Cal - 90- 99%
Dol - 0-5%
Kfs - 0-3%
Di - 0-3%
Ms - 0-2%
Tr - 0-2%
Czo - 0-2%
Qtz - 0-2%

Medium- grained ho meo blas tic mar ble with gra -
no blas tic fab ric de fined by nearly iso met ric cal -
cite, mi cro cline and Ca- pyroxene blasts. Oc ca -
sion ally, the pres ence of platy ori en tated plate-
or needle- shaped mi nor sili cates causes ei ther
weak fo lia tion or min eral linea tion

Janowa
Góra

Cal, Di, Kfs, Pl, Ep, Fl Zrn, Ttn

Ka mienica Cal, Di, Kfs, Pl, Vsv

Lu tynia Cal, Di, Kfs, Phl, Tr, Ms, Qtz
Ilm, Rt, Ttn, 
Mag

L¹dek Zdrój Cal, Qtz, Ms, Bt Chl

O³drzy -
chowice

Cal, Qtz, Ms

Krzy¿nik
Mt.

Cal, Tr, Czo, Ms, Dol

Ra do chów Cal, Qtz, Pl, Kfs, Ms

Calcite-
 dolomite
mar bles -
Dol <
Cal <
95%

Greyish-
 white, oc ca -
sion ally
striped by
the white
and col -
oured con -
stitu ent
min er als

Cal - 75- 90%
Dol - 5-25% 
Phl - 0-3%
Tr - 0-2%
Czo - 0-2%
Ms - 0-2%
Qtz - 0-2%

1-5 mm scale min eral band ing com posed of al -
ter nat ing lami nae of cal cite, dolo mite and spo -
radi cally quartz. Het ero blas tic (fine- grained
dolo mite, medium- grained cal cite) mar bles with 
grano- or le pi do blas tic fab ric de fined by flat -
tened dolo mite and plate- or needle- shaped mi -
nor sili cates. The size di ver sity of both car bon -
ate min er als causes this lami na tion also seen in
meso scale, even with a de fi ciency of mi cas. At
con tacts with metape lites, Cal- Dol lami na tion
is nearly par al lel to rock bounda ries

Ch³opek
Mt.

Cal, Qtz, Dol, Phl, Ms

Janow iec
Mt.

Cal, Dol, Qtz, Phl, Tr Chl

Krzy¿nik
Mt.

Cal, Dol, Qtz, Phl, Ms, Pl, Czo,
Aln

Stro nie
Œl¹skie

Cal, Dol, Qtz, Tr, Ms, Phl, Czo Tlc, Chl

Kletno Cal, Dol, Phl, Qtz, Chl

Rogó¿ka Cal, Dol, Phl, Qtz, Ms Rt, Py

¯elazno Cal, Dol, Qtz, Ms, Phl

Dolomite- 
calcite
mar bles -
Dol >
Cal > 5%

White, yel -
lowish- or
greyish-
 white 

Dol - 70- 90%
Cal - 5-30%
Qtz - 0-3%
Ms - 0-2%
Phl - 0-2%
Chl - 0-2%

Fine- or medium- grained mar bles. Cal cite lami -
nae or lenses. Grano- or le pi do blas tic fab ric
marked by ani so met ric dolo mite and flakes of
phlo go pite and white mi cas scat tered in ma trix
or ac cu mu lated along thin lami nae, con sid era -
bly em pha sis ing pla nar struc ture

Pio trowice Dol, Cal, Ms Qtz

O³drzy -
chowice

Dol, Cal, Ms Qtz

Nowy
Wal iszów

Dol, Cal, Ms, Qtz, Tr Tlc, Tur

¯elazno Dol, Cal, Chl, Ms, Qtz Rt

Miel nik Dol, Cal, Ms, Qtz Rt

Z³oty Stok Dol, Cal, Fo, Sp, Phl, Srp Ap, Py, Sp

Dolo mite
mar bles -
Dol >
95%

Yel lowish-
or greyish-
 white, of ten 
veined

Dol - 95- 99%
Phl - 0-3%
Chl - 0-2%
Ms - 0-2%

  Fine- grained rock with grano- or le pi do blas tic
fab ric (of ten my lo nitic) de fined by platy ori en -
ta tion of Mg- chlorite, white mi cas as well as
elon gated quartz lenses

¯elazno Dol, Chl, Ms, Cal

Ro ma nowo Dol, Chl, Ms



(Fig. 5a). They are char ac ter ised by non- cylindrical up to
sheath ge ome try with thick ened, dis har monic hinges.
Their ax ial plane fab ric usu ally formed par al lel to the fol-
ded bed ding planes.

Tight, of ten simi lar, strongly in clined to re cum bent
folds de vel oped in an early meta mor phic fab ric com posed
of well- developed quartz lami nae al ter nat ing with the Cal-
Dol seg re ga tion (Fig. 5c, d). The ori en ta tion of the axes of
these tight folds scat ters slightly from the N–S di rec tion
and has a maxi mum of 348/20 (Fig. 4a). The tight folds are
non- penetrative over the study area. Their abun dance is
char ac ter is tic for the Zie lona Mari anna layer, on the west -
ern slopes of Mt. Krzy¿nik, where they form a set of para -
sitic meso folds as so ci ated with a higher- order syn form.
The ax ial planes of the tight folds are de fined by the shape-
 preferred ori en ta tion of the car bon ates (Cal- Dol) and par -
al lel align ment of plate- and needle- shaped sili cates (Phl-
 Ms±Tr±Czo) (Fig. 5d). In the im pure calcite- dolomite
mar bles, be cause of the tight in ter limbs, the grain shape ax -
ial fab ric gen er ally mim ics or in ter sects the Cal- Dol- silicate 
lay er ing at low an gles. In the hinge zones of the tight folds,
the pre ferred ori en ta tion of the scat tered phyl lo sili cates is
oblique to the rel ics of folded early quartz lami nae, but par -
al lel to the ax ial planes of these folds. The folds are less
pene tra tive than the fo lia tion; how ever, this mi cro struc -
tural evi dence in di cates that the pene tra tive grain shape
fab ric in the LSMU mar bles is re lated to the tight folds
strik ing gen er ally in the N–S (NNW–SSE) di rec tion.

The spa tial ori en ta tions of the ax ial plane fo lia tion to
the tight folds dif fer over the LSMU area, con sid era bly
vary ing even in the neigh bour ing ar eas (Fig. 4d). In the
Krowi arki range, the pene tra tive Cal- Dol- Phl- Ms±Tr fo -
lia tion gen er ally dips to wards the NE, N or NW, usu ally at 
low and rarely at high an gles. Near Stro nie Œl¹skie, it
mainly dips to ward the NE. By con trast, it as sumes a sub -
ver ti cal to ver ti cal dip and N–S strikes near Z³oty Stok. On 
the stereo graphic pro jec tions, the poles to the main fo lia -
tion in the NW parts of L¹dek- Snie¿nik oc ca sion ally form
a gir dle of great cir cles with com mon gir dle axes near
330/15 (Fig. 4d). The poles to the planes, the ori en ta tions
of which were meas ured in the Krzy¿nik, Janow iec and
Ch³opek Mts., lo cally form a belt with gir dle axes near
40/40 (Fig. 4d). A weakly visi ble E–W trend ing min eral
linea tion on the folded planes and better- preserved in ter -
sec tion linea tion due to the in ter sec tion of the folded
planes and the ax ial planes are ob served. On the folded
planes, the in ter sec tion linea tion mani fests as fre quently
ar ranged thin trails of ax ial grain shape fab ric. On the ex -
posed ax ial planes of the tight folds, the in ter sec tion linea -
tion oc curs as dif fer ently thick ened and shaded bands, de -
pend ing on the thick ness and col our of the folded beds
(Fig. 5f).

Zo nally, a re work ing of the fab ric into a planar- linear
or lin ear one is char ac ter ised by a se quence of de formed
mar bles from proto my lo nies to S-C or S-C’ my lo nites.
The cal cite proto my lo nites are char ac ter ised by the pres -
ence of large elon gated porpy ro clasts en closed within the
ma trix of small- scale slightly elon gated cal cite grains (Fig.
6c). In the cal cite and dolo mite my lo nites, the por phy ro -
clasts are ab sent, and cal cite and dolo mite blasts were re -

crys tal lized. (Fig. 6d, e). The elon gated car bon ate grains are 
ac com pa nied by line arly ac cu mu lated car bon ates in the
pres sure shad ows of less duc tile do mains, e.g. boudi naged
Czo por phy ro clasts (Fig. 6a, d). The elon gated fab ric ele -
ments form a stretch ing linea tion plung ing to wards the N,
NNE or NW at mod er ate an gles, over ly ing the pene tra tive 
fo lia tion (Fig. 4b). Spo radi cally, in the origi nally non-
 foliated, gra no blas tic mar bles, the my lo nitic planes evince
the vari able ori en ta tion, but still par al lel to the me ridi onal, 
stretch ing linea tion. Ad di tion ally, asym met ric mi cro struc -
tures, i.e. s- porphyroclasts of Czo with asym met ric pres -
sure shad ows com posed of Cal- Phl, and S-C- and more fre -
quent S- C’- type my lo nites, were found in thin sec tions cut
par al lel to the min eral linea tion (Fig. 6d, e). The S- cleavage
of the S-C’ struc tures is mainly par al lel to the pre ferred
align ment of car bon ate and sili cate min er als form ing the
pene tra tive fo lia tion (Ms- Phl lami nae), whereas the C’-
 cleavage oc curs as mi cro faults in ter sect ing the S- planes at
an gles of 20–30° (Fig. 6e).

