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The Orlica–Œnie¿nik Dome in the Sudetes, the NE Bo he mian Mas sif, em braces two for ma tions of fel sic gneiss es of con tro -
ver sial or i gin and evo lu tion. Our study shows that de spite sim i lar geo chem i cal sig na tures, they carry sys tem atic mi nor dif fer -
ences in min eral, iso tope, zir con and geothermobarometric char ac ter is tics. Four vari ants of the Giera³tów gneiss es in clude
migmatites and have a lon ger struc tural his tory than the Œnie¿nik augen orthogneisses. U-Pb SHRIMP anal y ses yielded
U-Pb ages of ~500 Ma for cores and ~498 Ma for wide outer parts of zir con grains in the twice-folded Giera³tów gneiss es, and 
an age of ~500 Ma for a dis cor dant neosome vein. Neoproterozoic meta sedi ments were among pre cur sors of the
lithologically di ver si fied Giera³tów Gneiss For ma tion. First de for ma tion, meta mor phism, and migmatisation of these rocks
oc curred at 515–475 Ma and over lapped with the de vel op ment and em place ment of a por phy ritic S-type gran ite pre cur sor to
the Œnie¿nik Gneiss For ma tion. The metagranite (= Œnie¿nik augen orthogneiss) em braced migmatitic xe no liths. Zir con
grains from such xe no liths re vealed dis torted and re placed cores which yielded U-Pb ages that dis persed around
507–487 Ma, whilst wide darker poorly zoned out growths yielded ages from ~343 Ma to ~325 Ma (mean ~340 Ma). These
out growths were in ter preted as a re cord of Car bon if er ous meta mor phism as sisted by rich Zr- and U-car ry ing flu ids. The
Variscan meta mor phic over print was het er o ge neous, and var i ously af fected rocks of the two gneiss for ma tions.

Keywords: Cam brian, migmatites, Variscan orog eny, SHRIMP, Sudetes.

INTRODUCTION

The Orlica–Œnie¿nik Dome (OSD) is a tectonostratigraphic
unit in the Sudetes, SW Po land, the geo log i cal evo lu tion of
which re mains de bated and not fully un der stood (see re view in
¯elaŸniewicz et al., 2014a). A va ri ety of quartzo-feldspathic
gneiss es that ap pear in the core of the dome are among most
con tro ver sially viewed is sues. They were orig i nally sub di vided
into Pre cam brian migmatitic gneiss es of Giera³tów type and
“Cal edo nian” metagranites of Œnie¿nik type (Fischer, 1936).
Such crude lithostratigraphy – Giera³tów type older than
Œnie¿nik type – was then con tested based on var i ous ar gu -
ments (re views in Don et al., 1990; ¯elaŸniewicz et al., 2002).
Don (1964) pro posed to re verse the or der be cause dur ing the
field map ping he ob served that the Œnie¿nik type gneiss es were 
lo cally cut by the mo bi lized Giera³tów migmatites. In con trast,
de tailed petrographic ob ser va tions led Smulikowski (1973,
1976) to con clude that all gneiss es were de rived from sed i men -

tary protoliths by vari ably in tense solid-state meta mor phic
granitisation, the Œnie¿nik type be ing the most ad vanced prod -
uct of that pro cess. Later geo chem i cal and geo chron ol ogi cal
data fur nished the base for a hy poth e sis that all gneiss es in the
dome came from a sin gle ~500 Ma gra nitic protolith. The orig i -
nal gran ites were to be come sub stan tially trans formed and
even tu ally di ver si fied dur ing Variscan de for ma tion and
migmatisation be tween 360 Ma and 340 Ma, then cooled at
340–330 Ma (Maluski et al., 1995; Turniak et al., 2000; Lange et 
al., 2002, 2005; Gordon et al., 2005; Bröcker et al., 2009, 2010;
Štípská et al., 2012) and zon ally sheared at ~321 Ma (Marheine 
et al., 2002).

In the west ern limb of the OSD, how ever, the struc tural and
iso to pic data were found which sug gested that at least some
gneiss es un der went high-tem per a ture de for ma tion prior to the
Variscan events (Pøikryl et al., 1996; Redliñska-Marczyñska,
2011; Redliñska-Marczyñska and ¯elaŸniewicz, 2011) and
were migmatised as early as 488 Ma (¯elaŸniewicz et al.,
2006). Such find ings hinted that the OSD likely evolved in a
more com plex way than as sumed in a num ber of pa pers
(Aleksandrowski et al., 2000; Turniak et al., 2000; Don, 2001;
Lange et al., 2002, 2005; Don et al., 2003; Štípská et al., 2004).
To fur ther ex plore this op tion we have re-ex am ined the re la tion -
ships be tween augen gneiss es and migmatitic gneiss es that
crop out in the Miêdzygórze Antiform (Fig. 1) and per formed
U-Pb iso to pic anal y ses of zir cons re trieved from the sam ples
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with known struc tural po si tion and his tory. In this pa per, we
sum ma rize the re sults of struc tural and pet ro log i cal re-ex am i -
na tion, re port new re sults of the U-Pb SHRIMP datings, and
dis cuss lo cal and re gional im pli ca tions of the col lected data.

GEOLOGICAL FRAMEWORK

The Orlica–Œnie¿nik Dome (OSD) is the east ern most unit of 
the Lugian do main (sensu Suess, 1912), in the NE part of the
Bo he mian Mas sif (Fig. 1). Lithostratigraphic and
tectonometamorphic char ac ter is tics of the OSD are used to
show af fin ity al ter na tively with the Saxothuringian or
Moldanubian ter ranes (zones) of the Eu ro pean Variscides (see
Franke et al., 1993; Aleksandrowski and Mazur, 2002;
¯elaŸniewicz et al., 2006; Jastrzêbski et al., 2010; Mazur et al.,
2012, 2013; Štípská et al., 2012). In the Orlica–Œnie¿nik Dome,
the gneissic core is man tled by a ~6000 m thick
metasedimentary suc ces sion of Ediacaran–Early Pa leo zoic
age, re ferred to as the M³ynowiec–Stronie Group (Gunia, 1974;
Gunia and Wierzcho³owski, 1979; Jastrzêbski et al., 2010;
Mazur et al., 2012; ¯elaŸniewicz et al., 2014b). The F(1-n) or
D(1-n) la belled suc ces sive stages of the deformational sto ries of
the OSD rocks which have been pro posed in the lit er a ture dif fer 
re mark ably be tween var i ous au thors (re views in Don et al.,
1990; ¯elaŸniewicz et al., 2002, 2014a). How ever, there is al -
most a con sen sus that (1) the main tectonism in the OSD was
con trolled by the Variscan col li sion be tween the two ter ranes,
namely Saxothuringia/Moldanubia and Brunovistulia, both ul ti -
mately of peri-Gond wana de scent, and (2) the main fold struc -
tures strike gen er ally in the N–S di rec tion. The old est fo li a tion
that fol lowed bed ding planes in the metasedimentary man tle
rocks was folded and trans posed to the subvertical ax ial pla nar
fo li a tion due to an early E–W subhorizontal short en ing and then 
re folded dur ing subvertical short en ing. Such tec tonic tem plate
is fa voured by most au thors al though iden ti fi ca tion and la bel ling 
of con sec u tive struc tures dif fer in de tails (Dumicz, 1979;
Jastrzêbski, 2005, 2009; Murtezi, 2006; Skrzypek et al., 2011,
2014; Cho pin et al., 2012a, b). Sim i lar struc tural suc ces sion is
of ten as sumed for the core gneiss es, which seems con tro ver -
sial and not nec es sar ily cor rect (¯elaŸniewicz at al., 2014a, b).
This topic will be ad dressed be low.

CHARACTERISTICS OF GNEISSES

TWO GNEISS FORMATIONS

The orig i nal sub di vi sion of the OSD gneiss es into two types, 
Giera³tów and Œnie¿nik, ap peared too gen eral for pur poses of
de tailed map ping, thus re quired fur ther sub di vi sions (e.g., Don
et al., 2003). How ever, the de scrip tive cri te ria, such as
grain-size, col our, or kind of lam i na tion/lay er ing, turned out
some times to be am big u ous and even mis lead ing (Dumicz,
1989; Don et al., 1990; ¯elaŸniewicz et al., 2002). Based on
com bined field re la tion ships and pet ro graph i cal as well as
struc tural char ac ter is tics, Redliñska-Marczyñska and
¯elaŸniewicz (2011) pro posed to dis tin guish six lithological vari -
ants eas ily iden ti fi able in the field: (1) augen (ortho)gneiss es,
(2) migmatites, (3) lay ered and streaky gneiss es, (4) banded
gneiss es, (5) porphyroblastic gneiss es, and (6) mylonites to
ultramylonites. Augen gneiss es (1) were as signed to the
Œnie¿nik Gneiss For ma tion. Va ri et ies (2) to (5) were as signed
to the Giera³tów Gneiss For ma tion. Mylonitic gneiss es (6) de -
vel oped at the ex pense of rocks of ei ther for ma tion. Ac tu ally, we 

do sup port the long es tab lished sub di vi sion of gneiss es in the
Orlica–Œnie¿nik Dome into two ma jor types, herein re ferred to
as the Œnie¿nik and Giera³tów for ma tions (Figs. 2–4). In the
Miedzygórze Antiform, the out crop pat tern and field re la tion -
ships clearly de pict a map view of an inlier of the Giera³tów For -
ma tion rocks within the Œnie¿nik gneiss es (Fig. 1). In our opin -
ion, the antiform is a folded, large-scale en clave of the
high-grade migmatitic gneiss es set in the por phy ritic
metagranite. There is a “tran si tional zone” (Teisseyre, 1973;
Don et al., 2003) be tween the two types where most vari ants
oc cur side by side (Redliñska-Marczyñska and ¯elaŸniewicz,
2011; ¯elaŸniewicz et al., 2014b).

One of im por tant dif fer ences be tween the two gneiss for ma -
tions lies in rocks en closed in them. HP eclogite,
retroeclogite/am phi bo lite, and granulite bod ies of var i ous di -
men sions oc cur ex clu sively within the Giera³tów Gneiss For ma -
tion. In the Œnie¿nik Gneiss For ma tion, there are xe no liths of
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Fig. 2. Relic primary intrusive contacts between the Giera³tów 
gneisses and Œnie¿nik gneisses (see also Fig. 4C)

A –  orig i nally steep in tru sive in ter face be tween the gneiss es was
sub jected to later de for ma tions; B – both rocks were de formed in
com mon dur ing D3 shear ing, when S2 planes were re ju ve nated in

the Giera³tów gneiss es (S2 ® S3) whereas in the Œnie¿nik gneiss es
the first fo li a tion set de vel oped and be came folded (see also
Figs. 3F and 4C), thus the struc tural his tory of the lat ter was ev i -
dently shorter than that of the for mer



fine-grained bi o tite gneiss es, migmatitic gneiss es and schists
(Grzeœkowiak and ¯elaŸniewicz, 2002; Redliñska-Marczyñska
and ¯elaŸniewicz, 2011). The xe no liths in di cate that a por phy -
ritic gran ite pre cur sor to the Œnie¿nik gneiss es must have been
ge net i cally linked with migmatitisation and that some
migmatites were older or broadly co eval with that gran ite. More -

over, relic dis cor dant in tru sive con tacts are in ev i dence, which
clearly shows that the por phy ritic gran ite, now the poorly fo li -
ated Œnie¿nik gneiss, was orig i nally emplaced into well-fo li ated
migmatitic gneiss of Giera³tów type (Fig. 2).

