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Ther mo dy namic mod el ling, geothermometric cal cu la tions and monazite Th-U-to tal Pb dat ing via elec tron microprobe anal y -
sis were used to im prove the pres sure, tem per a ture and tim ing con straints of the HP-HT meta mor phic re cord in granu lites
from Stary Giera³tów (NE Orlica–Œnie¿nik Dome, SW Po land). The new data con strained the P-T con di tions to 20–22 kbar
and ca. 900–920°C, fol lowed by de com pres sion to ca. 16–18 kbar in the fel sic-to-in ter me di ate granu lites and 18–20 kbar
and ca. 950–970°C in the mafic granulite. The lat ter con di tions are con sid ered to closely rep re sent the peak tem per a tures
ex pe ri enced by these rocks. In the in ter me di ate granulite, the ma trix monazite and monazite in clu sions in gar net and al la nite
yielded an age of 349 ± 2.5 Ma. A HP-HT meta mor phic event with tem per a ture con di tions ex ceed ing 900°C, which are
greater than the clo sure tem per a tures of most geochronometers, must have dis turbed and com pletely re set the iso to pic sys -
tems, in clud ing the Th-U-Pb sys tem in the monazite. Con se quently, this re set ting pre vented us from con strain ing the age of
po ten tial ear lier meta mor phic events or the ig ne ous protolith. The 349 ± 2.5 Ma age is in ter preted as the tim ing of the
late-stage HP-HT event and cool ing be low 900°C re lated to the ini tial ex hu ma tion of the granu lites. A com par i son of the new
P-T-t con straints with pre vi ous data from the NE Orlica–Œnie¿nik Dome in di cates that the ac ti va tion of the chan nels that ex -
humed the HP rocks to mid dle crustal depths most likely ini ti ated at ca. 349 Ma, and that all of the meta mor phic rocks in the
Orlica–Œnie¿nik Dome likely shared a com mon Variscan evo lu tion af ter ca. 340 Ma.
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INTRODUCTION

Fel sic and mafic granu lites from the Orlica–Œnie¿nik Dome
(OSD, NE Bo he mian Mas sif; Fig. 1A) pro vide re cords of
high-pres sure and high-tem per a ture (HP-HT) meta mor phic
stages and have at tracted the at ten tion of sci en tists for de -
cades. These vol u met ri cally small but geodynamically sig nif i -
cant rocks rep re sent the Variscan orogenic root (Fig. 1B) and
doc u ment ver ti cal duc tile ex tru sion and sub se quent lat eral
spread ing, both re lated to the Variscan as sem bly of

Saxothuringia and Brunovistulia dur ing the Variscan orog eny
(Fig. 1A; Štípská et al., 2004; Schulmann et al., 2008). Nu mer -
ous pre vi ous stud ies per formed on these rocks have in cluded
petrographic and geo chem i cal de scrip tions (Koz³owski, 1965;
Smulikowski, 1967, 1979; Smulikowski and Bakun-Czubarow,
1973; K¹dzia³ko-Hofmokl et al., 2013), es ti mates of the meta -
mor phic pres sure and tem per a ture (P-T) con di tions
(Smulikowski, 1979; Pouba et al., 1985), geothermobarometric
cal cu la tions (Bakun-Czubarow, 1991a; Kryza et al., 1996;
Štípská et al., 2004; Szczepañski et al., 2008; Bröcker et al.,
2010), geo chron ol ogy (Brueckner et al., 1991; Klemd and
Bröcker, 1999; Štípská et al., 2004; Lange et al., 2005;
Anczkiewicz et al., 2007; Kusiak et al., 2008; Bröcker et al.,
2010; Walczak, 2011) and struc tural re con struc tions (e.g.,
Dumicz, 1993; Štípská et al., 2004). De spite this broad dataset
that in cludes geo chron ol ogy and geothermobarometry, there is
still room for de bate with re gard to whether these rocks ex pe ri -
enced ultrahigh pres sure peak meta mor phic con di tions, the
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tim ing and du ra tion of this ul tra HP-HT meta mor phic stage
(dated to be tween ca. 337 and 382 Ma; Štípská et al., 2004;
Lange et al., 2005; Anczkiewicz et al., 2007; Bröcker et al.,
2010), and the sug gested age re cord of the am phi bo lite-fa cies
over print (347 ± 13 Ma; Kusiak et al., 2008). Link ing these dis -
tinct dates to meta mor phic ep i sodes along the P-T path re -
corded by the granu lites is re quired to better un der stand the
subduction and/or ex hu ma tion events re lated to the Variscan
de vel op ment of the Saxothuringia/Brunovistulia terrane bound -
ary.