Within the in ter lay ers banded by the pene tra tive fo lia -
tions, non- penetrative con cen tric folds de form ing the
pene tra tive fo lia tion oc cur (Fig. 6b). Their longer limbs are 
ori ented nearly par al lel to the pene tra tive grain shape fab -
ric. They are char ac ter ised by promi nent N- asymmetry
cor re spond ing to the shear zones. In the Bia³a Mari anna
mar ble layer, they are as so ci ated with up to 3-m long lenses 
of boudi naged am phi bo lite and quartz- bearing mica schists 
within less vis cous mar bles. The E–W or NE–SW trend ing
boudi nage mesostruc tures are best pre served in mar ble
out crops from Miel nik and O³drzy chowice. The asym -
met ric and sym met ric fab ric ele ments (fo lia tion, stretch ing 
linea tion, boudi nage, S-, C- and C’- cleavages, con cen tric
folds), lo cal ized in shear zones dif fer ing widely in their
width from tens of me ters to centimeter- scale nar row
bands, ap peared lo cally across the study area and zo nally
within in di vid ual out crops. They were best pre served in
the Krowi arki range and the Z³oty Stok- Skrzynka Shear
Zone.

Par al lel con cen tric or kink folds, rang ing in am pli tude
from sev eral me ters down to the mi cro cre nu la tion scale,
form the cre nu la tion linea tion in the ad join ing mica schists 
(Fig. 6g). Their axes plunge to wards the NW (N). The
meso folds are mainly ver ti cal, but the larg est con cen tric
folds rec og nised in Ro ma nowo quarry are W- inclined. The 
ori en ta tions of the fold axes and the cre nu la tion linea tion
ex hibit a maxi mum of 330/10, which con curs with the ori -
en ta tion of the gir dle axes of the belt of poles to the pene -
tra tive fo lia tion in the stereo graphic pro jec tions for the
Krowi arki range (Fig. 4c, d).

The NW- plunging folds domi nat ing in the NW part of 
the area dis ap pear to wards the E and S in fa vour of NE-
 plunging ones (com pare Fig 2c and 2d). The axes of these
open, ver ti cal, con cen tric or kink folds plunge to wards the
NE at mod er ate an gles. Their ax ial planes de vel oped as
com ple men tary sur faces – 330/60 and 120/70.
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Fig. 4. Tec tonic maps show ing the ori en ta tion and dis tri bu tion of the de for ma tional struc tures cor re lated with con secu tive tec tonic
stages on the geo logi cal map of the LSMU (modi fied af ter Sawicki, 1995) and the geo logi cal map of the Krzy¿nik Mt. re gion (Cwoj-
dziñski, 1983)
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Fig. 5. Meso- and micro struc tures as so ci ated with D1 and D2, in the mar bles and ad ja cent rocks of the Stronie for ma tion. a. A
small-scale intrafolial disharmonic fold de vel oped in the min eral lay er ing. From the Krzy¿nik quarry. The bracket shows the area of
Fig. 5b. b. Seg re ga tion of the phyllosilicate min er als into in di vid ual laminae in the hinge zone of the microfold. Due to its intrafolial ge -
om e try, its ax ial pla nar fab ric over lays the S2 planes. c. 3rd or der and par a sitic 4th or der F2 folds de vel oped in con tact ing mar bles and
mica schists, con nected with the large-scale synform in the Krzy¿nik Mt. re gion. The F2 folds are more ev i dent within the cal cite-do lo -
mite mar bles than in the sur round ing fine-grained metapelites, where the mainly quartz-bi o tite ax ial schistosity ap peared as a pre dom i -
nant tec tonic fea ture. d. The de vel op ment of the S2 ax ial pla nar fo li a tion in the mar bles marked by the grain shape fab ric of the car bon -
ates and the par al lel ar range ment of tremolite and phyllosilicates. Stronie Œl¹skie quarry. e. An F2 microfold in the calc-sil i cate rock.
The de vel op ment of the S2 ax ial pla nar fab ric was as so ci ated with the trans po si tion of white micas and bi o tite flakes and the growth of
the Czo porphyroblasts. The bound aries of some Czo blasts have been out lined in the up per-right cor ner of the pho to graph. From the
Stronie Œl¹skie quarry. f. The re la tion ship be tween the S1 || S0 lay er ing and the S2 fo li a tion, which de vel oped par al lel to the ax ial
planes of the F2 mesofolds in the mica schists. From Kletno. The S1 planes were pref er a bly pre served in the coarse-grained quartz-bear -
ing mica schists, while the S2 schistosity is more com mon in the fine-grained micaeous va ri et ies. g. Rel ics of S1 planes pre served in
plagioclase cores and the ex ter nal S2 ax ial schistosity. Within the plagioclase cores, traces of the in ter nal fab ric de fine the ge om e try of
the superposed F2 folds, while the plagioclase pres sure shad ows in clude the min er als of the ma trix. From Mielnik. h. The L2i in ter sec -
tion lineation, oc cur ring as dif fer ently thick ened and shaded bands on the ex posed S2 sur face in cal cite-do lo mite mar bles. From nat u ral
out crops on the west ern slopes of the Krzy¿nik Mt.
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Fig. 6. Meso- and micro struc tures as so ci ated with D3, D4, and D5. a. An asym met ric ó-type cal cite porphyroclast within the im pure
mar bles, in di cat ing the top-to-the-N sense of shear. Its de for ma tion and the ac cu mu la tion of new cal cite in its pres sure shad ows took
place un der duc tile con di tions of de for ma tion. b. F3 folds de form ing the S2 struc tural planes mainly de fined by a par al lel align ment of
Tr porphyroclasts in the cal cite mar bles from the Stronie Sl¹skie quarry. c. The struc tural re work ing dur ing D3 in the cal cite mar bles
from O³rzychowice, from out crops close to a rail way trench. d. Sep a rated Aln-Czo porpryroclasts along the L3 lineation, within an
S-C-type fab ric in the cal cite-do lo mite mar bles from the Krzy¿nik quarry. e. Con trast ing grain shape fab ric in XZ (par al lel to L3) and
YZ (per pen dic u lar to L3) sec tions in S-C’ my lon ite. The an gu lar re la tion ships be tween the S and C’ cleav age planes (e.g. Blenkinsop &
Treloar, 1995) in di cate the shear ing com po nent ori en tated nearly par al lel to the S2 planes. From the do lo mite mar bles from the
Wapniarka Mt. f. The de vel op ment of C’-type planes in ter sect ing the S2 fab ric in the mica schists. From Mielnik. g. Con cen tric
large-scale F4 folds, as so ci ated with small-scale crenulations in the mica schists. From the Romanowo quarry. h. F5 microfolds de form -
ing S2 planes com posed of a Qtz-Ms-Bt-St as sem blage. On the S2, the microfold axes form the L5 crenulation lineation. From Mt.
Janowiec.



Se quence of de for ma tional events

Due to the geo met ric re la tion ships be tween the fore -
most tec tonic struc tures, the folded quartz lami nae with
the Cal- Dol min eral lay er ing par al lel to them are la belled
as the S1 planes (Fig. 5d), whereas the tight N–S trend ing
folds de form ing them as the F2 folds. The struc tures re -
lated to the F2 folds are ac cord ingly la belled: the ax ial
planes as S2, the N–S trend ing in ter sec tion linea tion as L2i
(Fig. 5h), the E–W trend ing stretch ing linea tion as L2s.
Their ge ome try in di cates a duc tile char ac ter of de for ma -
tion within those highly in com pe tent lay ers. The meso-
scopic equiva lents of the S1 planes could be the small- scale
in trafo lial folds with the ax ial plane fo lia tion pre served
par al lel to the folded bed ding planes. How ever, be cause of
the in trafo lial ge ome try (within the S2 planes), it is not
pos si ble to de fini tively sepa rate the struc tural and min eral
rec ord of the D1 stage from the fol low ing D2 (Fig. 5b). It is
also pos si ble that some such folds rep re sent de for ma tions
as signed to sedi men tary flows.

The asym met ri cal struc tures (S-C-, S- C’- type fab rics,
s- clasts, asym met ri cal folds) and sym met ri cal ele ments of
the fab ric (boudi nage) are su per im posed on the S2 fab ric

(Fig. 6a, b, c, d, e). In Mt. Krzy¿nik area, in the XZ sec tions
of the fi nite strain el lip soid, the shear sense in di ca tors on
the S2 planes in varia bly show top- to- the-N (NNE) kine -
mat ics, and this ap plies to both limbs of the ma jor syn form 
F2 (Fig. 4b). In ad di tion, the S2- related fab ric ele ments are
folded around E–W trend ing fold axes of N- asymmetry,
and boudi naged along the my lo nitic fab ric. There fore, the
shear zones in which these my lo nitic struc tures oc cur are
as signed to the sub se quent tec tonic stage – D3. Con se -
quently, the my lo nitic struc tures that were formed in still
duc tile con di tions are la belled as the S3 planes, the stretch -
ing linea tion as L3 and the folds as F3. The my lo ni ti sa tion
took place un der still duc tile con di tions of de for ma tion.