On a geo chem i cal ground, all gneiss es carry sim i lar
peraluminous, calc-al ka line gran ite sig na tures and lim ited vari -
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Fig. 3. Structural characteristics of gneisses in the Miêdzygórze Antiform 
(stereographic projections on the lower hemisphere, equal angle net)

A – Giera³tów gneiss: compositional band ing (S0) in volved in F1 folds and sub se quent shear ing along S1, which brought about intrafolial
folds; B – Giera³tów gneiss: porphyroblastic vari ant with K-feld spar and polymineral quartz-feld spar blasts nu cle ated intra- to post-ki ne mat i -
cally with re spect to small-scale folds F2; C – Giera³tów migmatitic gneiss: unfoliated, ir reg u lar leucocratic veins (leucosome nests) that cut
dis cor dantly the twice fo li ated host gneiss; D – D3 sheared migmatitic Giera³tów gneiss: note less de formed pod with relic mag matic fab ric

sur rounded by anastomosing mylonitic fo li a tion, top-to-the N vergence; E – Œnie¿nik augen gneiss: de tails of F3 fold in S2 ® S3 fo li a tion (di -
a gram shows folds F3 and F4); F – Œnie¿nik/Giera³tów gneiss tran si tional zone (sensu Teisseyre, 1957, 1973): al ter na tion of banded

migmatitic gneiss es (Giera³tów) and augen gneiss es (Œnie¿nik), both strongly sheared in S2 ® S3 and in volved suc ces sively in F3 and F4
folds, note sheared bi o tite schist rel ict within the migmatite



a tions in the REE con cen tra tions. The ex ist ing dif fer ences were 
found by many au thors to be in suf fi cient to dis tin guish be tween
the protoliths of the Œnie¿nik and Giera³tów gneiss es (Maluski
et al., 1995; Kröner et al., 2000; Turniak et al., 2000; Lange et
al., 2005; Bröcker et al., 2009). There fore, all the gneiss es have 
of ten been in ter preted as com ing from one ig ne ous suite, de -
rived from iden ti cal source rocks. How ever, me tic u lous stud ies
per formed by Borkowska et al. (1990) and Borkowska (1994,
1996) showed that the protoliths of the two main gneiss types
no tice ably dif fered in their geo chem is try with the amount of ma -
jor (Si, Al, Mg, Na) and trace (Ba, Sr) el e ments and Rb-Sr sys -
tem at ics. For such rea sons, two sep a rate protoliths were in -
ferred by the lat ter au thors, or, al ter na tively, one protolith, al beit
chem i cally di ver si fied by in tru sive pro cesses. In deed, the sim i -
lar i ties in geo chem is try strongly sug gest der i va tion from a sim i -
lar rock com plex, which does not nec es sar ily im ply that the
Œnie¿nik and Giera³tów gneiss es orig i nated from one magma
body or that their protoliths passed all through a magma stage.

MINERAL, ISOTOPE, ZIRCON AND GEOTHERMOBAROMETRIC
CHARACTERISTICS

De spite geo chem i cal sim i lar i ties of the Giera³tów and
Œnie¿nik for ma tions, mi cro scopic stud ies re veal some sys tem -

atic vari a tions in modal com po si tions be tween gneiss es of the
two for ma tions and migmatite xe no liths found within the
Œnie¿nik gneiss es (de tails in Redliñska-Marczyñska, 2011;
Redliñska-Marczyñska and ¯elaŸniewicz, 2011). Uti liz ing
>13,000 microprobe anal y ses, sta tis ti cally sig nif i cant dif fer -
ences have been dem on strated for these rocks and briefly com -
pared in Ta ble 1.

Mi nor dif fer ences be tween the two types of gneiss es were
ob served in the iso tope char ac ter is tics (Lange et al., 2005; Pin
et al., 2007). Gen er ally, val ues of eNd500 are up to 3 times more
scat tered in the Giera³tów (–0.3 to –7.1) than in the Œnie¿nik
(–3.5 to –5.2) gneiss es, which also dis play a nar rower range of
TDM ages (1.6–1.5 Ga). Ini tial 87Sr/86Sr ra tios are again more
scat tered in the Giera³tów gneiss es. Such val ues in di cate that
the Œnie¿nik gneiss es rep re sent less het er o ge neous rocks than 
the Giera³tów gneiss es (Redliñska-Marczyñska and
¯elaŸniewicz, 2011). In deed, modal com po si tion of the lat ter
rocks, xe no liths in clu sive, is sta tis ti cally more di ver si fied and
het er o ge neous than that of the Œnie¿nik metagranite (Ta ble 1).
Such trend is con sis tent with the evo lu tion ary ten dency of gra -
nitic melts that ac quire less di ver si fied (lithological, pet ro graph i -
cal, iso to pic and struc tural) fea tures than the source rocks.
Con se quently, the Œnie¿nik magma is as sumed to be an ad -
vanced prod uct of the pro cesses that also pro duced the
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Fig. 4. Structural features of gneisses of the two formations

A – L > S augen gneiss as in sam ple OS47; B – Œnie¿nik orthogneiss with gen u ine augens (K-feld spar porphyroclasts), stretch ing lineation
L3 and mylonitic fo li a tion (L < S-tectonite), note less de formed pods of the ini tial coarse-grained por phy ritic gran ite elon gated in the L3 (Lelg)

di rec tion and sub jected to flat ten ing in S2 ® S3 (di a gram shows fold ing by E-vergent F4 folds); pri mary in tru sive con tact be tween the
Giera³tów gneiss (folded and migmatised) and the Œnie¿nik (meta)gran ite; C – folded migmatitic gneiss xe no lith within the Œnie¿nik augen

gneiss es which con tain the sin gle fo li a tion set equiv a lent to S2 ® S3 planes in the Giera³tów gneiss es, the pic tured in ter face is a small-scale
model of the pri mary con tacts be tween the Œnie¿nik gran ite and folded Giera³tów gneiss es; D – migmatitic gneiss xe no lith as in sam ple OS5



migmatitic Giera³tów gneiss es or it was de rived by melt ing from
these or alike rocks. The men tioned geo chem i cal sim i lar i ties
be tween the gneiss es are not in con flict with such as sump tion
and are in line with the pre served in tru sive con tacts.

Such model can also ex plain why gar net in both types of
gneiss es and in xe no liths is gen er ally sim i lar, though with large
compositional scat ter. In deed, in her ited meta mor phic gar net is
pres ent in nu mer ous garnetiferous plutons, es pe cially
peraluminous ones, which oc cur in meta mor phic ter ranes
(Cham ber lain and Ly ons, 1983; Plank, 1987; Lackey et al.,
2006).The com po si tion of gar net xeno crysts may de pend solely 
on the bulk com po si tion and meta mor phic grade of the source
rock (Spear, 1993; Owen and Marr, 1999). The grossular con -
tent is con trolled by the bulk com po si tion and in creases (at the
ex pense of Mn) with the depth of crystallisation, but the in creas -
ing spessartine con tent of gar net sta bi lizes this min eral to low
pres sures (Miller and Stoddard, 1978, 1981). It is worth to note
that high-Al ti tan ite is also sta ble over a wide P-T range even
un der high-grade con di tions (Markl and Piazolo, 2004;
Lucassen et al., 2010). There fore, such meta mor phic min er als
can be ex pected to oc cur in fel sic mag matic rocks de vel oped
via par tial melt ing of crustal sources. The above-briefed dif fer -
ences in the spessartine con tent in gar net, Si con tent in white
mica, or il men ite and titanomagnetite microgrowths ob served in 
the stud ied rocks are in line with such ex pec ta tions
(Redliñska-Marczyñska, 2011; Redliñska-Marczyñska and
¯elaŸniewicz, 2011).

Turniak et al. (2000) stud ied typology of zir con grains in 17
gneiss sam ples and found that the zir cons from the Œnie¿nik
gneiss es re sem ble those from S-type gran ites, whereas the zir -
cons from the Giera³tów gneiss es point to I-type granitoids. In
the for mer, the {211} bipyramid dom i nates over the {101}, which 
is op po site to the Giera³tów zir cons, yet in both gneiss es the
{110} prism is better de vel oped than {100}. Such ob ser va tions
are ba si cally valid in our sam ples too, though we did not con -
duct a sys tem atic typology study of a greater num ber of zir con
pop u la tions. Nev er the less, dif fer ences in pre cur sors of the two
types of gneiss es can be rea son ably ex pected.

For gneiss es of the Miêdzygórze Antiform, re gard less of
meth ods used, the geothermobaro metric cal cu la tions range
be tween 4–11 kbar/600–650°C (Klemd et al., 1995) and

4–14 kbar/500–570°C (Grzeœkowiak, 2004; Redliñska-Mar -
czyñ ska, 2011). Higher val ues of <15kbar/<700°C to
19–20 kbar/>700°C were re cently ob tained from P-T
pseudosections and compositional iso pleths for var i ous min er -
als by Cho pin et al. (2012a) who, how ever, did not re fer to the
clas si fi ca tion of gneiss es into the Œnie¿nik and Giera³tów types.
The high est val ues were de ter mined for the Giera³tów type
gneiss es which were in ter preted by these au thors as an
ultramylonite de rived from the augen orthogneiss of Œnie¿nik
type. Al though our ob ser va tions also re peat edly show that the
Œnie¿nik metagranite (= augen gneiss) was meta mor phosed at
lower tem per a ture and pres sure con di tions than the Giera³tów
gneiss es and that rocks of the two for ma tions were zon ally
mylonitised, we do not see ar gu ments which would sub stan ti ate 
the re la tion ship pro posed by Cho pin et al. (2012a).

Sum ming up, the above re view in di cates that rocks of the
Giera³tów and Œnie¿nik for ma tions sys tem at i cally dif fer in many 
re spects, start ing from their protoliths. Al though mi nor, all these 
dif fer ences are clearly in con flict with the as sump tion that they
come from one ig ne ous suite de rived from iden ti cal source
rocks. Our ob ser va tions con cur with those per formed by
Borkowska et al. (1990) and Borkowska (1994, 1996).

PREVIOUS ISOTOPIC AGE DATA FOR GNEISSES 
WITH BASIC REFERENCE TO OTHER ROCKS

An early iso to pic study of the Œnie¿nik augen gneiss yielded 
the Rb-Sr whole-rock age of 487 ± 11 Ma, which was in ter -
preted to in di cate the time of em place ment of its gra nitic pre cur -
sor (van Breemen et al., 1982). Later stud ies per formed by
Borkowska et al. (1990) yielded Rb–Sr whole-rock isochron
ages of 395 ± 35 Ma for the Œnie¿nik gneiss es and of
464 ± 18 Ma for the Giera³tów gneiss es. These au thors, based
on the field re la tion ships, the pres ence of ret ro graded eclogite
bod ies and un usu ally com posed gar net, con cluded that the
Giera³tów gneiss es were meta mor phosed and de formed be fore 
“hav ing been pen e trated by the Œnie¿nik porphyroid gran ite in -
tru sion”.

Lange et al. (2005) per formed more Rb-Sr anal y ses and
hav ing re cal cu lated the re sults of Borkowska et al. (1990) came 
to the dates of 471 ± 35 Ma (n = 7; MSWD = 29) for the Œnie¿nik 
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Item/char ac ter is tics
Œnie¿nik Augen

Gneiss For ma tion
Xe no liths in the

Œnie¿nik gneiss es
Giera³tów Gneiss

For ma tion

Al kali/K-feld spar Mode 26–36 vol% 16–30 vol% 16–34 vol%

Plagioclase 
nor mally zoned

Mode 20–30 vol% 22–45 vol% 20–40 vol%

An con tent 6–23 6–34 6–38

Bi o tite Ti con tent <  0.39 a.p.f.u. <0.56 a.p.f.u. <0.56 a.p.f.u.

White mica
Fe[tot]/Mg <1.4 <3.7 <3.5

Si 3.0–3.37 a.p.f.u. 3.05–3.43 a.p.f.u. 3.0–3.43 a.p.f.u.

Gar net

Almandine 45–67% 44–70% 43 –70%

Grossular 30–53% 15–56% 30–52%

Spessartine 0–20% 0–20% 0–8%

Pyrope 1–7% 0–1.5% 0–7%

An dra dite 0–2% 0–1.5% 0–4%

Ti tan ite XAl = [Al/(Al+Ti)] <0.18 a.p.f.u. <0.37 a.p.f.u. <0.41 a.p.f.u.

T a  b l e  1

Sum mary of min eral and modal com po si tions of gneiss es of the two for ma tions 
(~13,000 an a lyt i cal spots in ~150 thin sec tions – for de tails see Redliñska-Marczyñska, 2011

and Redliñska-Marczyñska and ¯elaŸniewicz, 2011)



and of 449 ± 5 Ma (n = 21; MSWD = 43) for the Giera³tów
gneiss es. They con firmed ear lier ob ser va tions of vari a tions in
the Rb–Sr iso tope sys tem at ics through out the dome and, con -
sid er ing the high MSWD val ues, sug gested pri mar ily a het er o -
ge neous source for the gneiss es and/or dis tur bances in the
Rb-Sr sys tem be ing ac com plished dur ing sub se quent meta -
mor phism. The lat ter con clu sion pre sum ably also ex tends to
other iso tope sys tems stud ied in the OSD rocks.