In this pa per, we con trib ute to the on go ing dis cus sion on the 
tim ing, P-T con di tions and geodynamic sig nif i cance of an
HP-HT event re corded by the granu lites by con strain ing the
Th-U-to tal Pb age of monazite (via in situ anal y sis) and ther mo -
dy namic mod el ling. To gether, these meth ods link the ab so lute
age with spec i fied P-T con di tions. Three sam ples, rep re sent ing 
fel sic, in ter me di ate and mafic granu lites from the NE por tion of
the OSD (Fig. 1B, C), were used in a P-T pseudosection cal cu -
la tion to pro vide new in sights into the con di tions of both peak
meta mor phism and the de com pres sion his tory. Con ven tional
gar net-pyroxene geothermometry was also ap plied to the
clinopyroxene-bear ing in ter me di ate and mafic granu lites. Sev -
eral sam ples rep re sent ing all OSD granulite types were also ex -
am ined un der high-con trast back scat tered elec tron (BSE) im -
ag ing in an elec tron microprobe to ver ify the pres ence of
monazite. One thin sec tion of the in ter me di ate granulite was
suit able for monazite geo chron ol ogy and was se lected for this
study to ver ify the Th-U-to tal Pb age re cord. The ap pli ca tion of
geo chron ol ogi cal in situ anal y sis, such as elec tron microprobe

anal y ses, pro vides an op por tu nity to link dates from in ter nal do -
mains of monazite with the tex tural con text to con strain the tim -
ing of par tic u lar geo log i cal pro cesses (Wil liams and Jercinovic,
2002; Wil liams et al., 2007). Ap ply ing this new ap proach to the
P-T-t re cord of the granu lites im proves our knowl edge of the
geodynamic de vel op ment of the Orlica–Œnie¿nik Dome in the
frame of the col lid ing ter ranes dur ing for ma tion of the Variscan
Orogen.

GEOLOGICAL SETTING AND PREVIOUS STUDIES

The Orlica–Œnie¿nik Dome is lo cated in the NE Bo he mian
Mas sif at the bound aries of the Saxothuringian, Moldanubian
and Tepla-Barrandian ter ranes (Matte et al., 1990; Cymerman
et al., 1997; Franke and ¯elaŸniewicz, 2000; Fig. 1A). In the
east, the OSD bor ders the struc tur ally lower Staré Mìsto Belt
and Brunovistulian (Brunia) Terrane (e.g., Schulmann and
Gayer, 2000; Don et al., 2003; Mazur et al., 2006; Jastrzêbski et 
al., 2015b; Fig. 1B). The OSD mainly con sists of metavol -
cano-sed i men tary rocks and gneiss es that are tra di tion ally sub -
di vided into Œnie¿nik augen orthogneisses and fine-grained, of -
ten migmatitic Giera³tów gneiss es (Don et al., 1990;
Redliñska-Marczyñska and ̄ elaŸniewicz, 2011), which en com -
pass sub or di nate bod ies of (ul tra?) high-pres sure granu lites
and eclogites (e.g., Don et al., 1990; Fig. 1B). In the OSD, the
fel sic, in ter me di ate and mafic granu lites form an elon gated belt
that is 9 km long and up to 2 km wide within the migmatitic
gneiss es in the Góry Z³ote Mts. (Rychleby Mts. in the Czech
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Fig. 1A – geo log i cal sketch show ing the lo ca tion of the Orlica–Œnie¿nik Dome on a map of the Cen tral Eu ro pean ter ranes (mod i fied
af ter Franke and ¯elaŸniewicz, 2000); B – lo ca tion of the granulite body on a sim pli fied geo log i cal map (mod i fied af ter Sawicki,
1995; Schulmann and Gayer, 2000; Don et al., 2003); C – the sam pled out crop of granu lites in the vil lage of Stary Giera³tów at
50°18’30.2”N, 16°56’02.5”E
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geo graphic no men cla ture) near the north east ern mar gin of the
OSD (Don et al., 2003; Fig. 1B). The fel sic granu lites are mainly 
com posed of plagioclase, K-feld spar, quartz, gar net, bi o tite,
kyan ite and rare omphacite with ac ces sory rutile, il men ite, ap a -
tite, monazite and zir con. Thin boudinaged in ter ca la tions of
more mafic va ri et ies oc cur within the fel sic granu lites (Fig. 1C).
The mafic granu lites con tain greater amounts of gar net and
omphacite and lower quan ti ties of quartz and plagioclase
(Koz³owski, 1965; Smulikowski and Bakun-Czubarow, 1973).