The geo met ric re la tion ships be tween both the NW-
 plunging and NE- plunging ver ti cal meso folds and the
stretch ing linea tion show that not only the S2 planes but
also the my lo nitic fab ric is de formed by both fold types.
The more duc tile con di tions of de for ma tion and higher
tem pera ture con di tions of the D3 shear ing also con firm its
over print ing by the late fold ing stages oc cur ring un der ap -
par ently more brit tle con di tions. How ever, this could re -
quire fur ther con fir ma tion, i.e. the kine matic cri te ria re -
lated to the D3 shear ing should evince an op po site sense of
shear on the over turned, steep limbs of the NW- plunging
mac ro folds in the Krowi arki Mts (shown by stereo graphic
analy sis of the den sity of the poles to S2) re garded as the
suc ceed ing tec tonic fea tures.

NW- plunging and NE- plunging folds rarely oc cur in
one out crop, so there is not much evi dence of their mu tual
re la tion ship (Fig. 4c, d). The simi lar ge ome try of the F4
and F5 folds in di cates a com pa ra ble low- ductile char ac ter
of late de for ma tion in mar bles. Nev er the less, the ex ten sion 
frac tures re lated to the shorter limbs of the NE- plunging
folds re veal some what less duc tile con di tions of de for ma -
tion, and might be re lated to the closely fol low ing D5.

Struc tural de vel op ment in the ad ja cent rocks

The con trast ing rheo logi cal prop er ties be tween the
mar bles and ad ja cent rocks in duce dif fer ences in the con sti -
tu tion of the de for ma tional struc tures of the vari ous tec -
tonic stages (Tab. 4, Fig. 7). In the mica schists, the equiva -
lent of the iso cli nal, dis har monic folds could be the small-
 scale, root less, in trafo lial folds de vel oped in the rel ics of
quartz ho ri zons. These folds oc ca sion ally de vel oped in the
dis tinct marble- mica schist bounda ries, show ing that the
two rocks to gether ex pe ri enced the ear li est de for ma tional
stages. The S1 planes were only pre served within the
quartz- bearing mica schists (Fig. 5f). In the com mon fine-
 grained mi cae ous va rie ties, the domi nat ing schis tos ity (al -
ter nat ing lami nae com posed of quartz and phyl lo sili cates)
situ ates par al lel to the trans posed S2 planes de vel oped par -
al lel to the ax ial planes of the F2 folds (Fig. 5f). There fore,
the rel ics of the S1 planes with the tight F2 folds de vel oped
on the S1 fo lia tion are no ta bly less pene tra tive in the mica
schists than in the mar bles. In mi cro scale, the pla nar S1 fab -
ric is ob served within the cores of the pla gio clase por phy -
ro blasts, where traces of this in ter nal fab ric de fine the ge -
ome try of the su per posed F2 folds (Fig. 5g). In the calc-
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Fig. 7. Block dia grams show ing the se quence of de for ma tional
events in the mar bles and ad ja cent rocks of the Stro nie for ma tion
in the area of the Krowi arki Mts



 silicate rocks, the de vel op ment of the S2 ax ial pla nar fab ric
was as so ci ated with trans po si tion of the white mi cas and
bio tite flakes and growth of the Czo por phy ro blasts (Fig.
5e).

As in the case of the S2 fab ric in the mar bles, the S2
planes in the mica schists were lo cally re ac ti vated as a re sult 
of the sub se quent shear ing with top to- the-N kine mat ics,
which is evi denced by the de vel op ment of a C’- cleav age in -
ter sect ing the main S2 schis tos ity (Fig. 6f). How ever, due
to the plate min eral com po si tion of the ma jor ity of mica

schists, the shear ing stage mani fests much more poorly
than in the mar bles, which can evince a wide range of mi -
cro struc tures.

In the mica schists, par al lel to the axes of the F4 and F5
con cen tric and kink folds, a cre nu la tion linea tion, which is 
very rare in pure mar bles, de vel oped as a pene tra tive tec -
tonic fea ture (Fig. 6g, Fig. 7). The ax ial planes of the NE-
 plunging F5 folds (330/60, 120/70) oc ca sion ally form a
new and dis tinct cre nu la tion cleav age.

META MOR PHISM

Mi cro struc tural and pet ro graphic stud ies on the re la -
tion ships be tween the de vel op ment of the meta mor phic
min eral as sem blages and the de for ma tional struc tures par -
tially al low the re con struc tion of the meta mor phic evo lu -
tion of the mar bles. A sim ple chemi cal sys tem of car bon ate 
rocks con strains the chance of de ter min ing the pres sures
dur ing suc ces sive tec tonic events in the mar bles. Tem pera -
ture es ti ma tions for the cal cite mar bles are also dif fi cult to
cal cu late be cause their poor min eral as sem blages, such as
Cal- Qtz, are sta ble at a wide range of tem pera tures (Fig. 9).
The mar bles more pre dis posed to pre serve min era logi cal
evi dence of the meta mor phic evo lu tion are the mag ne -
sium- and potassium- bearing im pure dolo mite or
dolomite- calcite mar bles. In that case, dur ing ther mal pro -
gres sion, mixed- volatile dolomite- consuming and Mg-
 silicate- producing re ac tions oc curred. The pres ence of in -
dex min er als (Tlc, Phl, Tr, Di, Fo) in volved in the re ac -
tions dis play the meta mor phic grade. These re ac tions are
mainly de pend ent on tem pera ture con di tions, but they are
also strongly de ter mined by the X(CO2) of the meta mor -
phic fluid phase (Fig. 9). Nev er the less, in the dolomite-

 bearing mar bles, it was pos si ble to es tab lish the tem pera -
tures of meta mor phism (dur ing both D2 and D3) by ap ply -
ing the Mg- solvus, Cal- Dol geo ther mome ter.

Min eral as sem blages

As pre sented in the struc tural sec tion, the S1 planes
can be dis tin guished from the S2 planes only in the hinge
zones of the F2 folds as the Qtz lami na tion par al lel to the
Cal- Dol lay er ing. The min eral as sem blages which marked
the S2 ax ial pla nar fo lia tion over print the folded lami na -
tion.

In the stud ied sam ples of the LSMU mar bles, the sim -
ple equi lib rium peak min eral as sem blages cor re lated with
D2 show a com po si tional di ver sity through out the area:
Cal- Di- Phl- Kfs- Qtz (Lu tynia), Cal- Di- Qtz (Janowa Góra),
Cal- Dol- Phl±Tr±Czo±Ms (Stro nie Œl¹skie), Dol- Cal- Tr-
 Qtz (Nowy Wal iszów), Dol- Cal- Phl±Qtz±Pl (Kletno,
Rogó¿ka, Trze bi eszowice and in the N part of the Krowi -
arki range) (Fig. 8, Tab. 5). This di ver sity in di cates dif fer -
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Ta ble 4
A com pari son of the de for ma tional struc tures of the mar bles and mica schists re lated to the con secu tive tec tonic stages

Stage Mar bles Ad ja cent metape lites Con di tions and re gime of de for ma tion Meta mor phism

D1 Fo lia tion S1, in trafo lial folds (?)
S1 in clu sion trails in pla -
gio clase blasts, in trafo lial 
folds (?)

Duc tile, E-W com pres sion Pro gres sion

D2

Tight, of ten simi lar F2 folds Grain shape ax ial
pla nar fab ric S2E-W trend ing, L2f min eral
linea tion (on S1)N-S trend ing, L2i in ter sec tion 
linea tion (on S1 and S2)

Tight F2 folds S2 ax ial
pla nar schis tos ity L2i
in ter sec tion linea tion 

Duc tile,Ver ti cal flat ten ing
Tem pera ture peak con di -
tions 500–600°C

D3

Shear zones: S-C and S-C' my lo nites L3 
stretch ing min eral linea tion (on S3||S2)N-
 asymmetric con cen tric in trafo lial F3 folds
Boudi nage, Czo s- and d-clasts

Shear zones: S-C'
my lo nites

Duc tile, top- to- the-N shear ing
Ret ro gres sion
400–500°C

D4 Par al lel F4 con cen tric or kink folds
F4 con cen tric, kink folds 
L4 cre nu la tion linea tion
(on S2, S3)

Low- ductile,NE(ENE)-SW(WSW) com -
pres sion. 

Ret ro gres sion

D5 Par al lel F5 con cen tric or kink folds

F5 con cen tric, kink folds 
L5 cre nu la tion linea tion
(on S2, S3)S5 cre nu la tion 
cleav age 

Low- ductile, NW(NNW)-SE(SSE) com -
pres sion 

Ret ro gres sion



ences in the chemi cal com po si tion of the mar ble pro to liths 
and sug gests dif fer ent meta mor phic con di tions as so ci ated
with their de vel op ment.