The Rb-Sr phengite and bi o tite ages for gneiss es of the two
for ma tions range be tween 335 Ma and ~319 Ma (Borkowska et
al., 1990; Lange et al., 2005) and are well com pat i ble with the
Ar-Ar ages de ter mined be tween 341 Ma and 320 Ma (Maluski
et al., 1995; Marheine et al., 2002; Glascock et al., 2003;
Schnei der et al., 2006). These are cool ing ages, yet of ten con -
sid ered to re flect the tim ing of Variscan meta mor phism in the
gneiss es.

A da ta base of U-Pb zir con ages for the gneiss es, still small
though larger than the Rb-Sr da ta base, shows three dis crete age 
groups re vealed mainly by SHRIMP anal y ses: (1) 560–530 Ma
and older up to 2.6 Ga, (2) 515–480 Ma, and (3) ~350–330 Ma
(Ol i ver et al., 1993; Klemd and Bröcker, 1999; Kröner et al.,
2000; Turniak et al., 2000; Lange et al., 2002, 2005; Štípská et
al., 2004; Grzeœkowiak et al., 2005; Bröcker et al., 2009, 2010).
Group (1) is taken to rep re sent in her ited com po nents, group (2)
– magma for ma tion and gran ite em place ment, group (3) – meta -
mor phism and de for ma tion of gran ites to gneiss es. Such
clear-cut pic ture is dis torted by far less fre quent ages around
450 Ma and 370 Ma, yielded mainly by ID-TIMS anal y ses. These 
can be likely dis carded as geo log i cally mean ing less mixed ages
(groups 1 and 2) be ing de rived from zoned sin gle grains (Lange
et al., 2005). How ever, dis tur bances in the U-Pb sys tem dur ing
later meta mor phism can not be ruled out as the age num bers co -
in cide with the Rb-Sr ages of ~460-450 Ma, which ap par ently re -
sulted from dis tur bances in the Rb-Sr sys tem.

The Th-Pb anal y ses of monazite from the gneiss es dis close 
four age groups: (1) ~500 Ma, (2) ~370–360 Ma, (3)
~345–330 Ma and (4) ~300 Ma (Gordon et al., 2005; Schnei der
et al., 2006). Groups (1) and (3) agree with magmatism in the
Late Cam brian and sub se quent meta mor phism in the Early
Car bon if er ous as in ferred from other iso tope sys tems. The
ages of ~370–360 Ma and 300 Ma are not ob served in the U-Pb 
zir con dataset for the gneiss es.

Al though (U)HP rocks are be yond the scope of this pa per,
yet the Giera³tów gneiss es en close granu lites whose gar net
yielded Lu-Hf age of 382 Ma (Anczkiewicz et al., 2007) hint ing
to the De vo nian HP event. Budzyñ et al. (2015) in ferred, how -
ever, from the Th-U-to tal-Pb dat ing of monazite and P-T es ti -
ma tions that granu lites were un der tem per a ture >900°C by
349 ± 2 Ma. Un der such con di tions, the iso tope sys tems in most 
min er als must have been re set. Thus the ~350 Ma ages may
only re flect the time of the re set ting or the end of the meta mor -
phic cli max at best. Strik ingly sim i lar con clu sion was reached by 
Brueckner et al. (1991) who stud ied the Sm-Nd sys tem in
eclogites and found that they were ac tu ally on the ret ro grade
P-T path be tween 350 Ma and 329 Ma.

The age of ~350 Ma is also iden ti cal with the meta mor phic
cli max af ter the main deformational event in mica schists that
oc curred at ~352–346 Ma (Gordon et al., 2005; Jastrzêbski,
2009; Jastrzêbski et al., 2010) and at ~360 Ma in rocks of the
bor der land be tween the Saxothuringian/Mol danubian and
Brunovistulian ter ranes along the east ern mar gin of the
Orlica–Œnie¿nik Dome (Jastrzêbski et al., 2015). Relicts of the
blueschist fa cies meta mor phism in the west ern limb of the
dome would im ply that at least part of  the metasedimentary
rocks, which man tle the gneissic core of this unit, was sub jected 

to HP con di tions of ~20–21 kbar at 500–550°C (Faryad and
Kachlík, 2013) prior to the ther mal peak meta mor phism at lower 
pres sures.

As fol lows from the above, the tim ing and de tails of meta -
mor phism and de for ma tion in the OSD rocks are still not fully
un der stood, thus should be de bated (see ¯elaŸniewicz et al.,
2014a, b). Al most all iso to pic stud ies yielded ages be tween
350 Ma and 330 Ma, which sug gests that the main tectono -
metamorphic pro cesses in the dome oc curred in the Early Car -
bon if er ous. How ever, the view pre sented in re cent years, that
all the fol low ing: prograde meta mor phism up to HP-HT con di -
tions as so ci ated with mul ti ple fold ing and nappe em place ment,
migmatisation, shear ing and mylonitisation may have oc curred
al most con tem po ra ne ously with cool ing of all rock types – re -
quires many a pri ori as sump tions and far more ev i dence. More -
over, hav ing con sid ered the pres ence of HP-HT eclogite and
granulite en clo sures in the Giera³tów gneiss es, the for mer can
be ex pected to be older or of the same age as the lat ter
(¯elaŸniewicz and Bakun-Czubarow, 2002). Ac tu ally, sim i lar
ages may in di cate just com mon cool ing of dif fer ent rock units in
the same time span.

GNEISS SAMPLES AND STRUCTURAL TEMPLATE 

For the iso to pic study, five sam ples were col lected in the
Miêdzygórze Antiform area (Fig. 1). They were se lected to
cover key vari ants of the two for ma tions, each with dif fer ent
char ac ter is tics, struc tural po si tion and evo lu tion. Three sam -
ples rep re sent the Giera³tów Gneiss For ma tion: OS40 – streaky 
gneiss (N50°12’11.34” E16°45’36.28”), MD46 – porphyroblastic 
gneiss (N50°14’1.74” E16°46’5.62”), OS35/8 – leucocratic
neosome from migmatitic gneiss (N50°13’44.53”
E16°45’26.81”). Two sam ples come from the Œnie¿nik Gneiss
For ma tion: OS47 – weakly de formed rodded augen gneiss
(L>S tectonite; N50°13’21.18” E16°46’48.47”), and OS5 – en -
clave (xe no lith) of migmatitic gneiss (N50°13’21.21”
E16°46’48.39”). The se quence of struc tures F1S1—F4S4 de -
scribed be low is valid for gneiss es in the antiform
(Redliñska-Marczyñska, 2011; Redliñska-Marczyñska and
¯elaŸniewicz, 2011).

Two Giera³tów gneiss sam ples (OS40, MD46) rep re sent
rocks with compositional band ing (S0) fol lowed mi met i cally by
the ear li est meta mor phic fo li a tion. Both the struc tures were
folded (F1) and trans posed (D1 event) to the ax ial pla nar fo li a -
tion (S1) ac com pa nied by shear ing and intrafolial folds
(Fig. 3A). The S1 was re folded into asym met ric F2 folds with
vari ably ori ented ax ial pla nar fo li a tion S2 (Fig. 3B). In the hinge
ar eas of F2 folds, there are K-feld spar (porphyro)blasts and/or
leucocratic ag gre gates/neosomes com posed of quartz, K-feld -
spar, white mica (and mi nor plagioclase, bi o tite, ap a tite). The
pres ence of such struc tur ally con trolled blasts and neosomes is 
one of the char ac ter is tic and dis tinc tive fea tures of the
Giera³tów For ma tion (Fig. 3B; see also Redliñska-Marczyñska
and ¯elaŸnie wicz, 2011: fig. 2.3). They ap pear as streaky
porphyroblastic to migmatitic gneiss es in which the leucosome
was ex tracted in situ (nests) and/or in jected as ir reg u lar veins in
the ax ial pla nar or dis cor dant man ner (Fig. 3C, sam ple
OS35/8). The migmatisation oc curred syn- to post-ki ne mat i -
cally with re spect to disharmonic fold ing F2 (D2 event). Such
tectonometamorphic ed i fice of the Giera³tów gneiss es was then 
sub jected to shear de for ma tion and mylonitisation along S3
planes, which of ten were the re ju ve nated or trans posed S2 fo li -
a tion (Fig. 3D). The shear ing was as so ci ated with fold ing F3
(Fig. 3E) on roughly W–E to NW–SE axes and ac com pa nied by
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stretch ing lineation (Fig. 4A, B) in the N–S to NE–SW di rec tion
(D3 event in both types of gneiss es). In the Miêdzygórze
Antiform, the sub se quent event brought about con spic u ous
E-vergent folds F4 with am pli tudes up to a few tens of metres
(Fig. 3F), which re sulted in subhorizontal and steep dips of the
ear lier S-planes (in both types of gneiss es).

Sam ple OS35/8 is a leucocratic, unfoliated rock that co mes
from a subvertical vein which cuts dis cor dantly the twice folded
migmatitic gneiss of Giera³tów type (Fig. 3C). The vein con tin -
ues as leucosome nests in these gneiss es.

Sam ple OS47 is the rodded Œnie¿nik gneiss with augens
be ing K-feld spar porphyroclasts (Fig. 4A). In gen eral, the augen 
gneiss es de vel oped from a por phy ritic gran ite (Fig. 3A, B) with
lo cal pre-ex ist ing pri mary fab ric (¯elaŸniewicz 1984, 1988,
1991; Redliñska-Marczyñska, 2011). The gran ite was then het -
er o ge neously de formed, some parts trans formed into rodding
gneiss (L > S to L > S tectonites) with var ied over print (Fig. 4A,
B). This type of strain may have oc curred in the hinges of F2
folds (¯elaŸniewicz et al., 2013). Field ob ser va tions show that
such L to L > S fab ric was then sub jected to shear ing which pro -
duced L < S to S-type tectonites (Fig. 4B, C) thus changed the
por phy ritic gran ite to augen gneiss in which the shear zones
wid ened as the de for ma tion pro gressed. It was the very shear -
ing that pro duced D3 struc tures in the Giera³tów gneiss es. In
augen orthogneisses, the deformational his tory was ev i dently
shorter and the first fo li a tion-form ing event in the Œnie¿nik
metagranite (Fig. 4A–C) did over print the ear lier folds and pla -
nar fab rics (S1 and S2) in the Giera³tów rocks (Fig. 3B, D, F). In
the lat ter, the D3 shear ing of ten re ju ve nated the S2 fo li a tion,
which re sulted in the spa tial co in ci dence of the S2 and S3
planes.

Sam ple OS5 (Fig. 4D) co mes from a large en clave (~10 m ́
15 m) en closed by the rodded L > S augen orthogneiss of OS47 
type (Fig. 4A). This is a coarse- to even-grained stromatitic
migmatite with monomineral (K-feld spar or quartz) or
polymineral (quartz + K-feld spar ± plagioclase) blasts, nests
and pods that over grew at ran dom the folded migmatic fab ric of
this rock (Redliñska-Marczyñska, 2011).

U-Pb ZIRCON STUDY

METHODS

Zir con sam ples were re trieved from the five gneiss sam ples
fea tured above, 5–7 kg each. They were pre pared us ing stan -
dard pro ce dures. Cathodoluminescence im ag ing was used to
iden tify in ter nal struc ture of zir con grains. The U-Th-Pb anal y -
ses were car ried out us ing a SHRIMP II fa cil ity at the Re search
School of Earth Sci ences, Aus tra lian Na tional Uni ver sity, fol -
low ing the meth ods de scribed by Wil liams (1998). 108 spots
have been ana lysed in 97 zir con grains from five sam ples
(Fig. 1). Each anal y sis con sisted of six scans through the mass
range, with the Temora ref er ence zir con grains ana lysed for ev -
ery three un known anal y ses. The data have been re duced us -
ing the SQUID Ex cel Macro of Lud wig (2001). The Pb/U ra tios
have been nor mal ised rel a tive to a value of 0.1859 for the Du -
luth Gab bro FC1 ref er ence zir con, equiv a lent to an age of
1099 Ma (see Paces and Miller, 1993). Un cer tainty in the ref er -
ence zir con cal i bra tion was ± 0.21% (2s) for the an a lyt i cal ses -
sion. Un cer tain ties given for in di vid ual anal y ses (ra tios and
ages) are at the one sigma level (Appendicies 1–5*). Cor rec tion 
for com mon Pb was ei ther made us ing the mea sured

204Pb/206Pb ra tio in the nor mal man ner, or for grains youn ger
than 800 Ma (or those low in U and ra dio genic Pb) by the 207Pb
cor rec tion method (see Wil liams, 1998). When the 207Pb cor -
rec tion was ap plied it was not pos si ble to de ter mine ra dio genic
207Pb/206Pb ra tios or ages. In gen eral, the ra dio genic 206Pb-238U
age for grains youn ger than 800 Ma was used with cor rec tion by 
the 207Pb method. Tera-Wasserburg con cordia plots, prob a bil -
ity den sity plots with stacked his to gram, and weighted mean
206Pb-238U age cal cu la tions (Tera and Wasserburg, 1972) were
car ried out us ing ISOPLOT/EX (Lud wig, 2003); see Fig ures
5–9. Weighted mean 206Pb-238U age cal cu la tion un cer tain ties
are re ported as 95% con fi dence lim its.