The max i mum pres sures of meta mor phism (ex ceed ing
28 kbar) were es ti mated from an omphacite granulite based on
the pres ence of quartz pseudo morphs af ter coesite (Bakun-
 Czubarow, 1991b, 1992). The pres sure-tem per a ture con di tions 
of a max i mum meta mor phic stage re corded by an in ter me di ate
pyroxene-bear ing granulite were de ter mined us ing ter nary feld -
spar ther mom e try, gar net-pyroxene ther mom e try and gar -
net-Al2SiO5-plagioclase-quartz (GASP) ba rom e try. The P-T
con di tions ex ceeded 22 kbar (pos si bly ca. 30 kbar) and 900°C,
with a ret ro gres sion to 22–25 kbar and 800–900°C re corded in
the rims (Kryza et al., 1996). A later study also used ter nary
feld spar ther mom e try, gar net-clinopyroxene ther mom e try,
GASP geobarometry and plagioclase-clinopyroxene-gar -
net-quartz (GADS) geobarometry in mafic granu lites and
eclogites and re ported meta mor phic con di tions of 800–1000°C
and 21–28 kbar (Klemd and Bröcker, 1999). The de creas ing
jadeite con tent in the omphacite rims in di cated ret ro gres sion at
8–12 kbar and 500–740°C (Klemd and Bröcker, 1999). Štípská
et al. (2004) re ported that the granu lites from the Góry Z³ote
Mts. ex pe ri enced pres sure con di tions up to 18–19 kbar at ca.
900°C and sub se quent am phi bo lite fa cies over print at 740°C
and 8–10 kbar. How ever, Szczepañski et al. (2008) doc u -
mented a pres sure peak es ti mated at 30 kbar and 700°C, fol -
lowed by a tem per a ture peak at 930°C and 27 kbar. Ti-in-zir con 
ther mom e try es ti mated meta mor phic tem per a tures of ca.
885°C in a fel sic granulite (Bröcker et al., 2010).

Sev eral stud ies ap plied gar net, zir con and monazite dat ing
to con strain the tim ing of (U)HP-HT meta mor phic events in the
granu lites. The Sm-Nd dat ing of gar net-whole rock (Grt-WR) in
a mafic granulite from Stary Giera³tów yielded ages of
341±10 Ma and 343 ± 11 Ma (Klemd and Bröcker, 1999), which
are within the er ror of the Sm-Nd 352 ± 4 Ma age based on a
gar net-clinopyroxene-whole rock (Grt-Cpx-WR) isochron from
an eclogite from Stary Giera³tów (Brueckner et al., 1991). The
Lu-Hf gar net dat ing of fel sic and mafic granu lites from Èervený
Dùl (the Rychleby Mts., Czech Re pub lic) pro vided ages of
357 ± 10 Ma (Grt-Cpx-WR, mafic granulite), 351 ± 10 Ma
(Grt-WR, mafic granulite) and 337 ± 4 Ma (Grt-WR, fel sic
granulite), in ter preted as the up per and lower time lim its of UHP 
to HP meta mor phism (Lange et al., 2005). Walczak (2011) ob -
tained sim i lar Lu-Hf gar net ages of 348.3 ± 2.0 Ma and
346.9 ± 1.2 Ma for gar net in fel sic granulite sam ples and
343.2 ± 1.6 Ma in mafic granulite sam ples from Stary Giera³tów. 
The Sm-Nd dat ing of gar net from the same three sets of sam -
ples yielded ages of 332.4 ± 5.2 Ma, 337.6 ± 2.3 Ma and
336.9 ± 6.0 Ma, re spec tively (Walczak, 2011). Sig nif i cantly
older Lu-Hf ages for gar net growth dur ing prograde UHP meta -
mor phism were con strained to 386.6 ± 4.9 Ma in fel sic granulite
sam ples and 373.8 ± 4.0 Ma in mafic granulite sam ples
(Anczkiewicz et al., 2007). The same study re ported youn ger
Sm-Nd gar net ages of 340.1 ± 4.1 Ma in mafic granulite sam -
ples and 320.5 ± 3.0 Ma in fel sic granulite sam ples
(Anczkiewicz et al., 2007).