As K- feldspar is the most com mon source of po tas sium 
in the car bon ate sedi ments (e.g. Bu cher & Frey, 2002), the
first ap pear ance of phlo go pite in the LSMU mar bles could
be rele vant to the re ac tion:

3Dol + Mc + H2O = Phl + 3Cal + 3CO2 (Fig. 9),
Tremo lite oc cur ring as the ac ces sory min eral in the

dolo mitic do mains (Fig. 5d) could pos si bly ap pear as a re -
sult of the pro gres sive dolo mite- and quartz- consuming re -
ac tion:

5Dol + 8Qtz + H2O = Tr + 3Cal + 7CO2.
In potassium- absent mar bles, as in the case of the sam -

ple from Janowa Góra, the di op side for ma tion could pro-
bably form through the re ac tion:

2Otz + Dol = Di + 2CO2.
Ad di tion ally, co ex is tence with K- feldspar, and the lack 

of dolo mite and tremo lite in the diopside- bearing mar bles
in Lu tynia and Ka mienica sug gests that the Di- Mc min eral
as sem blage was proba bly pro duced by the re ac tion:

Phl + 3Cal + 6Qtz = 3Di + Mc + 3CO2 + H2O.
The S2 fab ric, marked by min er als of the peak min eral

as sem blages, was de formed dur ing D3 re sult ing in F3 folds
(Fig. 6b) and the L3 stretch ing linea tion (Fig. 6d). The poor 
min eral as sem blage com posed of Phl- Cal that formed in
the pres sure shad ows or be tween boudi naged frag ments of
the stretched Ep- Czo blasts at the time of the top- to- the-N
shear ing was rec og nised in the Mt. Krzyznik area. In the
Krowi arki range, the D3- related min eral as sem blage
mainly con tains Chl- Ms.

The pres ence of chlo ri tized phlo go pite in the dolo -
mitic ma trix sug gests that the ex cep tion ally found as sem -
blage com posed of ser pen ti nized for ster ite and spi nel in
cal cite lenses in the dolo mite mar bles of Z³oty Stok was
proba bly formed by the re ac tion:

2Dol + Chl = 2Cal + 3Fo + Spl + 2CO2 + 4H2O.

The re la tion ship be tween the meta mor phic
and struc tural de vel op ment

D1- D2, pro gres sion
The fore most-re cog nised min eral re cord of the re -

gional meta mor phism is rep re sented by the al la nite and
epidote-rich cores of S2-re lated clinozoisite porphyroblasts 
(Fig. 6d). Their struc tural po si tion in di cates that their for -
ma tion took place at the early stages of the re gional meta -
mor phism. The pro gres sive re gional meta mor phism led to 
the de vel op ment of a se quence of in dex min er als: Phl, Tr
and Di. The end-mem ber phase equi lib ria for the re ac tion
in volv ing tremolite re quires tem per a tures reach ing up to
615°C. The max i mum tem per a ture of ca. 515°C cal cu lated 
for the cal cites mark ing the S2 planes in the sam ple of the
tremolite-bear ing mar ble from the Nowy Waliszów shows 
that the prob a ble tremolite-form ing re ac tion oc curred at
low X(CO2) = ~0.1. In an other case, the tem per a ture of
ca. 570–600°C for the Tr-in, Di-out sam ples from the
Janowiec and Krzy¿nik Mts. in di cates the min eral equi lib -
rium for the re ac tion at X(CO2) = ~0.4. A trend of in -
creas ing X(CO2) val ues at ris ing tem per a tures pre dicts the
oc cur rence of an in ter nal buff er ing with a low level of fluid 
flow. Con se quently, the first ap pear ance of di op side
should re quire tem per a tures of > 615°C, at which the in -
vari ant point of the Di-Tr-Dol as sem blage is at tained.
How ever, the ab sence of do lo mite in the di op side-bear ing
sam ples does not al low the Cal-Dol geothermometer to be

16 M. JASTRZÊBSKI

Fig. 8. a. The dis tri bu tion of the peak tem per a ture min eral as -
sem blages in the mar bles and ad ja cent mica schists. Peak min eral
as sem blages noted in mica schists, ad ja cent to mar ble out crops,
are ital i cized. b. The dif fer ences in the min eral as sem blages and
the course of the mar ble isograds could be ex plained by the dis -
tur bance of the meta mor phic sur faces dur ing D4 and D5.



used to sup port this sug ges tion. In con clu sion, the de vel op -
ment of the D2-re lated min eral as sem blages from re ac tion
3Dol + Mc + H2O = Phl + 3Cal + 3CO2, fol lowed by re -
ac tions 5Dol + 8Qtz + H2O = Tr + 3Cal + 7CO2, and
2Otz + Dol = Di + 2CO2 or Phl + 3Cal + 6Qtz = 3Di +
Mc + 3CO2 + H2O, is con sid ered to be the min eral se -
quence in the do lo mite-bear ing mar bles, which were ini -
tially equil i brated at low to mod er ate X(CO2) (Fig. 9).

The dis tri bu tion of the peak min eral as sem blages cor -
re lated with D2 al lows the min eral zones to be in part
drawn sepa rated by two min eral iso grads (Tr- in and Di- in). 
Di op side oc curs in mar ble bod ies out crop ping in close
prox im ity to the gneis ses in Lu tynia or in Ka mienica and
Janowa Góra within in ter ca la tions of the Stro nie for ma -
tion con sid ered as small- scale syn forms of the Stro nie for -
ma tion within the Œnie¿nik or thogneis ses (the Ka mienica
syn cline ac cord ing to Don, 1982, and the Janowa Góra
syn cline ac cord ing to Don, 1988). For that rea son, in the
geo logi cal map, the Di- in iso grad roughly re fers to the con -
tour of the gneiss- schist bound ary. Simi larly, the tremo lite
oc cur rences are re stricted to the mar ble bod ies lo cal ised in
the area lim ited to sev eral kilo me tres from the gneiss/
schist bound ary; there fore, the Tr- in iso grad as sumes a

simi lar shape to that of the Miêdzygórze an ti cli nor ium (de -
fined by Don, 1964) and the fan- type Kletno an ti cli nor ium
(Don, 1991). The gen eral de creas ing trend of min eral zo na -
tion to wards the NE is co her ent with the geo ther mo met -
ric cal cu la tions show ing dif fer ent maxi mum tem pera tures
rang ing from ca. 500 to 540°C for the Tr- out mar bles and
ca. 515 to 600°C for the Tr- in mar bles (Tab. 5). Con se -
quently, the dif fer ence in the S2 min eral as sem blages re fers 
to the dif fer ent tem pera ture con di tions cur rently ob served 
at the sur face lev els of the Stro nie for ma tion. The evi dence
of par tial re- equilibration, which is com monly ob served as
a de ple tion of the Mg- content in the cal cite rims ac com pa -
nied by the sub mi cro scopic dolo mite ex so lu tions sug gests
that the cal cu lated tem pera tures could be some what un der -
stated in re la tion to the true tem pera tures of the D2- related 
meta mor phism. The valua tions of the maxi mum tem pera -
tures as so ci ated with D2 are pre sented in Ta ble 4.

D3, D4 and D5, ret ro gres sion
The Cal- Dol geo ther mome try ap plied for the re crys -

tal lised elon gated cal cite grains de fin ing the L3 stretch ing
linea tion gave tem pera tures ca. 100°C lower than those ob -
tained for the S2 fab ric in the re lated ar eas. The ob tained
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Fig. 9. Iso baric T-X(CO2) equi lib rium curves for the meta mor phic re ac tions re lated to D2 in the mar bles. The curves of pos si ble re ac -
tions in volv ing the in dex min er als Phl, Tr and Di are thick ened; the in vari ant points are in di cated by open cir cles. The grey dashed lines
rep re sent pos si ble re ac tion paths dur ing the tem pera ture in crease.
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Ta ble 5
The tem pera tures of de vel op ment of the min eral as sem blages in dolomite- bearing mar ble sam ples based on the Mg (*)

or Mg and Fe (**) con tents in Mg- rich cal cite cores

Sam ple Out crop lo ca tion Min eral as sem blage Analy sis X(MgCO3) X(FeCO3) X(MnCO3) X(CaCO3) T[°C] * T[°C] **

S2

SE
¯
NW

S1 Stro nie Œl¹skie  quarry
Cal- Dol- Ms- Phl- Tr- Czo
(Tr- in)

Cal 6 5.96 0.74 0.08 93.21 563 567

Cal 21 5.98 0.35 0.08 93.59 563 565

Cal 12 5.67 0.85 0.14 93.34 552 558

J3b Janow iec Mt.
Cal-Dol-Phl-Tr
(Tr-in)

p4 6.85 0.05 N.d. 93.10 591 592

p3 6.30 0.03 N.d. 93.68 574 574

p9 5.65 0.10 N.d. 94.25 552 552

KL8b Kletno I quarry Cal- Dol- Phl

Cal 6 4.94 0.11 0.01 94.94 525 526

Cal 10 œr 5.17 0.10 0.20 94.53 534 535

Cal 8 œr 5.07 0.36 0.21 94.36 530 533

CH3b Ch³opek Mt. Cal- Dol- Phl- Ms

5pr 188 4.59 0.17 N.d. 95.24 511 512

4pr 70 4.47 0.06 N.d. 95.47 505 506

5 pr 202 4.41 0.32 N.d. 95.27 503 506

RO11 Rogó¿ka Cal- Dol- Phl- Ms

4d11 4.68 0.36 0.07 94.89 514 518

4d05 4.57 0.19 0.07 95.17 510 512

4d17 4.15 0.47 0.26 95.12 491 496

W6
Nowy Wal iszów -
Modrzeñce Mt.