ZIRCON SAMPLES 

Zir con from porphyroblastic gneiss (Giera³tów Gneiss
For ma tion): sam ple MD46. The zir con grains are 50 to
300 µm long but many are short and al most iso met ric with
bipyramidal ter mi na tions (Fig. 5). The CL im ages show grains
with dif fer ently zoned in te ri ors and less densely os cil la tory
zoned out growths (# 1, 2, 6 and 7). In core do mains, os cil la tory,
sec tor and pla nar zonal struc tures are in ev i dence (# 1, 5 and
14). Dis con ti nu ities be tween core and rim zones sug gest dis -
crete ep i sodes of zir con crystallisation (# 5, 6, 7, 9 and 15) and
re sorp tion (# 15). Other grains have low-lu mi nes cent cen tral
do mains sur round ing old grains or in clu sions (# 4, 7, and 9),
and local ised recrystallisation can be seen (# 5) around the lat -
ter. “Soc cer-ball” zir con is also part of the pop u la tion (# 8).

Zir con from streaky gneiss (Giera³tów Gneiss For ma -
tion): sam ple OS40. Most grains are subhedral, subequant to
slightly elon gate (~1:2). The CL im ages re veal com plex in ter nal 
struc tures of most grains that con tain at least two dif fer ent com -
po nents (Fig. 6). Many grains dis play older, in her ited, ig ne ous
or meta mor phic cores (e.g., # 11, 14) and os cil la tory zoned rims 
(e.g., # 3, 4, 11, 14), oth ers have un zoned, clearly meta mor phic 
rims (e.g., # 5, 9, 10, 15, and 16), but no high-U, dark rims have
been ob served. When seen un der trans mit ted light, many
grains are cracked and dark and some have mot tled sur faces,
which, along with rounded shapes (e.g., # 1, 5), sug gest sur -
face trans port and de tri tal prov e nance.

Zir con from a dis cor dant leucocratic vein in the
Giera³tów migmatitic gneiss: sam ple OS35/8. They are pre -
dom i nantly very clear, slen der pris matic (as pect ra tio 1:3 to
1:6), euhedral grains (Fig. 7). The pres ence of nu mer ous long
pris matic crys tals (# 3, 8, 10, 12 and 16), mainly with poor pla -
nar or sec tor zon ing, dif fers this pop u la tion from other two zir -
con sam ples re trieved from rocks of the Giera³tów For ma tion.
Most grains have the {110} prism faces that may im ply
crystallisation from rel a tively cold, H2O- and alu mina-rich mag -
mas and emplaced close to the place of ex trac tion (Vavra,
1994). These would be in line with leucocratic neosome or i gin
of their host vein. The CL im ages show os cil la tory zoned in ter -
nal struc tures. Dis con ti nu ities in such zon ing are fre quent, sug -
gest ing mul ti ple zir con crystallisation ep i sodes dur ing growth of
those grains. In some grains, there are clearly older in her ited
com po nents in cen tral ar eas which un der went dis so lu tion.
Other grains have a very poor CL re sponse (grey ish or whit ish)
and struc ture oblit er ated by metamict al ter ations. Slightly
darker or CL bright overgrowths are less or quite poorly zoned.
Few grains have thin dark CL rims (grains 18, 19, and 21).

Zir con from rodded (L > S) augen orthogneiss of the
Œnie¿nik For ma tion: sam ple OS47. The zir con grains are
elon gate to al most equant, sub- to euhedral, ~100–300 µm
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Fig. 5. Cathodoluminescent images of zircons from sample MD46

Fig. 6. Cathodoluminescent images of zircons from sample OS40
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Fig. 7. Cathodoluminescent images of zircons from sample OS35/8

Fig. 8. Cathodoluminescent images of zircons from sample OS47



long, with both the {101} and {211} bipyramids (Fig. 8).
Subround ter mi na tions (e.g., # 15, 16) might be caused by
meta mor phic pro cesses. Like in the OS35/8 leucosome, dom i -
nant {110} prisms are in ev i dence. Many euhedral grains have
ir reg u larly struc tured or zoned in her ited cores and os cil la tory
zoned out growths of ten darker in CL (e.g., # 4, 5 and 14). The
com plex CL struc ture of the in ner parts may in di cate re pet i tive
fluid or melt in ter ac tions that recrystallised and embayed the
orig i nal in her ited zir con com po nent. 

Zir con from migmatitic xe no lith in the rodded augen
orthogneiss of the Œnie¿nik For ma tion: sam ple OS5. The
zir con grains are 100–300 µm long with vari able as pect ra tio
1.3:1 to 5:1 (Fig. 9). They dif fer from other sam ples by dull ness
due to metamictisation and strong dis so lu tion of cores which
have ac quired very ir reg u lar out lines. Sim i larly to sam ple OS47, 
there are crys tals ter mi nated with the {101} and {211}
bipyramids. In grains which have poor CL re sponse (grey ish or
whit ish), it is dif fi cult to de ter mine their struc ture. Some grains
have bright os cil la tory zoned cen tres and dark to black CL
overgrowths.

RESULTS

Porphyroblastic gneiss (Giera³tów Gneiss For ma tion):
sam ple MD46. In this sam ple, re trieved from the
porphyroblastic gneiss, 17 os cil la tory zoned ar eas were ana -
lysed on 16 zir con grains (Ap pen dix 1 and Figs. 5, 10, 15). On
the Tera-Wasserburg plot, the anal y ses form a sin gle group
around 500 Ma (Fig. 10A). On a prob a bil ity den sity plot, 10

anal y ses form a dom i nant age peak at 499 ± 5 Ma, with 3 anal y -
ses each on the older and youn ger age side (Fig. 10B). The for -
mer, slightly older, could be con sid ered as in her ited zoned ig ne -
ous zir con (i.e. the 3 older anal y ses at about 510 Ma) and the
lat ter anal y ses likely re late to the loss of small amounts of ra dio -
genic Pb (i.e. the 3 youn ger anal y ses at about 485 Ma). The
anal y sis of grain 13 is sig nif i cantly youn ger and we in ter pret the
area ana lysed to have lost ra dio genic Pb. For the main os cil la -
tory zoned com po nent a weighted mean 206Pb238U age of
498.1 ± 4.1 Ma (n = 10, MSWD = 0.21) pro vides an es ti mate for
the time of ma jor zir con crystallisation (see dis cus sion be low).

The an a lyt i cal data show vary ing Th/U ra tios from 0.06 to
0.72, of which 3/4 (12 of 17) is be low 0.3, thus in the range of
meta mor phic zir cons rather than mag matic, though un am big u -
ous dis crim i na tion re quires cau tion (Hoskin and Schaltegger,
2003). In the Tera-Wasserburg plot, the dis persed ra dio genic
206Pb-238U ages show a prom i nent group ing along a line that in -
ter sects the con cordia at about 500 Ma (Fig. 10A). How ever, no
sin gle ig ne ous crystallisation event can be un am big u ously in -
ferred. The dis con ti nu ities in the os cil la tory zon ing in di cate
more than one crystallisation ep i sode, whilst ev i dence of
recrystallisation and re sorp tion of cen tral do mains, and poorly
zoned out growths sug gest the im por tance of high-grade meta -
mor phic pro cesses. In grain 15, an age dif fer ence of 2 Ma, al -
most neg li gi ble if to con sider er ror lim its, would sug gest a rel a -
tively short du ra tion of such pro cesses con cur rent with the
growth of oval, soc cer ball-shaped crys tals. This con curs with
the host rock which is folded gneiss with K-feld spar
porphyroblasts and polymineral ag gre gates lo cated in the fold
hinges due to in cip i ent migmatitic/par tial melt ing phe nom ena.
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Fig. 9. Cathodoluminescent images of zircons from sample OS5
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Such con di tions likely pro moted growth of zir con outer do mains
with os cil la tory zon ing as ex pected for the crystallisation from
melt. Char ac ter is ti cally, the Th/U ra tios in such out growths vary
re mark ably from the low est, “meta mor phic” ra tios (<0.1) as old
as ~512 Ma to the high est, “mag matic” (> 0.5) as ob served in
the rim of grain 14.1 dated at ~493 ± 7 Ma. There are some leg i -
ble re la tion ships be tween age, tex ture and Th/U ra tios in zir -
cons. Youn ger grains or do mains tend to have higher Th/U ra -
tios, which pre sum ably re flects the trend from meta mor phic to
migmatitic/mag matic con di tions at the ~500 Ma event. Again,
this is well-il lus trated by grain 15, in which slightly older, ho mog -
e nous yet partly resorbed core (Th/U = 0.09) is over grown by
os cil la tory zoned out growth (Th/U = 0.26). The high com mon
Pb con tent (>1%) in 1/3 of the anal y ses, rang ing be tween
0.25% and 1.74%, ap par ently did not make them use less.

Streaky gneiss (Giera³tów Gneiss For ma tion): sam ple
OS40. For this study, 20 ar eas were ana lysed on 16 zir con
grains (Ap pen dix 2 and Figs. 6, 11, 15), com ing from a streaky
gneiss. In con trast to sam ple MD46, which also co mes from the
Giera³tów gneiss, no sin gle age group ing is re corded. On the
Tera-Wasserburg plot, the anal y ses scat ter be tween ~540 and

~440 Ma (Fig. 11A), as a con se quence of vari able 206Pb-238U
ages and vari able amounts of com mon Pb. The lat ter is >1% in
13 ar eas, which im pedes any pre cise age de ter mi na tion and
the anal y ses around 440 Ma are ap par ently too young
(Fig. 11B). 

How ever, the strong dis per sion in dates and cor re la tion be -
tween CL struc ture and age, nor U, Th and Th/U ra tios, in di cate
the pres ence of a strong ini tially het er o ge neous zir con pop u la -
tion, cou pled with su per im posed meta mor phic pro cesses that
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Fig. 10. Tera-Wasserburg concordia diagram (A) and
probability density diagram (B) for sample MD46

This and the fol low ing T-W plots show the cal i brated, to tal ra tios; i.e.
un cor rected for com mon Pb, whereas the prob a bil ity plot shows cor -
rected ages (2sigma). Each age group ing is rep re sented by a dif fer -
ent shade of grey

Fig. 11. Tera-Wasserburg concordia diagram (A), U-Pb
concordia diagram for younger grouping (B), and probability

density diagram (C) for sample
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gave rise to vari able ra dio genic Pb loss. More over, low Th/U in
al most all grains sug gests that the com plex struc tured zir con
grains are meta mor phic, which is in line with the ob served con -
vo lute zon ing and non-zoned or poorly zoned out growths in
most grains. In this sam ple, like in MD46, no grain or rim was
found which might re cord a Car bon if er ous event around
~340 Ma. Based on the data in hand, there is no rea son to as -
sume that such pro found meta mor phic dis tur bances were
caused by the event which did not left be hind any leg i ble trace.
Al though some con di tions dur ing meta mor phism may im pede
or even pre vent zir con recrystallisation, there is a poor rea son
to as sume that they se lec tively op er ated only in the Giera³tów
gneiss es and not in the ad ja cent Œnie¿nik gneiss es (see sam -
ples OS47 and OS35/8). The com plex na ture of the OS40 zir -
con pop u la tion along with the grains as old as 2.2 Ga and
1.8 Ga, and the in ferred de tri tal prov e nance of many grains al -
low us to con clude that the protolith to the stud ied Giera³tów
gneiss is a metasedimentary rock with the max i mum prov e -
nance age of 606 Ma (# 1) and pos si bly the youn gest com po -
nent of ~540 Ma. It seems rea son able to in fer that the protolith
OS40 was meta mor phosed in the span 540–440 Ma, most
likely around 500 Ma like other sam ples of the Giera³tów
gneiss es (Fig. 11C). De spite high com mon Pb, the in te grated
in for ma tion on sam ple OS40 al lows in ter pret ing it as a
high-grade paragneiss meta mor phosed and de formed in Late
Cam brian–Early Or do vi cian times. It is note wor thy that de spite
high U and high com mon Pb in many anal y ses the ob tained age 
es ti mates fit ex actly the ages pro vided in the lit er a ture by other
au thors for the Giera³tów and the Œnie¿nik gneiss es.