In the mafic granulite, zir con crystallisation from the melt
was con strained to 360–369 Ma us ing 207Pb/206Pb dat ing
(Klemd and Bröcker, 1999). SHRIMP evap o ra tion zir con dat ing 
yielded mean U-Pb and Pb-Pb ages of 342 ± 5 Ma and

341.4 ± 0.7 Ma, re spec tively, which were in ter preted as the tim -
ing of the peak meta mor phism con cur rent with the on set of the
ver ti cal ex tru sion of the granu lites (Štípská et al., 2004). The
SHRIMP and LA-ICP-MS U-Pb ages of the over print that re -
sulted in the growth of meta mor phic zir con and al ter ations in the 
zir con orig i nat ing from the protolith of the eclogites and granu -
lites were con strained to 350–330 Ma. These ages are as so ci -
ated with (U)HP rocks re lated to late-stage eclogite-fa cies
meta mor phism but not to mid dle crustal meta mor phic pro -
cesses (Bröcker et al., 2010). Walczak (2011) re ported a sim i lar 
342.2 ± 5 Ma U-Pb age for the zir con overgrowths in fel sic
granulite. Com pa ra ble 206Pb/238U ages were ob served in spher -
i cal zir cons from mafic granulite (340.2 ± 1.2 Ma and
341.1 ± 1.3 Ma) and from fel sic granulite (338.1 ± 1.3 Ma)
(Lange et al., 2005). A sig nif i cantly youn ger zir con 206Pb/238U
age of 326 ± 1.5 Ma was ob served in fel sic granulite from the
same study and in ter preted as be ing re lated to a late stage of
the cool ing path from am phi bo lite to greenschist fa cies (Lange
et al., 2005). The older 206Pb/238U ages yielded by pris matic zir -
cons should also be noted: 411.4 ± 1.5 Ma, 413.5 ± 1.6 Ma, and
359.3 ± 0.8 Ma in mafic granulite and 393 ± 2.8 Ma and
347 ± 1.4 Ma in fel sic granulite (Lange et al., 2005).

Cur rently, only one study has in cluded monazite Th-U-to tal
Pb chro nol ogy. That study re ported an av er age monazite age
of 347 ± 13 Ma based on a wide range of sin gle dates from 278
to 411 Ma (Kusiak et al., 2008). The au thors re lated the
monazite age to monazite growth dur ing am phi bo lite-fa cies
meta mor phism post-dat ing a UHP meta mor phic event.

MINERALOGY, THERMODYNAMIC MODELLING
AND P-T CONSTRAINTS

SAMPLE SELECTION AND ANALYTICAL METHODS

For the P-T re con struc tions of the OSD granu lites, three
min er al og i cally var ied sam ples col lected from an out crop in the
vil lage of Stary Giera³tów (Fig. 1C; 50°18’30.2”N, 16°56’02.5”E)
were se lected. The sam ples are: (1) GS55-4, a fel sic granulite;
(2) Gr-pb, an in ter me di ate granulite; and (3) GS55-1, a mafic
granulite. The pe trog ra phy and chem is try of all granulite types
that crop out in Stary Giera³tów are well de scribed in nu mer ous
pre vi ous works (Koz³owski, 1965; Smulikowski and
Bakun-Czubarow, 1973; Bakun-Czubarow, 1991a, b; Kryza et
al., 1996; Klemd and Bröcker, 1999). There fore, the de scrip -
tions of the fel sic, in ter me di ate and mafic granu lites se lected for 
this study fo cus pri mar ily on the min eral chem is try cru cial for
fur ther P-T de ter mi na tions.

Pre lim i nary microstructural ob ser va tions and min eral iden ti -
fi ca tion were per formed us ing a Cameca SX 100 elec tron
microprobe at the Elec tron Microprobe Lab o ra tory, Uni ver sity of 
War saw. Chem i cal anal y ses of sil i cates in car bon-coated thin
sec tions were per formed us ing a JEOL SuperProbe JXA-8230
elec tron microprobe equipped with five wave length-dispersive
spec trom e ters in the Lab o ra tory of Crit i cal El e ments
AGH-KGHM at AGH Uni ver sity of Sci ence and Tech nol ogy
(Kraków, Po land). The ac cel er at ing volt age was 15 kV, and the
beam cur rent was 20 nA. A 3–5 µm beam size was used for
feld spars and micas, and a fo cused beam was used for gar nets
and py rox enes. The peak and back ground count ing times were
10 and 5 sec onds, re spec tively, for all el e ments, ex cept for Si,
which re ceived 20 and 10 sec onds, re spec tively. Ad di tion ally al -
la nite was ana lysed us ing a Cameca SX 100 elec tron
microprobe at the De part ment of Spe cial Lab o ra to ries, Lab o ra -
tory of Elec tron Microanalysis, Geo log i cal In sti tute of Dionýz
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Štúr (Bratislava, Slo vak Re pub lic). The an a lyt i cal con di tions in -
cluded the ac cel er at ing volt age 15 kV, the beam cur rent 40 nA
and 3 µm beam size. Re sults of the elec tron microprobe anal y -
ses of sil i cates are pre sented in Ap pen di ces 1–5*.