Dol- Cal

Cal 5 œr 5.29 0.57 0.00 94.14 539 543

Cal 5' 4.28 0.33 0.06 95.33 497 501

Cal 7 4.14 0.04 0.27 95.55 491 491

¯38b Nowy Wal iszów
Dol-Cal-Tr
(Tr-in)

Cal 3 4.70 0.00 0.00 95.30 515 515

Cal 2 œr 4.53 0.10 0.20 95.17 508 509

Cal 6 4.28 0.09 0.01 95.62 497 498

¯32b ¯elazno Dol- Cal- Ms

Cal 3 œr 4.62 0.14 0.00 95.24 512 513

Cal 2 œr 4.35 0.17 0.38 95.10 500 502

Cal 4 3.49 0.63 0.08 95.80 458 467

¯14
¯elazno,Wapni arka
Mt.

Cal- Dol- Ms- Phl

4e08 4.27 0.12 0.00 95.61 497 498

4e12 3.68 0.79 0.00 95.53 468 479

4e10 3.70 0.59 0.00 95.71 469 477

S3/L3

SE
¯
NW

K1a Krzy¿nik quarry Cal- Dol- Phl

Cal 1 4.44 0.89 0.04 94.63 504 513

Cal 1 œr 4.39 0.55 0.14 94.92 502 508

Cal 2 œr 3.20 0.41 0.00 96.39 441 448

O24b Ro ma nowo Dol- Cal- Ms

Cal 8 2.96 0.00 0.00 97.04 427 427

Cal 2 2.01 0.00 0.06 97.93 351 351

Cal 7 1.83 0.45 0.00 97.72 331 342

¯35a
Pio trowice, Gro dowa
Mt.

Dol- Cal- Chl

Cal 1 2.85 0.00 0.24 96.91 420 420

Cal 2 œr 2.37 0.06 0.00 97.57 384 385

Cal 3 œr 2.11 0.00 0.00 97.89 361 361

¯25 ¯elazno, Dêbowa Mt. Dol- Cal- Ms- Chl

Cal 2 œr 2.73 0.07 0.09 97.11 411 413

Cal 3 2.85 0.18 0.07 96.90 420 423

Cal 4 3.00 0.17 0.16 96.67 429 432

ZS7a Z³oty Stok Cal- Fo- Sp

p 22 4.15 0.01 0.02 95.82 491 491

p 13 4.40 0.11 0.12 95.37 502 504

p 23 4.19 0.07 0.00 95.74 493 494

Rep re sen ta tive min eral analy ses for three cal cite cores from each sam ple de pict the Mg- content es tab lished near the tem pera tures of de vel op ment of the
con secu tive min eral as sem blages. The tem pera tures were con strained us ing the Cal- Dol geo ther mome ter ac cord ing to Ano vitz & Essene (1987). The
Mg- solvus geo ther mome ter in the cal cite mar bles (also in the Di- bearing mar bles) could not be ap plied due to their low Mg-sat u ra tion.



tem pera tures yield ca. 510°C for the Mt. Krzy¿nik re gion
and ca. 430°C for the mar bles in ¯elazno (Tab. 5) con cur -
ring with the ret ro gres sive min eral rec ord.

In the mar bles, the sub se quent tec tonic stages, D4 and
D5, were not ac com pa nied by dy namic re crys tal li sa tion or 
new mineral- forming re ac tions, which could in volve new
fab rics of new as sem blages along the ax ial planes of both
NW- and NE- plunging folds. The ret ro grade re ac tions un -
der static con di tions, i.e. chlo ri ti za ton of phlo go pite and
re place ment of Ca- amphibole by talc which gath ered near
the edges or along the cleav age planes of the Ca-amphi-
boles, were com monly ob served (Fig. 3e, f).

Con tact meta mor phism?
The pres ence of for ster ite and spinel in the do lo -

mite-cal cite mar ble bod ies lo cated 2 km south-west of
Z³oty Stok could in di cate a higher grade of meta mor phism
than that of most of the LSMU mar bles. Cal cite grains pre -
sum ably co ex ist ing with this as sem blage in cal cite lenses
(Fig. 3c, d) yield a roughly sta ble X(MgCO3) = 4.1–4.4,
which rep re sents tem per a tures of ca. 490–505°C (Tab. 5).
The phase equi lib rium for re ac tion 2Dol + Chl = 2Cal +
3Fo + Spl + 2CO2 + 4H2O at 7 kbar re quires very high
tem per a tures (e.g. 710°C at X(CO2) = 0.05, 735°C at
X(CO2) = 0.2). There fore, it is sug gested that this un com -
mon min eral as sem blage does not re veal typ i cal re gional
meta mor phism, but con tact meta mor phic over print ing
the Dol-Phl as sem blage, pre served in the ma trix (Fig. 3c).
Ac cord ing to the pub lished data (Wierzcho³owski, 1976;
Wojciechowska, 2002), the K³odzko-Z³oty Stok granitoids
had a wide con tact au re ole ex tend ing 2.5 km from the in -
tru sion bound ary, and there fore it could also em brace the
mar ble bod ies lo cated 1 km away from the in tru sion. At
1.5 kbar, the pres sure of em place ment of the K³odzko-
Z³oty Stok granitoids (es ti mated by Wierzcho³owski,
1976), the re ac tion in volv ing for ster ite and spinel at low
X(CO2) (ex pected to oc cur due to a fluid in fil tra tion in the
con tact au re ole), re quires much lower tem per a tures of
540–560°C, which are more ad e quate to those ob tained by
Cal-Dol geothermometry.

Other ex cep tional min er als rec og nised in the cal cite
mar ble sam ples oc cur in the cal cite mar bles from Janowa
Góra (Tab. 3). The oc cur rence of fluo rite and pie mon tite
in the mar bles lo cated close to the Staré Mìsto- Kletno-
 Marcinków fault zone sug gest them to be of a hy dro ther -
mal ori gin.

Re marks on the dy na mometa mor phic de vel op ment of 
the car bon ate min er als

When con sid er ing the ques tion of the ori gin of the car -
bon ate seg re ga tion, dis cussed pre vi ously by Witek (1976)
and Kar wacki (1987), among oth ers, the rec og nised de for -
ma tional and meta mor phic evo lu tion of the mar bles pro -
vides some ad di tional im pli ca tions. The mi cro struc tural
data show that both the iso cli nal folds and the tight F2
folds de form the Cal- Dol min eral band ing. Con se quently,
the ob served car bon ate seg re ga tion is be lieved mainly to be 
a pre- tectonic and pre- metamorphic fea ture, how ever in -
con clu sively, whether rep re sent ing the S0 bed ding or de -
vel oped at an early- diagenetic dolo miti za tion stage. In the
cal cite mar bles, the above- mentioned dolomite- consuming 
re ac tions led to a de ple tion of dolo mite or even its dis ap -
pear ance, as ob served in some tremolite- abundant sam ples
from the Stro nie Œl¹skie quarry and diopside- bearing ones
from Ka mienica. How ever, in most of the stud ied cal cite
mar bles, the sili cate min er als pro duced in these re ac tions
are mi nor con stitu ents sug gest ing a mi nor pri mary
amount of con sumed dolo mite in such rocks. In the
dolomite- bearing mar bles, the pro gres sive re ac tions de -
plet ing dolo mite led to the for ma tion of the new sparse cal -
cite lami nae (mainly along the ax ial planes of the F2 folds,
cross- cutting the pri mary dolo mite ho ri zons in the hinge
zones of the F2) or lenses com posed ad di tion ally of co ex ist -
ing sili cates (Fig. 3c). These ob ser va tions only par tially
con firm the re sults of ear lier stud ies (But kiewicz, 1968;
Kar wacki, 1987) re veal ing that the dolo mite formed dur ing 
the dia gene sis of the car bon ate sedi ments, while the calctie
blastasy was re lated to the po lyphase struc tural and meta -
mor phic re build ing. The in ter sti tial po si tion of the cal cite
be tween the dolo mite bounda ries, which is scarcely ob -
served in the dolo mite and dolomite- calcite mar bles,
would also con firm its later de vel op ment. How ever, the
ob served mi cro struc tures re lated to the con secu tive stages
of the te cono meta mor phic evo lu tion in the mar bles sug -
gests more read ily that the vol ume of the new cal cite pro -
duced in the meta mor phic con di tions was in sig nifi cant in
its gen eral amount in the dolomite- bearing mar bles.