Dis cor dant leucocratic vein in the Giera³tów migmatitic 
gneiss: sam ple OS35/8. From the leucocratic vein cross cut -
ting the migmatite, 24 ar eas were ana lysed on 22 zir con grains
(Ap pen dix 3 and Figs. 7, 12). The Tera-Wasserburg plot shows
dis tinct age group ings (Fig. 12A). For the main group, a
weighted mean gives a 206Pb-238U age of 500 ± 3 Ma (n = 15,
MSWD = 1.08), which con strains the time of zir con
crystallisation in the host leucocratic vein. An other group, rep re -
sented by older grain cores, yields, as it might be ex pected,
older 206Pb-238U ages of about 540 Ma (n = 4). These anal y ses
re vealed >1% of com mon Pb and do not pro vide pre cise age
de ter mi na tion. The ap par ently youn gest 206Pb-238U age of
~440 Ma was de ter mined for a high-U rim on grain 6. It likely
lost ra dio genic Pb due to later meta mor phic pro cesses. The
darker CL out growths with poor struc ture (# 6, 13 and 20),
which have be tween ~1200 and ~2000 ppm U, dis play Th/U ra -
tios be tween 0.04 and 0.08 as typ i cal for meta mor phic zir con.
How ever, they may rep re sent late-crys tal liz ing ig ne ous zir con
from a U rich mag matic pulse. The re main ing ar eas ana lysed
have rather poor os cil la tory zoned struc ture and these, ex cept
two, have Th/U ra tios be tween 0.05 and 0.43, thus <0.5 value
over which zir con is typ i cally as signed as ig ne ous (Hoskin and
Schaltegger, 2003). On the other hand, it is known that the Th/U 
ra tio it self is not an un am big u ous cri te rion. In ter est ingly, the
long pris matic crys tals which dif fer from other grains in the pop -
u la tion, al most in vari ably yielded ages, within er rors, around
~500 Ma (e.g., # 3,10,12,16), though they con tain high com -
mon Pb > 1%. Grain 11 de vel oped the ~500 Ma out growth on
the ~540 Ma cen tral do main and the 500 Ma out growths oc cur
on other crys tals, the cores of which have not been dated. The
age of the cores and older grains is in the range from ~600 to
~535 Ma, which suf fi ciently doc u ments the in her ited zir con
even with im pre cise tim ing. No leg i ble ev i dence for a
tectonothermal Car bon if er ous event oc curs in the stud ied pop -
u la tion. Nar row black rims on few grains are too thin and too
U-rich to be dated (# 6.2).

In te grat ing the zir con data with the struc tural po si tion of the
host rock, a leucocratic unfoliated vein that dis cor dantly in ter -
sects folded migmatitic gneiss of the Giera³tów For ma tion
(Fig. 3C), the fol low ing in fer ences can be made: (1) dis cor dant
vein is youn ger than the de formed host gneiss; (2) zir con is in -
her ited from the protolith with sig nif i cant ~600–540 Ma com po -
nent; (3) some old grains have no out growth or merely very thin
CL black rims, which sug gests that they have never been in an
ef fec tive con tact with the mag matic melt; (4) crystallisation from 
melt pro duced new, dom i nantly slen der, pris matic grains and
out growths on older grains at 500 Ma; leucocratic melt de vel -
oped via par tial melt ing of the host gneiss es or rocks sim i lar to
them and rep re sented larger por tions of the mo bi lized
migmatitic neosome; (5) zir con crys tals dom i nated by the {110}
prisms typ i cal of gran ites crys tal lised from H2O-rich, “cold” mag -
mas (Vavra, 1994); (6) such con di tions likely char ac ter ized the
neosome for ma tion in the course of migmatisation ob served in
sam ple MD46, and pre sum ably in the Giera³tów gneiss es in
gen eral. In cip i ent migmatisation was ac com plished un der
struc tural con trol, as ev i denced by the fold-hinge lo cated
porphyroblasts, leucocratic ag gre gates and leucosome
segregations or in jec tions; (7) lack of signs of strain in the
cross-cut ting vein rock does not sup port the pos si bil ity that the

726 Aleksandra Redliñska-Marczyñska, Andrzej ¯elaŸniewicz and C. Mark Fanning

Fig. 12. Tera-Wasserburg concordia diagram (A) and
probability density diagram (B) for sample OS35/8
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twice folded host Giera³tów migmatite and the vein it self might
have de vel oped dur ing the ~340 Ma ep i sode of  de for ma tion
and meta mor phism of the ~500 Ma gran ite, as as sumed by
Turniak et al. (2000) and other au thors fol low ing such view. Un -
der some con di tions, migmatisation may not bring about out -
growths on zir cons, but it would be rather hard to as sume that
these oc curred ex clu sively in the Giera³tów gneiss es and not in
the Œnie¿nik gneiss es which con tain the 340 Ma com po nents,
as ex em pli fied by the two sam ples dis cussed be low.

Rodded (L > S) augen orthogneiss of the Œnie¿nik For -
ma tion: sam ple OS47. In the sam ple re trieved from the
Œnie¿nik augen orthogneiss, 24 ar eas were ana lysed on 21 zir -
con grains (Ap pen dix 4 and Figs. 8, 13). Two grains have old
cores, 586 ± 6 Ma (# 15) and 635 ±8 Ma (# 20), and those ages
in di cate in her ited com po nents. The ages ob tained from core
parts of other grains dis perse around 507–487 Ma and also rep -
re sent in her i tance, yet youn ger. In grain 11, the core yields an
age of 488 ± 5 Ma with a Th/U ra tio of 0.353 Ma, whilst the dark
rim is dis tinctly youn ger be ing dated at 343 ± 4 Ma with a Th/U
ra tio of 0.007. Sim i lar re la tion ships are dis played by grain 1. In
these two grains, the core do mains are dis torted and embayed
by darker and poorly zoned zir con of youn ger out growths. Such
strong re sorp tion of cores is even more ob vi ous in other grains
(# 3, 4, 5, 7, 8 and 9) and is a pre dom i nant fea ture of most
core-rim struc tured pairs. Th/U ra tios in these rims are low,
vary ing from 0.002 to 0.28, with some sys tem atic re la tion ship
be tween the 206Pb-238U age and this ra tio: the smaller Th/U ra tio 
and higher U-con tents the smaller age num ber (Fig. 13C).

In gen eral, the low Th/U ra tios may be in dic a tive of ei ther
growth from a par tial melt be ing en riched in U, growth un der
high-grade meta mor phic con di tions, or growth from U-rich
meta mor phic flu ids. The wide os cil la tory zoned CL struc ture in
the rims sug gests, yet does not prove un am big u ously, an ig ne -
ous crys tal lisation event.

The high-U, low-Th dark CL rims (# 5, 10, 14, 21) with low
Th/U ra tios <0.01 yielded Car bon if er ous 206Pb-238U ages that
over all range from ~343 Ma to ~325 Ma with over laps within er -
rors. How ever, most anal y ses re vealed high com mon Pb. The
dates are not pre cise, but we do not dis card them as they fit well 
the age range de ter mined by other au thors for the OSD gneiss -
es. The youn gest ages do not nec es sar ily al ways re sult from
loss of ra dio genic Pb. In grain 1, the ana lysed area in the out -
growth (# 1.1) is richer in Pb* than the outer core. Within the
343–325 Ma group there is no clear re la tion ship be tween age
and con tents of Pb* or com mon Pb and these val ues dif fer con -
sid er ably be tween grains.

A ques tion arises as to whether the brighter CL, os cil la tory
zoned zir con with Th/U ra tios of 0.016–0.023 crys tal lised at
about the same time as the darker CL, <0.01 Th/U zoned rims.
The age ranges over lap, but on the prob a bil ity den sity plot of
the youn gest 206Pb-238U ages there are two peaks, one at about
328 Ma and an other at ~343 Ma. On the Tera-Wasserburg con -
cordia plot (of the cal i brated, to tal ra tios; i.e. un cor rected for
com mon Pb) the three youn gest anal y ses do not plot within un -
cer tainty of the con cordia curve but are el e vated due to slight
en rich ment in com mon Pb, and the pos si ble ra dio genic Pb loss
can not be ex cluded (Fig. 13A). The fact that there is over lap in
206Pb-238U ages for the two com po nents may in di cate that the
dom i nant weighted mean 206Pb-238U age of 343 ± 3 Ma (n = 7,
MSWD = 0.73) is the best es ti mate for the time of crystallisation
of the poorly zoned out growths.

In view of the above, a ques tion arises about the or i gin of
343–325 Ma out growths: are they ig ne ous or meta mor phic
fluid-as sisted? As there is no grain with Car bon if er ous core,
hence large amount of melt at that time seems im prob a ble. The
high U cou pled with the dark and clouded na ture of a num ber of
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Fig. 13. Tera-Wasserburg concordia diagram (A), probability
density diagram (B), and Th/U ratio vs. age [Ma] diagram (C)

for sample OS47
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zir con grains in this pop u la tion (though not for the ar eas ana -
lysed) is sug ges tive of meta mor phic al ter ation and fluid ac tiv ity.
The cor roded embayed out lines of usu ally strongly dis turbed
cores are in line with such op tion as are the low Th/U ra tios.

It is note wor thy that an age group of 508–480 Ma in the
Œnie¿nik metagranite (OS47), well-rep re sented by the
weighted mean 206Pb-238U age of 497 ± 6 Ma (n = 4,
MSWD = 0.24), is sim i lar to that shown by the zir cons from the
dis cor dant leucocratic vein OS35/8. In deed, in both rocks there
are (1) in her ited zir con com po nents around 600 Ma and (2)
dou ble core-rim struc ture of ~500 Ma grains with pre dom i nantly 
os cil la tory zone in ner parts and poorly zoned out growths.

A dif fer ence be tween sam ples OS35/8 and OS47 lies in the
pres ence of the ~340 Ma zir con outer do mains which were not
ob served in the for mer. In sam ple OS47, many ~500 Ma grains
have cores dis torted and resorbed (e.g., # 5, 9), which must have 
hap pened at the time when the ~340 Ma out growths were de vel -
op ing. Such re sorp tion is ab sent from sam ple OS35/8 just be -
cause it was not af fected by the ~340 Ma event (or less prob a bly
- con di tions were un fa vour able for the zir con to grow), and thus
no trace of it is found there. The first state ment is also ev i dent
from the con cordia plots (Figs. 12 and 13). In the
Tera-Wasserburg di a gram for sam ple OS47, there is a group of
anal y ses from un dis torted grains with com mon Pb <1% (e.g., #
16, 18) that plots along a line which in ter sects the con cordia at
~500 Ma. Close to it there is an other ar rayed group of anal y ses
of the dis torted cores, of ten with com mon Pb >1%, from the
core-rim grains. These show slightly youn ger ages in the range
~488–463 Ma for the cores in the grains that pos sess the
~340 Ma out growths. It is clear that such younging of the dis -
torted cores was due to al ter ation caused by later Zr-car ry ing flu -
ids. In view of the above, the flu ids were meta mor phic rather than 
ig ne ous. In deed, nei ther the host rodded augen gneiss spec i -
mens, nor their mi cro scopic im ages carry any ev i dence of the
pres ence of mag matic melt which is un likely to de velop eas ily in
such coarse-grained, poorly de formed metagranite (Fig. 4A).