Ther mo dy namic mod el ling in the NCKFMASHTO
(Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3) sys -
tem was per formed us ing the THERMOCALC pro gram, which
con tains the ther mo dy namic da ta base of Hol land and Powell
(1998, dataset 55; No vem ber 2003 up date). The P-T
pseudosections were cal cu lated in the P-T win dow rang ing
from 10 to 30 kbar and from 700 to 1000°C. Gar net,
orthopyroxene, clinopyroxene, mus co vite, bi o tite, plagioclase,
K-feld spar, quartz, melt, il men ite, kyan ite, rutile and wa ter were
con sid ered in the cal cu la tions. The ac tiv ity-com po si tion mod els 
used in the ther mo dy namic mod el ling were af ter Green et al.
(2007) for clinopyroxene; White et al. (2007) for bi o tite, gar net
and melt; Coggon and Hol land (2002) for mus co vite; Hol land
and Powell (2003) for K-feld spar and plagioclase; and White et
al. (2000) for il men ite. The whole-rock ma jor el e ment chem i cal
com po si tions (Ap pen dix 6), which were used to ap prox i mate
the ef fec tive bulk com po si tions, were de ter mined via lith ium
metaborate/tetraborate fu sion with sub se quent anal y sis by in -
duc tively cou pled plasma mass spec trom e try at Ac ti va tion Lab -
o ra to ries, Ltd. (Actlabs, Can ada).

The choice of the rel e vant bulk com po si tion for the ther mo -
dy namic mod el ling of granulite-fa cies rocks pres ents many dif -
fi cul ties (see re view in Kelsey and Hand, 2015). The most im -
por tant is sue is the es ti ma tion of the H2O con tent be cause the
sta bil ity of min eral as sem blages de pends greatly on this value.
Open-sys tem be hav iour char ac ter izes the granulite-fa cies con -
di tions; how ever, cer tain fea tures sug gest low H2O con cen tra -
tions in the OSD granu lites dur ing at least the de vel op ment of
the granulite-fa cies min eral as sem blages and sub se quent ret -
ro gres sion. The lines of ev i dence for a low H2O con tent in clude
the rel a tively good pres er va tion of the granulite-fa cies min er als
(e.g., Kryza et al., 1996) and the small quan ti ties of hy drous
min er als (mus co vite and bi o tite) in the stud ied rocks (usu ally
<1% of the rock vol ume). More over, the whole-rock chem is try
of all the stud ied sam ples re veals neg a tive loss on ig ni tion (LOI) 
val ues, which in di cate in creased mass dur ing ig ni tion due to the 
ox i da tion of FeO to Fe2O3. This ob ser va tion in di cates both low
H2O con cen tra tions and the sig nif i cant pre dom i nance of fer -
rous iron over fer ric iron in the stud ied granu lites. Pre vi ous geo -
chem i cal stud ies on the Góry Z³ote granu lites in di cated vari able 
pro por tions of Fe2O3 and FeO, with the oc ca sional pre dom i -
nance of Fe2O3 (Koz³owski, 1965; Smulikowski and
Bakun-Czubarow, 1973). How ever, the min eral com po si tion of
the stud ied rocks proves that fer ric iron rep re sents the less sig -
nif i cant com po nent. Based on the min eral com po si tion and
mass in crease dur ing ig ni tion, the con tent of fer ric iron in the
pseudosection cal cu la tions was es ti mated to be 5% of the to tal
iron and the con tent of H2O was es ti mated to be 1 wt.%. Pre vi -
ous stud ies on the granu lites from Stary Giera³tów in di cate that
sig nif i cant high-tem per a ture meta mor phic con di tions of
900–1000°C should pro duce some quan tity of melt (Kryza et
al., 1996), and melt in clu sions in gar net were re cently re ported
(Ferrero et al., 2015). All of these ob ser va tions were con sid ered 
in or der to es ti mate the Fe2O3 and H2O con tents that make it
pos si ble to sta bi lize: (1) the ob served granulite-fa cies min eral
as sem blage in the most min er al og i cally var ied sam ple Gr-pb
(com posed of gar net, clinopyroxene, K-feld spar, plagioclase,
rutile, quartz, and mus co vite, which ad di tion ally was sta ble in
the pres ence of a liq uid (melt)) and (2) a ret ro grade min eral as -
sem blage that in cludes bi o tite and il men ite in the same sam ple. 
To con strain the P-T con di tions, the compositional iso pleths

were cal cu lated for the ma jor min er als com pos ing the granulite
types stud ied.