In con clu sion, the tec tono meta mor phic de vel op ment
in the LSMU mar bles led pre domi nantly to the re crys tal li -
sa tion of car bon ate min er als dur ing an iso chemi cal meta -
mor phism (in ac cor dance with Witek, 1976) as so ci ated
with the slen der dynamo- metamorphic trans po si tion of
Cal- Dol min eral band ing and slight changes in the vol ume
pro por tions be tween the two car bon ate min er als.

DIS CUS SION

When it comes to the tec tono metamor phic evo lu tion
of the mar bles, there is still con sid er able room for de bate
on the in ter pre ta tion of the pet ro logi cal, meso- and mi cro -
struc tural data gath ered from the mar bles of the L¹dek-
Œnieznik Meta mor phic Unit, sup ple mented by the avail -
able data, geo logi cal maps and cross- sections. The origi nal
ori en ta tion of the suc ces sive tec tonic fab rics, the tec tonic
re gimes of the five tec tonic stages, and a pos si ble ex pla na -

tion for the dif fer ences in the peak meta mor phic con di -
tions are dis cussed in this sec tion.

The re gime of D2

The analy sis of the re gional ver gence and en vel op ing
sur face ori en ta tion of the highest- order F2 folds in the mar -
bles plays an es sen tial role in ap proach ing the is sue of the
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kine mat ics of the fore most tec tonic stages. Due to the high
an gle at which the S2 ax ial planes in ter sect the en vel op ing
sur faces of the F2 folds ob served in the LSMU gneis ses
(Dumicz, 1979) and the oblique to per pen dicu lar align -
ment of the in clu sion trails in the gar net por phy ro blasts
rela tive to the ex ter nal schis tos ity (Ro ma nová & Štíp ská,
2001), it is be lieved that the fore most de for ma tional events
re sulted from an E–W hori zon tal con trac tion fol lowed by
sub ver ti cal flat ten ing (D1 and D2, ac cord ing to Dumicz,
1979). It is also sug gested that the main fold ing re sulted
from an east ward thrust ing (D2, ac cord ing Don in Don et
al., 1990). Con versely, the sig nifi cance of the E–W di rected 
tec tonic short en ing is ques tioned by Cymer man (1997),
who cor re lates the main struc tural de vel op ment of the
LSMU to its top- to- the-N (NE) thrust ing.

The field ob ser va tions show a roughly sta ble me rid i o -
nal align ment of the axes of the F2 folds across the area.
The scarce min eral lineation, per pen dic u lar to the fold axes 
and ob served mostly in the folded S1 planes, could be in ter -
preted as hav ing de vel oped dur ing flex ural-slip move ments 
(in ac cor dance with Ramsay & Huber’s def i ni tion, 1987).
This in di cates that the de for ma tions pro duced dur ing D2
were prob a bly con nected with E–W di rected tec tonic
short en ing (in pres ent day co-or di nates). Nev er the less,
even in ad join ing out crops, there is vari a tion in asym me -
try of the F2 folds that may dem on strate the shear sense
dur ing E–W short en ing, and in the ori en ta tion of the en -
vel op ing sur faces of the F2 folds that may be taken as the
mean po si tion of the S1 planes. The high est-or der, mapable 
F2 fold that should be taken into ac count in such in ves ti ga -
tions oc curs in the folded mar ble interbeds in the Mt.
Krzy¿nik area, where it is as so ci ated with a set of sub se -
quent par a sitic mesofolds. Re cently, it has been doubted
that the Bia³a Marianna and the Zielona Marianna out -
crops form a con tin u ous mar ble body (Karwacki, 1990).
Mesoscopic ob ser va tions con firm that they dif fer in their
li thol ogy; the Zielona Marianna is fre quently in ter ca lated
by mica schists, whereas the main body of the Bia³a
Marianna is more ho mo ge neous. How ever, on the ba sis of
the mesostructural ob ser va tions, it is sug gested that the
two out crops could com pose the limbs of a sin gle synform. 
The stud ies on the struc tural re cord of the nat u ral out -
crops be long ing to the Zielona Marianna layer in di cate
that the ob served mesofolds, clas si fied as 3rd or der ones,
could be re lated to larger, 2nd or der folds with east ern
vergence, pre dicted to oc cur in the east ern limb of the
synform. It is sug gested that be cause of its rhe ol ogy, the
Zielona Marianna layer is more abun dant in the F2
mesofolds which de vel oped in this fre quently in ter ca lated
layer. In sep a rate out crops, the dif fer ent asym me try of Z-,
S- or M-shaped par a sitic F2 folds in di cates dif fer ent lo cal
stress con di tions. Geo log i cal maps of the area (e.g. Oberc,
1966) show that one, synformal part of the folded mar ble
body in the Krzy¿nik re gion was pre served. The un known 
length ra tio of its limbs and the lim ited num ber of pre -
served F2 folds in the sur round ing mica schists, which may 
rep re sent an up to 4th or der of par a sitic folds as so ci ated
with the hy po thet i cal larger struc ture com pli cate the
judge ment of the re gional-scale vergence of the D2 fold ing.
The var ied asym me try and dif fer ing an gle at which the en -

vel op ing sur faces cross cut the ax ial planes might re flect ei -
ther the ex is tence of higher-or der folds sim i lar to those re -
cog nised by ¯elaŸniewicz (1978) in the Orlickie Mts., or a
dif fer ent re gional ori en ta tion of the S1 planes be fore the
D2 fold ing. De spite the sig nif i cantly mi nor sizes, in most
oc cur rences ex clud ing the Krzy¿nik re gion, the sets of F2
do not re veal a re cog nis able con nec tion with any hy po -
thet i cal higher-or der struc tures. These struc tural ob ser va -
tions did not give a univocal an swer con cern ing the re la -
tion ship be tween S1 and S2; how ever, the dif fer ent plunge
an gles, from mod er ate to steep, at which the en vel op ing
sur faces gen er ally in ter sect the S2 ax ial planes sug gests a
mainly oblique po si tion of the S1 be fore its re ori en ta tion
with re spect to the S2 ax ial planes. In the microscale, the
pre ferred ori en ta tion of Czo and Tr porphyroblasts is sy
-mmetrical with re spect to the grain-shape fo li a tion mar-
ked by car bon ates. The sta ble ori en ta tion of the F2 axes
(Fig. 4a) and the sym met ri cal fab ric el e ments sug gests that
D2 took place in a co ax ial re gime of pure shear ing with s1

po si tioned per pen dic u larly to S2 and the N–S-trending s2.
Moreo ver, it was re cently re ported that the vari ous

shapes of the in clu sion trails in the gar nets syn tec tonic
with D2 in the mica schists of the Stro nie for ma tion are
well in ter preted as hav ing de vel oped dur ing a con tinu ous
tran si tion of the in ter nal fab ric from steep to flat at ti tudes
(Jas trzêb ski, 2005, ac cord ing to the non- rotational the Bell
& Jonh son model, 1989). Gen er ally, sym met ric oli go clase
rims grow ing in the strain shad ows also filled by the min er -
als of S2 con firm that the de for ma tion was co ax ial with the
s1 stress com po nent po si tioned per pen dicu larly to the S2
planes (Fig. 5g). There fore, the mi cro struc tures in both the 
mar bles and ad ja cent mica schists can in de pend ently sup -
port the model based on mesostruc tural analy sis pro posed
by Dumicz (1979), who sug gested a gravi ta tional col lapse
(D2) fol lowed by a pre vi ous fold ing re sult ing from the
hori zon tal com pres sion (D1). As sum ing the sub ho ri zon tal 
ori en ta tion of the S2 ax ial fo lia tion (Dumicz, 1979), the
first tec tonic stage led to a fold ing and the de vel op ment of
an early sub ver ti cal fab ric re sult ing from E–W di rected tec -
tonic com pres sion. As a re sult of the con se quent sub ver ti -
cal gravi ta tional flat ten ing, the origi nally steep S1 planes
were de formed to form the tight, strongly in clined to re -
cum bent F2 folds. At this time, the sub ho ri zon tal S2 ax ial
pla nar fo lia tion de vel oped. In te grated mi cro struc tural and
pet ro graphic stud ies evi dence that this tec tonic stage was
con nected with the tem pera ture peak of the re gional meta -
mor phism of the mar bles. Con se quently, the origi nal
meta mor phic zo na tion, par al lel to the sub ho ri zon tal S2
planes, was ar ranged at this time. The bur ial of the Stro nie
for ma tion and its pro gres sive re gional meta mor phism re -
sult ing from the E–W sub ho ri zon tal short en ing (in the
present- day co or di nates) could be re lated to the ini tial stage 
of de vel op ment of an ac cre tion ary wedge (Moravo- Silesian 
Do main) of the Bruno- Vistulian ter rane. The gravi ta tional
tec ton ics of the D2 when the origi nal iso grad pat tern in the 
LSMU de vel oped, could be rele vant to the on set of up lift
of the Keprnik Dome (Boudin) of the Bruno- Vistulian ter -
rane, af ter its maxi mum bur ial stage, which took place be -
tween 350 and 340 Ma (ac cord ing to the model of Schul -
mann & Gayer, 2000).
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Ori gin of the N–S trend ing linea tions, pro posed
cor re la tion to those of the or thogneis ses

The char ac ter and kine mat ics of the me ridi on ally
trend ing linea tion in the LSMU have been widely dis -
cussed and diversely in ter preted. As this linea tion could be
a com pos ite tec tonic fea ture (ne glec tion of that fact can
lead to er ro ne ous, sim pli fied con clu sions), its in ter pre ta -
tion has to be car ried out with re spect to the su per im posed
de for ma tional events dis tin guished in the rocks of the
LSMU. A very im por tant as pect of this in ves ti ga tion is the
cor re la tion of the N–S trend ing tight re cum bent folds pre -
served mostly in the metape lites of the Stro nie for ma tion
and simi larly, the N–S (NE–SW) trend ing stretch ing linea -
tion mostly ob serv able in the or thogneis ses. The N–S
trend ing linea tion in the Stro nie for ma tion has been con -
sid ered to be as so ci ated with the N–S trend ing tight folds
(e.g. Teis seyre, 1975; Don, 1982). The de vel op ment of the
N–S trend ing rod ding linea tion in the gneis ses has been in -
ter preted as co in ci den tal ei ther to a N–S tec tonic es cape in -
duced by the E–W short en ing (¯elaŸniewicz, 1988) or to a
NE–SW strike- slip tran spres sion (Cymer man, 1997).