Migmatitic xe no lith in the rodded augen orthogneiss of 
the Œnie¿nik For ma tion: sam ple OS5. Twenty-three ar eas
were ana lysed on 22 zir con grains (Ap pen dix 5 and Figs. 9, 14,
15) com ing from a migmatitic xe no lith en closed within the
Œnie¿nik augen orthogneiss. As it was men tioned above (zir con 
sam ple sec tion), the zir con pop u la tion of grains is un like in
other four sam ples. The very ir reg u larly tex tured cen tral ar eas
and those that are clouded by metamict al ter ation prod ucts
have not been ana lysed. One third of the pop u la tion (# 3, 15,
19–22) yielded 206Pb-238U ages be tween ~500 and ~480 Ma for
outer parts of the grains which have ei ther os cil la tory zoned ig -
ne ous-look ing cores (# 19, 21) or com plex poorly zoned to
non-zoned, highly dis torted, meta mor phic-look ing cores (# 3,
22). The outer parts are mainly poorly zoned. All these ar eas
have high com mon Pb >1% and Th/U ra tios ³0.14 (up to 0.4),
which is in the range ob served for both ig ne ous zir con and
meta mor phic zir cons, yet not pre cise enough to per mit un am -
big u ous dis crim i na tion. Such char ac ter is tic is sim i lar to that of
sam ple OS47 from the Œnie¿nik gneiss. These anal y ses do not
yield pre cise dates, but we should not dis card them. They are
in for ma tive enough to dis cern a group of zir cons that pos sess
poorly zoned meta mor phic-look ing rims de vel oped at ~500 Ma
age, which were dis solved and strongly dis torted dur ing youn -
ger meta mor phic over print.

In grains with strongly dis torted cores, the outer ar eas yield
Car bon if er ous 206Pb-238U ages and have Th/U ra tios mostly
£0.011, but with some rang ing up to 0.05. The U con cen tra tions 
in these grains/ar eas are quite vari able in ac cord with the CL re -
sponse. The dark CL ar eas mostly have more than 3000 ppm
U, rang ing up to about 6500 ppm, whilst the bright ar eas gen er -
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Fig. 14. Tera-Wasserburg concordia diagram (A), probability
density diagram (B), and U ppm vs. age [Ma] diagram (C) 

for sample OS5
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ally have less than 600 ppm. On a plot of U ppm ver sus
206Pb-238U age (Fig. 14C) there is a pos i tive cor re la tion be tween 
206Pb-238U age and U ppm (start ing from ca. 4000 ppm of U),
though op po site to that found in sam ple OS47. This is a com -
mon fea ture ob served in SHRIMP anal y ses of very high-U zir -
cons (see Wil liams and Hergt, 2000); there is a sput ter ing bias
with Pb pref er en tially en riched over U in such ex tremely U-rich
zir con ar eas. It is also likely that there has been ra dio genic Pb
loss in such high-U ar eas and this may coun ter the sput ter ing
bias such that ar bi trarily use ful U-Pb dates can be ob tained.
Not with stand ing this for tu itous sit u a tion, if the ex treme U-rich
ar eas are ex cluded, a weighted mean 206Pb-238U age of
340 ± 3 Ma (n = 6, MSWD = 1.08) pro vides an es ti mate for the
rim and over growth com po nents in this sam ple. The anal y sis of
grain 1 at ~330 Ma is youn ger and the area ana lysed is in ter -
preted to have un der gone ra dio genic Pb loss. How ever, it
should be noted that this spot has the low est Th con tent
(~2 ppm).

Sum ming up the ob ser va tions col lected in sam ple OS5, this 
is ex actly what may have oc curred and be ex pected in a
migmatised paragneissic xe no lith that was en trapped on in trud -
ing gra nitic magma (age of ~500 Ma) and then sub jected to
meta mor phic over print at ~340 Ma. It is to be stressed that OS5
is not part of the Giera³tów Gneiss For ma tion. It is the xe no lith of 
the migmatitic gneiss which is sim i lar to Giera³tów, but does be -
long to the Œnie¿nik For ma tion.

DISCUSSION

ZIRCON MORPHOLOGY

Most of the zir con grains ana lysed by us show core-to-rim
os cil la tory zoned struc ture. The xenocrystic cores range from
clear, uni form pris matic grains with os cil lat ing zonation to
subround grains with rel ics of os cil la tory, sec tor or pla nar zon -
ing. Newly formed zir con rims may be in op ti cal con ti nu ity or
sep a rated from the cores by more or less leg i ble dis con ti nu ities, 
across which they dif fer in crys tal lo graphic ori en ta tion. Such
dis con ti nu ities may have de vel oped dur ing in ter ac tions be -
tween crys tal faces and youn ger flu ids, whether mag matic or
meta mor phic. The ac tiv ity of the lat ter was pos si bly en hanced
by tec tonic de for ma tion.

More over, there are dif fer ences be tween sam ples from the
Giera³tów and Œnie¿nik for ma tions. In the Œnie¿nik augen
gneiss (OS47) and in the migmatitic xe no lith (OS5) en closed
within it, nu mer ous grains have cores with dis torted in ter nal
struc ture and con vo lute, sec tor or os cil la tory zonation. These
cores have highly ir reg u lar, embayed or bro ken out lines be ing
sur rounded by dark or bright in CL, poorly os cil la tory zoned to
non-zoned out growths (Figs. 8 and 9).

Such fea tures are usu ally taken to in di cate re sorp tion, cor -
ro sion and dis so lu tion pro cesses oc cur ring be fore and/or dur -
ing the de vel op ment of the overgrowths un der both mag matic
and meta mor phic con di tions. Hav ing con sid ered iso to pic data,
CL im ages of zir cons, pet ro log i cal char ac ter is tics, field re la tion -
ships and struc tural fea tures of the host rocks, we are in fa vour
of the meta mor phic/migmatitic con di tions to ex plain the evo lu -
tion of the host rocks for sam ples OS47 and OS5.

In gen eral, the above fea tures can also be linked to var i ous
stages of com plex magma evo lu tion from the ini tial for ma tion by 
source melt ing, mi gra tion through the crust, to magma mix ing,
frac tional crystallisation and dif fer en ti a tion. In case of the
Œnie¿nik orthogneisses, the ex ten sive pres ence of the ~340 Ma 
new zir con out growths in ter preted as the prod uct of mag matic

crystallisation would re quire that the Œnie¿nik magma in truded
at that time. Such cor ol lary is en tirely in com pat i ble with the lo cal 
ge ol ogy and other re sults of iso to pic stud ies. Con versely, all
these fea tures can also de velop dur ing var i ous stages of
crystallisation from a lo cally de rived melt (migmatitic) or hot
super criti cal flu ids (in this case U-rich) in ter act ing with the rock
at the peak or high-grade meta mor phic con di tions, usu ally in
the pres ence of an ac tive aque ous phase (see Gebauer et al.,
1997; Corfu et al., 2003; Geisler et al., 2007). In very fluid-rich
sys tems, newly formed com po nents will crys tal lise with usual
char ac ter is tics of mag matic zir con; i.e. with sim i lar mor phol ogy
(euhedral/subhedral shape) and zon ing (os cil la tory). Mor phol -
ogy and tex tures of mag matic and migmatitic zir cons in
peraluminous rocks may be undistinguishable (Hoskin and
Schaltegger, 2003) and we do not have a sim ple dis tin guish ing
cri te rion for the or i gin of dated zir cons. There fore, we see the
need for in te grat ing data col lected along var i ous lines of ev i -
dence. In our opin ion, all the col lected data fa vour the
migmatitic hy poth e sis for the zir con or i gin in the three stud ied
sam ples from the Giera³tów Gneiss For ma tion.

In view of the above and the ab sence of no tice able traces of 
the ~340 Ma com po nents in the three sam ples from the
Giera³tów Gneiss For ma tion stud ied by us, we sug gest that
meta mor phic trans for ma tions in the gneiss es of the
Miêdzygórze Antiform were not a whole sale pro cess and thus
they var ied within this struc ture, be ing strongly as sisted by hot,
U-rich flu ids. Our ob ser va tions show that such flu ids were likely
to be more eas ily channelized through the coarse-grained
metagranite with strong constrictional fab ric (L > S tectonite)
than through the mul ti ply de formed Giera³tów gneiss es with the
twice folded pla nar fab rics. Such ex pla na tion is in line with the
lack or scarce pres ence of very thin dark CL rims, which might
re cord weak Car bon if er ous over print in these rocks.

STRUCTURAL RECORD VERSUS GEOCHRONOLOGY 

The brief struc tural re view pre sented in this pa per (see
above) in di cates that the Giera³tów (migmatitic) Gneiss For ma -
tion has un der gone more com plex evo lu tion (D1–D4) than the
Œnie¿nik augen orthogneisses (D2?/D3–D4). Sam ples of the
streaky (OS40) and porphyroblastic (MD46) Giera³tów gneiss -
es (Fig. 3B, D) rep re sent twice folded rocks, ac com pa nied by
syn- to post-tec tonic migmatisation with re spect to D2
(Redliñska-Marczyñska, 2011). The lat ter pro duced
leucosomes of var i ous shapes, leucocratic veins (sam ple
OS35/8) and ag gre gates as well as K-feld spar blasts lo cated in
F2 fold hinges, and giv ing a porphyroblastic out look (MD46) to
streaky (OS40) or flaser Giera³tów gneiss es.

Be sides the dif fer ences be tween the Giera³tów and
Œnie¿nik gneiss es in the fea tures of zir con grains, also ob -
served in zir con typology (Turniak et al., 2000), these rocks fur -
ther dif fer with the pres ence of skel e tal Ca-gar nets (in her ited
xeno crysts), Si-rich phengites, il men ite and high-Al
titanomagnetite. The lat ter can be in ter preted as in di ca tors of
HP-HT ep i sode in ferred for the Giera³tów Gneiss For ma tion
(Borkowska et al., 1990; Bröcker and Klemd, 1996;
Grzeœkowiak, 2004; Stawikowski, 2006; Redliñska-Mar -
czyñska and ¯elaŸniewicz, 2011; Cho pin et al., 2012a) and
thus in migmatitic xe no liths en closed within the Œnie¿nik
metagranite.

In the twice folded and migmatised Giera³tów gneiss es, the
zir cons yielded the mean ages of 500 ± 3 Ma and 498 ± 4 Ma for 
wide outer parts of the grains. As only few grains have very thin, 
dark in CL, meta mor phic rims – prob a bly of Car bon if er ous age
–  the ques tion arises as to which of these zir con overgrowths
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re flect meta mor phism and migmatisation in the gneiss es: ex -
tremely thin and Th/U low rims, or rather vo lu mi nous, os cil la tory 
zoned (ig ne ous/meta mor phic in ap pear ance and higher Th/U
ra tio) ~500 Ma man tles. Again, hav ing con sid ered iso to pic
data, CL im ages of zir cons, pet ro log i cal char ac ter is tics and
field re la tion ships of the host rocks, the dis cor dant leucocratic
vein OS35/8 in clu sive, we find the op tion of migmatisation of
the Giera³tów gneiss es at ~340 Ma rather un likely and there fore 
we are in fa vour of the op tion of migmatisation at ~500 Ma. Nat -
u rally, this does not pre clude Car bon if er ous meta mor phic over -
print in rocks of the Miêdzygórze Antiform, how ever, more lo cal -
ized and less per va sive than is com monly thought (Turniak et
al., 2000; Štípská et al., 2004; Lange et al., 2005; Bröcker et al.,
2009). We do not sup port the view that the petrographic and
min eral compositional vari abil ity of gneiss es was mainly
caused by mod i fi ca tions ac com plished dur ing de for ma tion and
migmatisation, as as sumed by those au thors.

The Œnie¿nik augen gneiss in sam ple OS47 is L > S
tectonite, with gen u ine augen porphyroclasts de rived from orig i -
nal K-feld spar pheno crysts dur ing gneissification (Figs. 4A and
15). It de vel oped at lower meta mor phic con di tions than those
re corded by the Giera³tów migmatitic gneiss es as in di cated by
higher Mn con tent in gar nets, lower Al con tent in titanites, and
lower Si con tent in phengites. Mag matic or i gin of this weakly
de formed rock is ev i dent from its mesoscopic and mi cro scopic
struc tural and petrographic fea tures, which is cor rob o rated by
mor phol ogy of zir con grains, be ing os cil la tory zoned and bright
un der CL (Figs. 8 and 15). Both cores and most of overgrowths
in such grains yielded ~500 Ma age, in ter preted to re cord the
em place ment of a gra nitic pre cur sor to the Œnie¿nik augen
gneiss. Sim i lar re sults were ob tained for the zir cons from the
migmatitic gneiss xe no lith (sam ple OS5) en closed within the
Œnie¿nik rodded (L > S) orthogneiss. As xe no liths are to be at
least slightly older than the host ig ne ous rock, the ob served
geo log i cal re la tion ships di rectly sug gest that in the xe no lith
which was en trapped in the gran ite magma, most of the zir con
grains car ried by the gneiss be came en tirely resorbed, thus no
in her i tance was de tected in the stud ied pop u la tion. How ever,
quite prob a bly that more anal y ses would re veal older com po -
nents too. Hav ing con fronted both the es ti mated age and fea -
tures of the dis cussed zir cons against the migmatitic na ture and 
geo log i cal po si tion of the gneiss xe no lith, the cor ol lary is that
the lat ter must have un der gone thor ough zir con recrystal -
lisation around ~500 Ma, thus co evally with the for ma tion and
em place ment of the por phy ritic pre cur sor of the Œnie¿nik augen 
gneiss. In case of the Miêdzygórze Antiform, this di rectly con -
firms the pres ence of rocks meta mor phosed and migmatised at 
~500 Ma and in di rectly the orig i nal dif fer ences be tween gneiss -
es of the two for ma tions, the view ad vo cated by
Redliñska-Marczyñska and ¯elaŸniewicz (2011).

Im por tant in for ma tion ren dered by sam ple OS40 is that the
Giera³tów Gneiss For ma tion is lithologically het er o ge neous and 
com prises meta sedi ments. Such con clu sion sheds new light on 
the on go ing dis cus sion on the or i gin of gneiss es in the
Orlica-Œnie¿nik Dome and in va lids the hy poth e sis about one
mag matic source.

CAMBRO-ORDOVICIAN TECTONOTHERMAL EVENT 
ACCOMPANIED BY MIGMATISATION

The prob lem of Cambro-Or do vi cian event in the
Orlica–Œnie¿nik Dome was dis cussed by Lange et al. (2005),
who did not find enough ar gu ments to sup port migmatisation at
that time. How ever, Pøikryl et al. (1996) re ported ev i dence for
the pre-Variscan HT de for ma tion and meta mor phism in gneiss -

es in the west ern part of the dome. Then ¯elaŸniewicz et al.
(2006) de scribed twice folded, fine-grained migmatitic gneiss es
which car ried a later shear over print at the con tact with the
Œnie¿nik augen orthogneiss at the vil lage of Zdobnice (Fig. 1). It 
was the very shear ing that built up fo li a tion in the metagranite.
De for ma tion his tory of the lat ter is ev i dently shorter than in the
migmatite. Such crit i cal field re la tion ships pro vide straight for -
ward ev i dence that de for ma tion and neosome for ma tion in the
migmatite oc curred ear lier than the com mon, yet het er o ge -
neous shear ing ex pe ri enced jointly by the two types of gneiss -
es. Else where in the dome, such shear ing was con strained with
var i ous meth ods to a span of 340–325 Ma (re view in
¯elaŸniewicz et al., 2014a, b). In Zdobnice, ad di tional con straint 
co mes from a dis cor dant unfoliated syenite vein dated (U-Pb
zir con) at 326 ± 3 Ma (¯elaŸniewicz et al., 2006), thus the shear -
ing there and the fo li a tion build-up in the metagranite took place
be fore 326 Ma, most prob a bly be tween ~340 and ~330 Ma. In
view of the in te grated field, struc tural and zir con data
(¯elaŸniewicz et al., 2006), it is rather un likely that migmatites
might have been se lec tively de vel oped, folded, then sheared
and dy nam i cally recrystallised in the same time span. There -
fore, an U-Pb age of 489 ± 12 Ma (n = 12, MSWD = 6.5) for the
poorly zoned out growths, some dark in CL, on older
(Ediacaran–Early Cam brian) cores in zir con grains from a gra -
nitic neosome in the Zdobnice migmatite is in ter preted as a re -
cord of migmatisation in the Late Cam brian–Early Or do vi cian.
Al though the pre ci sion of the date is not high, it is still good
enough to in di cate that the out growths can only be linked with
tectonothermal pro cesses which oc curred at those times. Such
view con curs with the fact that the stud ied zir con pop u la tion
does not con tain ev i dence for any youn ger events which would
lead to zir con mo bi li sa tion.

Bröcker et al. (2009) doubted the early migmatisation in
Zdobnice by sug gest ing that the zir con grains in the neosome
are re sid ual and re tained from the migmatised source rocks.
This is prob a bly very true and in no way in val i dates the con clu -
sion about the Cambro-Or do vi cian migmatisation in the twice
folded gneiss es from which the gra nitic neosome was de rived.
Al though in the stud ied grains only ~500 Ma out growths were
found. They pro vide the un am big u ous ev i dence that zir con
grains in these gneiss es were ex ten sively recrystallised at that
time, be cause the rocks were just un der go ing meta mor phic
trans for ma tions in clud ing migmatisation.

The above-men tioned sit u a tion in the Zdobnice migmatite
(= Giera³tów gneiss) is sim i lar to that ob served in the stud ied
sam ples from the Giera³tów For ma tion. The dis cor dant
leucocratic vein of sam ple OS35/8 is equiv a lent to the gra nitic
neosome of the Zdobnice migmatite, whilst sam ples OS40 and
MD46 rep re sent the re sid uum or palaeosome. We reckon that
cor rect in ter pre ta tion of par tially melted rocks re quires not only
U-Pb zir con age and mor phol ogy in for ma tion but also care ful
ex am i na tion of the field re la tion ships and struc tural his tory of
the rocks un der study. Such ap pro pri ately multi-as pect ap -
proach is par tic u larly im por tant while deal ing with the com plex
gneiss core of the Orlica–Œnie¿nik Dome with pro longed his tory 
(Fig. 15).

CARBONIFEROUS EVENT

In sev eral re cent pa pers that re port re sults of the iso to pic
anal y ses of gneiss es in the Orlica–Œnie¿nik Dome, the gen eral
con clu sion, based on iso to pic age and chem is try, is that these
rocks: (1) had com mon metasedimentary protolith, (2) came,
pos si bly in a few batches, from a sin gle magma source, (3) in -
truded to form an ex ten sive gran ite body at ~500 Ma, (4) were
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all trans formed to gneiss es from the orig i nal gran ites by di ver si -
fied de for ma tion, meta mor phism and migmatisation that oc -
curred around ~340 Ma (Turniak et al., 2000; Lange et al.,
2002, 2005; Štipská et al., 2004; Bröcker et al., 2009). How -
ever, de tailed in te grated stud ies of the top ics un der point (4)
are scarce. Very few pa pers pres ent struc tural char ac ter is tics
of the gneiss es (Cymerman, 1997; Cho pin et al., 2012a;
¯elaŸniewicz et al., 2013) and each deals with an other as pect
of it. A more in te grated ap proach was at tempted by
Redliñska-Marczyñska (2011) and Redliñska-Marczyñska and
¯elaŸniewicz (2011), and needs to be con tin ued.

This study shows that the prob lem of ~340 Ma migmatisation,
which does not ex ist or is very mi nor in the three sam ples of the
Giera³tów For ma tion, be comes quite ap par ent in two sam ples
from the Œnie¿nik For ma tion. In con trast to the Giera³tów sam ples, 
both the weakly de formed metagranite (OS47) and migmatitic xe -
no lith (OS5) en closed in it, rather sur pris ingly re vealed the ex ten -
sive pres ence of ~340 Ma zir con com po nents in the form of thick
rims. It ap pears as out growths on ei ther un dis torted or dis torted
and resorbed cores dated at ~500 Ma. The most com monly ob -
served fea tures are ir reg u lar do mains (con vo lu tions, blurs and
transgressive lobes) of ho mo ge neous low-U zir con which cuts dis -
cor dantly across the os cil la tory zoned older do mains (Figs. 8, 9
and 15). Such fea tures are thought to de velop by recrystallisation
in the pres ence of aque ous flu ids in deep-seated set tings, for in -
stance dur ing late to post-mag matic cool ing (Pidgeon and
Compston, 1992; Nemchin and Pidgeon, 1997; Schaltegger et al., 
1999), due to meta mor phic recrystallisation in the solid state
(Hoskin and Black, 2000; Corfu et al., 2003) or dur ing the par tial
melt ing (Song et al., 2014). Youn ger ages in the range ~488–463
Ma for cores in such dou ble struc tured grains were likely due to al -
ter ation caused by later Zr-car ry ing and sig nif i cantly U-en riched
flu ids. Our in ter pre ta tion of the new iso to pic data is con sis tent with
the struc tural ob ser va tions and is not at odds with cur rent knowl -
edge about zir con be hav iour and U-Pb sys tem at ics un der var i ous
crustal pro cesses.

Hav ing rec on ciled the afore said in for ma tion from the zir con
sys tem at ics and mor phol ogy with the geo log i cal sit u a tion of
these sam ples, we ex pect that the flu ids were meta mor phic
rather than ig ne ous. In the weakly de formed rodded augen
gneiss and the xe no lith, no ev i dence of the pres ence of mag -
matic melt was ob served (Figs. 4A, B, D and 15) and the wide
os cil la tory zoned CL struc ture in the rims does not prove un am -
big u ously crystallisation from a melt, ei ther. A con se quence of
the op po site con clu sion would be that the Œnie¿nik gran ite crys -
tal lised from a melt that in truded at ~340 Ma, which is ex tremely 
un likely.

Fol low ing the lith o logic-struc tural cri te ria for the clas si fi ca -
tion of gneiss es in the Orlica–Œnie¿nik Dome – the one pro -
posed by Redliñska-Marczyñska and ¯elaŸniewicz (2011) or
even those used by Cho pin et al. (2012a), there is no ev i dence
in the Œnie¿nik augen gneiss (~“type I” sensu Cho pin et al.,
2012a) that might be taken to sup port any ig ne ous or par tial
melt ing event, or melt ex trac tion af ter its gran ite pre cur sor was
emplaced in the crust. In con trary, the field ev i dence shows that 
migmatitic  xe no liths were en closed in the gra nitic protolith and
these must have de vel oped prior to, or co evally with the host
gran ite, but not later than its fi nal em place ment high in the con ti -
nen tal crust.

In view of the above, we reckon that the sit u a tion ob served
in sam ples OS47 and OS5 is quite in struc tive. Tak ing into ac -
count the ex ten sive meta mor phic recrystallisation of zir con
grains in the ev i dently least de formed and least trans formed
~500 Ma metagranite in the Car bon if er ous, sim i lar pro cesses
may be ex pected to have oc curred in other fel sic rocks and at
other times. We do sug gest that this is what ac tu ally took place
and may be ob served in the zir con pop u la tions re trieved from
the three sam ples of the Giera³tów For ma tion, but the de gree of 

recrystallisation and re place ment was sig nif i cantly higher in the
Late Cam brian–Early Or do vi cian. Pre cur sors of the Giera³tów
rocks are likely to have been re worked at that time. Rocks akin
to those of the Giera³tów For ma tion oc cur as xe no liths of var i -
ous di men sions within the ~500 Ma Œnie¿nik (meta)gran ites
trans formed to augen orthogneiss dur ing the Variscan event.

COMPARISON WITH PREVIOUS ISOTOPIC RESULTS

It is worth to note that our re sults partly con firm those ob -
tained by Turniak et al. (2000) for the Œnie¿nik and Giera³tów
gneiss es in the Miêdzygórze Antiform. The two sam ples stud -
ied by them came from dif fer ent lo ca tions than our sam ples, but 
it should be em pha sized that sam ple OS47, al though less
gneissified, is sim i lar to sam ple M10 of the Œnie¿nik augen
gneiss dated by Turniak et al. (2000). How ever, the ~340 Ma
zir con com po nents are much more abun dant and more di -
versely rep re sented in our sam ple. In their sam ple, only two
anal y ses of high-U, black CL rims on ~540 Ma cores yielded
ages of 327 ± 15 Ma and 336 ± 7 Ma. The lat ter were in ter preted 
as the tim ing of Car bon if er ous meta mor phic overgrowths. Such 
in ter pre ta tion ac tu ally con curs with ours.