Based on the struc tural re con struc tion and geo ther mo -
met ric cal cu la tions car ried out for the mar bles of the Stro -
nie for ma tion, it can be stated that the N–S trend ing lin ear
struc tures ob served in the rocks of the Stro nie for ma tion
de vel oped in two sepa rate events char ac ter ised by dif fer ent 
meta mor phic and kine matic con di tions. This ex plains the
as cer tained oc cur rence of two linea tions: in ter sec tion (L2i) 
and stretch ing (L3), with each of them be com ing lo cally
domi nant. The ori en ta tion of the L2i in ter sec tion linea tion 
de line ates the Y- axis of the strain el lip soid rep re sent ing the
tec tonic stage re lated to the tem pera ture peak of meta mor -
phism. The for ma tion of the sub se quent stretch ing linea -
tion was con nected with the up lift and ret ro gres sion. Un -
like the in ter sec tion linea tion, its ori en ta tion shows the di -
rec tion of the maxi mum strain axis. These ob ser va tions
could par tially ex plain the con tro versy re gard ing the pres -
ence of a min eral linea tion nearly par al lel to the fold axis.
In the or thogneis ses, the high tem pera ture con di tions at
which the rod ding linea tion was formed in di cate its con -
nec tion with the N–S di rected tec tonic es cape in duced by
E–W short en ing (ac cord ing to ¯elaŸniewicz, 1988). The
transition from pro late to ob late shapes of the rod ding
linea tion (¯elaŸniewicz, 1991) could be re lated to the flat -
ten ing strain re spon si ble for fold ing in the Stro nie for ma -
tion (D2). Later top- to- the- NE re ac ti va tion un der green -
schist fa cies con di tions (¯elaŸniewicz, 1991) con curs with
the late shear ing that yielded the L3 stretch ing linea tion
un der the ret ro gres sive con di tions in the Stro nie for ma -
tion.

The kine mat ics and ori gin of the D3 shear ing

The kine matic cri te ria of the D3 shear ing, i.e. the an -
gu lar re la tion ships be tween the de vel oped S- and C’- type
planes and the ge ome try of ó- clasts, in di cate top- to- the-N
(NW, NNE) move ment along the re ac ti vated former pla -
nar struc tures. In di ca tors of the op po site sense of shear are

spo radi cally ob served. The top- to- the-N shear ing rec og -
nised within the LSMU can be cor re lated with the sin is tral
move ments in the Z³oty Stok- Skrzynka Zone, as my lo -
nitic struc tures in this zone have the same po si tion in the
se quence of de for ma tion (as in Dumicz, 1989). This de for -
ma tional stage could be linked to NNE- directed thrust ing
of the Or lica-Œnie¿nik Dome (Cymer man, 1997; Schul -
mann & Gayer, 2000), when it in ter acted with the ad ja cent 
ter ranes. There fore, the D3 shear ing un der ret ro gres sive
con di tions could rea sona bly be cor re lated with the thrust -
ing of the boud ins (domes) of the Moravo- Silesian Do main
as so ci ated with the dis tur bance of the meta mor phic iso -
grads in the East Sude tes (Schul mann & Gayer, 2000).
Top- to- the-N shear ing fol lowed the main tec tono meta -
mor phic col li sional epi sode, which had been con nected
with the bur ial and the sub se quent gravi ta tional re laxa tion
at the tem pera ture peak of the re gional meta mor phism
(D1- D2). The late in ter ac tion with the ad ja cent K³odzko
Meta mor phic Unit and the Moravo- Silesian Do main could 
be con firmed by a slight de flec tion of the my lo nitic L3
linea tion along the bounda ries of the LSMU within its
mar ginal do mains, where the L3 as sumes a NE–SW di rec -
tion in the Z³oty Stok- Skrzynka Shear Zone, NNW–SSE
in the NW of the Krowi arki Mts. re gion (Fig. 4b). Within
the LSMU, the de for ma tion was het ero ge ne ous and ac cu -
mu lated into lami nae, hence par al lel to the former S2 ax ial
planes. Nev er the less, the struc tures formed un der ex ten -
sional strain con di tions, i.e. boudi nage and S- C’- type fab -
ric, pre vail over the asym met ri cal folds and S- C- type fab -
ric, which would fa vour a re gional ex ten sion in a N–S di -
rec tion in stead of the pos tu lated tran spres sional stress con -
di tions. How ever, the ex ten sion re spon si ble for the de vel -
op ment of the boudi nage mi cro struc tures of ten ori en tates
along the S- cleavage of the S-C my lo nites. Thus, the ex ten -
sional far bics, which rep re sent the fi nite strain, could re -
sult from the pro gres sive de for ma tion dur ing top- to- the-N
thrust ing.

Con se quences of the D4 and D5 fold ing

The dif fer ences in the spa tial ori en ta tions of the
S2||S3 fo lia tions across the LSMU area, with poles in the
NW parts of the L¹dek- Snie¿nik form ing a pat tern with
the belt of the great cir cle hav ing its gir dle axis near 330/20, 
in di cate that F4 meso folds are con nected with larger struc -
tures. An analy sis of the den sity of their poles on the
stereo graphic pro jec tions in di cates that the ax ial planes of
these folds steeply in cline to wards the NE (Fig. 4d). Their
geo met ric fea tures sug gest that the F4 meso folds could be
the mesoscopic equiva lents of the large NW- plunging,
SW- verging con cen tric folds which de ter mine the struc -
tural ar chi tec ture of the Krowi arki Mts. (e.g. KuŸniar,
1960), and could be con nected with the NW branch of the
con verg ing mac ro struc tures de fined by Don (1964). As -
sum ing the en vel op ing sur faces of the F4 folds are sub ho ri -
zon tal, slightly dip ping to wards the fold axes and have
SW- directed ver gence (ac cord ing to the cross- sections in
KuŸni ar’s study, 1960), it is sug gested that the D4 fold ing
of the sub ho ri zon tally ori ented S2||S3 fo lia tions re sulted
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from NE–SW short en ing with a SW- directed shear com po -
nent. How ever, it should be men tioned that the con ti nu ity 
of the mar ble layer in the Krowi arki Mts., and there fore its 
sub ho ri zon tal en vel op ing sur face, has also been ques tioned 
(Don, 1964; Cwo jdzi ñski, 1983).

In the LSMU, the NW- plunging con cen tric folds are
re placed by NE- plunging ones to wards the S and E of the
area; their axes con form to the gir dle axes of the fo lia tion
belts on the stereo graphic pro jec tions. The com pa ra ble
low- ductile char ac ter of de for ma tion in the mar bles dur ing 
D4 and D5 may sug gest het ero ge ne ous ac tiv ity of nearly
co in ci dent NE–SW and NW–SE com pres sional re gimes in
the LSMU; this could be re spon si ble for the de vel op ment
of the fan- like pat tern of the mac ro folds. Nev er the less, this 
idea can ap ply to the ob ser va tions from rocks near the
mar ble in ter beds, which are dis trib uted ir regu larly across
the LSMU area. There is not enough evi dence that the
NE- plunging F5 folds dis tin guished in this pa per are as so ci -
ated with the mac ro forms of the east ern part of the LSMU.