In con trast, our re sults for the Giera³tów For ma tion rocks
sig nif i cantly de part from that of Turniak et al. (2000). It is not too
sur pris ing, given the dis crep ant gneiss clas si fi ca tion used by
dif fer ent au thors (re view in ̄ elaŸniewicz et al., 2014a, b). Judg -
ing from the pub lished pho to graph and de scrip tion of lo cal isa -
tion, sam ple M16 col lected by Turniak et al. (2000), al though
fine-grained, is a highly sheared and mylonitised gneiss which
dif fers from the Giera³tów rocks stud ied by us. This gneiss is ac -
tu ally very sim i lar to “type-III” mylonitic orthogneisses dis tin -
guished by Cho pin et al. (2012b) but con tro ver sially in ter preted
by them as a HT-HP prod uct of mylonitisation of the Œnie¿nik
gran ite. In our opin ion, based on the de tailed field ob ser va tions
and on the ob served struc tural se quence in the Miêdzygórze
Antiform (Fig. 15), the “type-III” orthogneisses are ac tu ally
mylonites once en trapped by the Œnie¿nik gra nitic magma and
re peat edly sheared later jointly with the host metagranite. In
other words, they are en claves and thus their geo log i cal po si -
tion in the Miêdzygórze Antiform is ac tu ally sim i lar to that of the
xe no lith OS5. Hav ing ac knowl edged this ob ser va tion, the zir -
con sys tem at ics from our sam ple OS5 and sam ple M16 of
Turniak et al. (2000) ap pear strik ingly com pat i ble. In both there
are sim i lar fea tures: sec tor zoned or un zoned zir con cores, dis -
torted and cor roded cores with two age groups ~540–500 Ma
and 480–430 Ma due to ev i dent Pb* loss, metamictisation, wide 
dark CL un zoned out growths, and thin black CL rims. There -
fore, we pro pose that the geo log i cal re in ter pre ta tion for sam ple
M16 may be sim i lar to our sam ple OS5.

Our crit i cism to Cho pin’s et al. (2012b) at tempt of clas si fi ca -
tion of gneiss es in the Miêdzygórze Antiform fo cuses on the un -
sat is fac tory one-sided ap proach which ne glected all ear lier pro -
posed clas si fi ca tions, in clud ing the ma jor sub di vi sion into the
Œnie¿nik and Giera³tów types. Three types of gneiss es pro -
posed by these au thors dif fer by the amount of de for ma tion and
meta mor phism in the ar bi trarily as sumed prograde trans for ma -
tion from ini tial gran ite. They es ti mated that the least de formed
orthogneisses (= type I = Œnie¿nik augen gneiss) un der went
meta mor phism at pres sures <15 kbar and tem per a tures
<700°C, whereas the other two types, more strongly de formed,
equil i brated at ~20 kbar and tem per a tures >700°C. Not en ter -
ing the prob lem of rel e vant geo log i cal mod els, such re sults sug -
gest that the gneiss es were meta mor phosed un der dif fer ent
con di tions and at dif fer ent depths. Field ob ser va tions show,
how ever, that they pres ently al ter nate in a sin gle ex po sure as
len tic u lar bod ies even <2 m thick (Fig. 3F), thus the ques tion
arises how they got into mu tual con tacts.
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Cho pin et al. (2012a) pro posed that the three types of
gneiss es were equil i brated at dif fer ent P-T con di tions along a
prograde path dur ing the burial of the con ti nen tal crust. In con -
trast, Štípská et al. (2012) sug gested that all the gneiss es were
formed and folded to gether with eclogites dur ing the HP event
and then, in the course of ex hu ma tion, were het er o ge neously
re-equil i brated with metastable left overs in which HP min eral
relicts were pre served. Not shar ing fully this prop o si tion, we
sug gest that such left overs are among the en claves once em -
braced by por phy ritic gran ite magma. Our view is based on the
stud ies of a va ri ety of en claves oc cur ring within the Œnie¿nik
augen gneiss es (Redliñska-Marczyñska and ¯elaŸniewicz,
2011). It is also con sis tent with the strik ing sim i lar i ties be tween
the xe no lith sam ple dated by us and the rock ana lysed by
Turniak et al. (2000).

Cho pin’s et al. (2012a) prop o si tion as sumes that gneiss es
got into the pres ent metasedimentary sur round ings by ex tru -
sion of migmatitic diapirs through steep crustal chan nels. Ac tu -
ally, this is a pretty old view, orig i nally ex pressed by Don (1964)
and fur ther ex plored by Don et al. (1990, 2003), Štípská et al.
(2004, 2012), Pressler et al. (2007), Schulmann et al. (2008) or
Cho pin et al. (2012b). How ever, the rel e vant steep or dip-plung -
ing stretch ing lineation, to which these au thors re fer, has not
been ob served by us in the gneiss es of the Miêdzygórze
Antiform. In con trast, the subvertically ori ented fo li a tion does
ex ist, how ever not in such chan nels, as sug gested by these au -
thors, but in the short, steep limbs of the E-verg ing folds (see
Figs. 4B and 15; Redliñska-Marczyñska, 2011; Redliñska-Mar -
czyñska and ¯elaŸniewicz, 2011; ¯elaŸniewicz et al., 2014a for
de tails), which can hardly sup port diapirism in the antiform.

In gen eral, our data con firm the ear lier re sults which in ter -
preted the Œnie¿nik gneiss es as a ~500 Ma S-type gran ite (with
het er o ge neous ~340 Ma meta mor phic over print) ul ti mately de -
rived from the mainly metasedimentary Neoproterozoic crust
(600–540 Ma). Dates ob tained from the xenocrystic zir con
cores in the Giera³tów gneiss es also point to the re work ing of
~635–535 Ma (Cadomian) crust con tain ing in her ited
2.2–1.8 Ga com po nents. Sim i lar age clus ters have been re -
ported from the 485 ± 12 Ma Zdobnice migmatites in the west -
ern part of the Orlica–Œnie¿nik Dome (¯elaŸniewicz et al.,
2006).

GEODYNAMIC SETTING

Al though our anal y ses point to the sig nif i cance of the
~500 Ma pe riod, we treat this date as a re cord of a pro nounced
mid-term event rather in the pro cess of lon ger du ra tion. Tak ing
into ac count other pub lished data, even lim ited to U-Pb zir con
ages only along with the er ror lim its, it ap pears that the pro cess
might have pre sum ably oc curred be tween ~513 Ma
(511 ± 2 Ma, Kröner et al., 2000; 495 ± 14 Ma, Turniak et al.,
2000; 507 ± 17 Ma, Lange et al., 2005) and 476 Ma (488 ±
12 Ma, ¯elaŸniewicz et al., 2006; 491 ± 12 Ma, Lange et al.,
2005). Such ~40 m.y. long time span is of rea son able du ra tion
for an intraplate rift ing and sub se quent build-up of a mag matic
arc ac com pa nied by back-arc ex ten sion, which is the sce nario
com monly used to ex plain Early Pa leo zoic his tory of the
Orlica–Œnie¿nik Dome in par tic u lar, the Sudetes and the NE
part of the Bo he mian Mas sif in gen eral. The Palaeo-Tethys
Ocean subducted be neath the Gond wana plate, and the fu ture
dome was lo cated at its mar gin in a mag matic arc po si tion.

 We ex pect that the Late Cam brian to Early Or do vi cian
tectonothermal event, which in cluded gra nitic in tru sions and
contractional de for ma tion, was more sig nif i cant and com plex
than hith erto thought. Sim i lar ob ser va tion was also re ported
from other parts in the Bo he mian Mas sif. For in stance in the
Teplá Crys tal line Com plex, Peøestý et al. (2015) found ev i -

dence that the 505 Ma gran ite in tru sion was fol lowed by re -
gional de for ma tion and meta mor phism in the coun try rocks al -
ready at 485 Ma, in a pre-Variscan event.

Given the data and ar gu ments pre sented above, we pro -
pose that the two gneiss for ma tions in the Orlica–Œnie¿nik
Dome were orig i nally de rived from Cadomian crustal rocks
accreted to an ac tive mar gin of north ern Gond wana be tween
635 and 535 Ma. Rift ing in a back-arc set ting al lowed de po si -
tion of the M³ynowiec–Stronie Group sed i men tary-volcano -
genic suc ces sion, which ceased be fore the Late Or do vi cian
(Jastrzêbski et al., 2010; ¯elaŸniewicz et al., 2014a, b). The
Cadomian crust was thinned and de formed, while man tle-de -
rived heat led to its par tial melt ing, migmatisation and anatexis.
This pro cess con ceived the Giera³tów Gneiss For ma tion and
even tu ally gave rise to calc-al ka line, K-rich, por phy ritic, S-type
gran ites with the su pra-subduction sig na ture (see dis cus sion in
Pin et al., 2007) that in truded at ~515–475 Ma as protolith of the 
Œnie¿nik Augen Gneiss For ma tion. Such a sce nario ex plains
both the ob served ma jor iso to pic and geo chem i cal sim i lar i ties
and nu mer ous mi nor, yet sig nif i cant dif fer ences be tween rocks
of the two for ma tions. Scarce, yet ex ist ing relicts of in tru sive
con tacts of gra nitic pre cur sor of the Œnie¿nik orthogneisses lo -
cally emplaced in the Giera³tów migmatitic gneiss es (Figs. 2A,
B and 4C, de tails in Redliñska-Marczyñska and ¯elaŸniewicz,
2011) pro vide the key geo log i cal ev i dence of the re la tion ships
be tween the gneiss es in the Orlica–Œnie¿nik Dome. Un for tu -
nately, it may pass un no ticed be cause of oblit er a tions by later
pro cesses. Our struc tural ob ser va tions sum ma rized in a model
blockdiagram (Fig. 15) eas ily ex plain why gneiss es of both the
for ma tions carry sig nif i cantly dif fer ent struc tural re cords. They
also ex plain why the Œnie¿nik orthogneisses were less de -
formed and be came meta mor phosed at P-T con di tions lower
than those es ti mated for the Giera³tów gneiss es. Even tu ally,
our model ob serves the rule that gra nitic melts tend to ac quire
less di ver si fied as pects, lithological, petrographic, iso to pic, and
struc tural or else, than the source rocks.

In a more gen eral view, all the above-men tioned phe nom ena 
were likely driven by heat from an upwelling man tle wedge and
de com pres sion in the back-arc en vi ron ment. Hav ing con sid ered
also the iso to pic ages de ter mined for metarhyolites set in the
M³ynowiec–Stronie Group (Murtezi, 2006; Jastrzêbski et al.,
2010, 2015; Mazur et al., 2013), one may as sume that this re -
gime was ac tive at least at ~515–475 Ma. Crustal thick en ing due
to the Variscan col li sion brought about the ver ti cal flat ten ing and
re sulted in re gional meta mor phism un der am phi bo lite fa cies
con di tions that cli maxed at ~340 Ma, as dem on strated by prac ti -
cally all pub lished iso to pic stud ies. We sug gest that the OSD
gneiss es var i ously re sponded to those con di tions, es pe cially the
ear lier migmatised and equil i brated Giera³tów gneiss es.

CONCLUSIONS

The most im por tant con clu sions of this study are as fol lows:
1. In the Miêdzygórze Antiform, ear lier ob ser va tions of no -

tice able dif fer ences in der i va tion and evo lu tion be tween
rocks of the Giera³tów and Œnie¿nik gneiss for ma tions
have been fur ther con firmed.

2. Among protoliths of the var ied Giera³tów rocks are
paragneisses, while the compositionally less het er o ge -
neous Œnie¿nik rocks are ex clu sively orthogneisses and 
their gra nitic protolith in truded the for mer and sim i lar
rocks at ~500 Ma.

3. Early de for ma tion and meta mor phism›migmatisation in
the Giera³tów rocks oc curred slightly prior to and co -
evally with the in tru sion at ~515–475 Ma; the Œnie¿nik
rocks have shorter and less com plex struc tural his tory. 
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4. In the folded migmatitic Giera³tów rocks, more or less
zoned out growths, aged ~500 Ma, de vel oped on older
zir con xeno crysts, the zonation be ing fur nished by flu ids 
re lat ing to par tial melt ing.

5. Both gneiss for ma tions then un der went jointly a
tectonometamorphic ep i sode at ~340 Ma, to which their
re sponses dif fered to some ex tent, be ing con trolled by
early and later ac quired dif fer ences.

6. The ~340 Ma event was as sisted by Zr-car ry ing and sig -
nif i cantly U-en riched flu ids. Their op er a tion was much
im peded in the mul ti ply folded, fine-grained migmatitic
Giera³tów gneiss es that pos sessed two fo li a tion sets. In
con trast, it was sig nif i cantly en hanced in the coar -
se-grain ed augen Œnie¿nik gneiss es, which  ac quired

then a constrictional L-type fab ric in the hinge zones of
large-scale folds, and in the ac com pa ny ing shear
zones. There fore, in the Giera³tów rocks, none or at
most very poor U-rich zir con rims de vel oped on the
³500 Ma zir con grains, whilst in the Œnie¿nik rocks the
³500 Ma zir con grains ac quired quite ex ten sive, more or 
less zoned out growths.
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