The dis tri bu tion of the dif fer ent min eral as sem blages
mark ing the S2 ax ial plane fo lia tion in di cates de creas ing
meta mor phic con di tions to wards the NW/W (in ac cor -
dance with Karwacki, 1990 and Don et al., 2003). Thus, the
cal cite mar bles of the lower part of the lithos tra tigraphic
pro file (taken af ter Koszela, 1997) oc cu pied the lower
meta mor phic lev els. Along the SE–NW sec tion, from Mt.
Krzy¿nik to ̄ elazno, the ca. 100°C tem pera ture dif fer ence 
re lated to the D2 stage through out the area is con sis tent
with the ob served min eral zo na tion. The tem pera tures of

the D3 shear ing also de crease in the same man ner. The pat -
tern of the di op side and tremo lite iso grads in the mar bles is 
in com plete; how ever, in the SW part of the LSMU, it is
roughly con sis tent with the bound ary be tween the gneis -
ses of the lower struc tural level and the rocks of the Stro nie 
for ma tion. This sug gests that the ma jor NW- plunging F4
folds not only folded S2 planes but also the es tab lished D2
iso grads. Ac cord ing to the ex ist ing P-T es ti mates pre sented 
by, among oth ers, Józe fiak (1988), Ro ma nová & Štíp ská
(2001), Jas trzêb ski (2003) and Mur tezi (2003), the stage of
the peak tem pera ture con di tions cor re lated with D2 took
place at a geo ther mal gra di ent of ca. 25°C/km. Un der such 
con di tions, the dif fer ences in the tem pera ture peak es ti -
mates from Stro nie Œl¹skie to ¯elazno are pref era bly ex -
plained by the in cli na tion of the iso therms to wards the
NW at an an gle of 20°, simi lar to the mean of the plunge
an gles of the F4 fold axes (Fig. 4c). Con se quently, the re -
sults of this study con firm the an ti cli no rial struc ture of the
gneiss units (as in Don, 1964) and in di cate that the mac ro -
struc tures mainly de vel oped by de for ma tional event(s) fol -
low ing the tem pera ture peak of the re gional meta mor -
phism. The in cli na tion of both the S2 fo lia tions and meta -
mor phic iso grads to wards the NW (W) took place in the fi -
nal stages of in ter ac tion of the LSMU with the Moravo-
 Silesian Do main and could be ex plained by the more in -
tense up lift in the east ern part of the LSMU re sult ing from
the NW–SE tec tonic short en ing, ori ented per pen dicu larly
to the east ern bound ary of the LSMU.

CON CLU SIONS

Both the meso- and mi cro struc tural rec ord in di cates
that the mar bles in the L¹dek-Œnie¿nik Meta mor phic Unit
un der went a po lyphase struc tural evo lu tion from duc tile,
medium- grade meta mor phic con di tions to more brit tle,
low- grade ones. The de for ma tions re lated to the dis tin -
guished tec tonic events re veal a het ero ge ne ous man ner be -
tween in di vid ual tec tonic do mains and within par ticu lar
out crops. The ear li est rec og nised tec tonic stage, D1, led to
the in cli na tion of the Cal- Dol min eral lay er ing (gen er ally
origi nated as a pre- tectonic and pre- metamorphic fea ture),
and its trans po si tion to the oblique to sub ver ti cal, meta -
mor phic S1 fo lia tion re sulted from E–W sub ho ri zon tal
short en ing. The mesoscopic equiva lents of these planes
could be the scarce, small- scale iso cli nal, in trafo lial folds
pre served in the mar bles and sur round ing mica schists. As
a re sult of the sub se quent, sub ver ti cal D2 flat ten ing, the S1
planes de formed to form tight, in clined to re cum bent F2
folds (in ac cor dance with Dumicz, 1979). The N–S trend -
ing tight folds are as so ci ated with the pene tra tive S2 ax ial
pla nar fo lia tion marked by a grain shape fab ric de fined by
the par al lel ar range ment of flat tened car bon ates, and nee -
dle- and plate- shaped sili cates: Tr- Phl- Ms- Czo. The F2
folds on the S1 planes are more evi dent within the mar bles, 
es pe cially in their im pure vari ants, than in the mica schists, 
where the S2 ax ial plane schis tos ity de vel oped as a domi -
nant tec tonic fea ture. The non- penetrative flexural- slip

move ment on the folded planes and the for ma tion of the
well- preserved L2i in ter sec tion linea tion ac com pa nied the
fold ing. The D2- related min eral as sem blages and tem pera -
ture con di tions show that D2 was as so ci ated with the tem -
pera ture peak of the re gional meta mor phism yield ing am -
phi bo lite fa cies con di tions. The pro gres sion of the re gional 
meta mor phism was as so ci ated with the min eral se quence
Phl ® Tr ® Di in the dolomite- bearing mar bles, pre suma -
bly ini tially equili brated at low to mod er ate X(CO2).
Under the at tained peak con di tions, the origi nal flat ar -
range ment of the meta mor phic iso grads was de vel oped.
Pro gres sive re ac tions con tem po ra ne ous to D2 scarcely seg -
re gated the car bon ate phases into new ag gre ga tions. None -
the less, the dy namic re crys tal li sa tion as so ci ated with D2
and D3 re sulted in the tran si tion of the grain shape of the
car bon ates, yield ing the meta mor phic grain shape S2 or
L3/S3 fab ric.

Sub se quently, un der ret ro gres sive con di tions re lated
to tem pera tures ca. 100°C lower than those of D2, de for -
ma tion lo cal ised in shear zones (mostly re ac ti vat ing S2 pla-
nes) oc curred as a re sult of the N (NEE) di rected tec tonic
trans port of the LSMU, when the Or lica-Œnie¿nik in ter -
acted with ad ja cent units, i.e. the K³odzko Meta mor phic
Unit and the Moravo- silesian Do main. De vel oped lo cally
across the study area and zo nally within par ticu lar out -
crops, the my lo nitic fab ric (S3 planes with a N–S trend ing
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L3 linea tion) was as so ci ated with the elon ga tion and size
re duc tion of car bon ate grains within S-C’ or S-C my lo -
nites.

The me ridi on ally trend ing lin ear struc tures ob served
in the mar bles in the L¹dek-Œnie¿nik Meta mor phic Unit
were gen er ated in two sepa rate tec tonic events, D2 and D3, 
which are char ac ter ised by dif fer ent meta mor phic and
kine matic con di tions. The ori en ta tion of the S2/S1 in ter -
sec tion linea tion L2i de line ates the Y- axis of the strain el -
lip soid rep re sent ing D2, re lated to the tem pera ture peak of
meta mor phism. The for ma tion of the sub se quent stretch -
ing linea tion was re lated to the ret ro gres sion dur ing D3.
Con trary to the in ter sec tion linea tion, its ori en ta tion
shows the di rec tion of the maxi mum strain com po nent.
The high tem pera ture con di tions at which the rod ding
linea tion was formed in or thogneis ses (¯elaŸniewicz, 1988) 
in di cate its con nec tion with the N–S di rected tec tonic es -
cape in duced by E–W short en ing, proba bly cor re lated
with the E–W short en ing re ferred to as D1 in the Stro nie
for ma tion. The tran si tion from pro late to ob late shapes of
the rod ding linea tion (¯elaŸniewicz, 1991) could be re lated
to the flat ten ing strain re spon si ble for fold ing in the Stro -
nie for ma tion (D2). The later top- to- the- NE re ac ti va tion
un der green schist fa cies con di tions (¯elaŸniewicz, 1991)
could be cor re lated with top- to- the-N D3 shear ing in the
Stro nie for ma tion.

The con soli da tion of the LSMU within the ad ja cent
ter ranes, shown by the de flec tion of the L3 linea tion, con -
tin ued dur ing the clos ing tec tonic stages, D4 and D5, re -
spec tively re lated to the SW–NE (WSW–ENE) and

NW–SE (NNW– SEE) di rected tec tonic short en ing. The
di ver sity of the min eral as sem blages mark ing the S2 fo lia -
tion con curs with the dif fer ent tem pera ture es ti ma tions
for the re lated ar eas and in di cates the de creas ing meta mor -
phic grade to wards the NW (W) of the LSMU, from ³
600°C near Stro nie Œl¹skie to ³ 490°C near ¯elazno. Simi -
larly, the es ti ma tions of the D3 shear ing near Stro nie
Œl¹skie yield tem pera tures ca. 100°C higher than those re -
lated to D3 in the ¯elazno re gion. The spa tial ori en ta tions
of the S2||S3 fo lia tions through out the LSMU mainly re -
late to their po si tion within the su per posed mac ro scopic
F4 folds and the low- order F5 folds. It is pro posed that the
clos ing com pres sional stages D4 and D5 re ori ented both
tec tonic struc tures and meta mor phic iso grads to gether.
The de for ma tion of the meta mor phic and struc tural sur -
faces around the NW- plunging F4 fold axes, and their slope 
to wards the NW parts of the Krowi arki Mts. cor re sponds
with the anti cliono rial char ac ter of the gneiss mac ro struc -
tures (in ac cor dance with Don, 1964). Their in cli na tion
could be ex plained by the more in tense up lift in the east ern 
part of the LSMU, which is thought to have re sulted from
the late NW–SE tec tonic short en ing po si tioned per pen -
dicu larly to the east ern bound ary of the LSMU with the
Moravo- Silesian Do main, re sult ing in the mesoscopic F5
folds. The in com plete pat tern of the D2- established meta -
mor phic Di- in and Tr- in iso grads, but roughly re fer ring to
the shape of the gneisses- schists bound ary, con firms that
the mac ro struc tures could have mainly de vel oped in de for -
ma tional event(s) fol low ing the tem pera ture peak of the re -
gional meta mor phism.
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