Ad di tion ally, the re cent cal i bra tion of the gar net-pyroxene
geothermometer by Nakamura (2009) was ap plied to the
pyroxene-bear ing in ter me di ate and mafic granu lites (Gr-pb and 
GS55-1). The cal i bra tion was for mu lated based on the anal y sis
of a large ex per i men tal dataset, Nakamura (2009) shows that
pre vi ous cal i bra tions over es ti mated the meta mor phic tem per a -
tures by 100–200°C for tem per a tures <1300°C, par tic u larly in
high-Ca gar nets (XCa = 0.3–0.5). The new cal i bra tion also con -
strains the tem per a tures to 20–100°C lower than pre vi ous es ti -
mates based on nat u ral eclogites. The recalibration of the
method is in tended for tem per a ture con di tions of 800–1820°C
with a 74°C 1-sigma stan dard de vi a tion (Nakamura, 2009).
There fore, the ap pli ca tion of this method pro vides an im proved
in sight into the tem per a ture con di tions of the granulite-fa cies
meta mor phism in the OSD.

The min eral ab bre vi a tions used in this pa per are af ter Whit -
ney and Ev ans (2010). The other ab bre vi a tions in clude the fol -
low ing (in %): Grs (Grt) = Ca/(Mn+Fe2++Mg+Ca) x 100; Alm
(Grt) = Fe/(Mn+Fe2++Mg+Ca) x 100; Prp (Grt) =
Mg/(Mn+Fe2++Mg+Ca) x 100; Sps (Grt) =
Mn/(Mn+Fe2++Mg+Ca) x 100; XFe (Grt, Cpx, Bt) =
Fe2+/(Fe2++Mg) x 100; XCa (Grt) = Ca/(Fe2++Mg+Ca) x 100; An
(Pl, Kfs) = Ca/(Ca+Na+K) x 100; Ab (Pl, Kfs) = Na/(Ca+Na+K) x 
100; Or (Pl, Kfs) = K/(Ca+Na+K) x 100; and XNa (Cpx) =
Na/(Na+Ca) x 100.

FELSIC GRANULITE – SAMPLE GS55-4

Pe trog ra phy and min eral chem is try. The fel sic granulite
(GS55-4) is pri mar ily com posed of plagioclase
(Ab88–89An10–11Or1–2), quartz, K-feld spar and gar net (Fig. 2A, B). 
with mi nor amounts of bi o tite. Ac ces sory phases in clude rutile,
zir con, ti tan ite, il men ite and ap a tite. The fel sic granulite shows
no tex tural ori en ta tion. The gar net pro files from core to rim
show zonation with a slight de crease in grossular (Grs from 32
to 28) and XFe (from 86 to 81), a si mul ta neous in crease in
pyrope (Prp from 9 to13), and rel a tively con stant Fe and Mn
con cen tra tions through out the gar net grains (Alm = 56–58,
Sps £ 1; Fig. 3A, B).

Ther mo dy namic mod el ling and P-T evo lu tion. The sta -
bil ity of plagioclase and K-feld spar con strain the max i mum
pres sure of the fel sic granulite sam ple (Fig. 4B) to ca. 17 kbar at 
700°C and 25 kbar at 1000°C. The P-T pseudosection cal cu -
lated for the bulk com po si tion of the fel sic granulite shows that
the ob served min eral as sem blage rep re sents the quinivariant
field Grt-Kfs-Pl-Qz-Rt-Liq (Fig. 2A, B). This as sem blage is sta -
ble above 800°C and 16 kbar (Fig. 4A).

The gar net and plagioclase compositional iso pleths, which
rep re sent their mea sured chem i cal com po si tion, shows that
these vari ables are mainly pres sure de pend ent (Fig. 5C); there -
fore, the tem per a tures can not be es ti mated eas ily. The An(Pl)
iso pleths sug gest that plagioclase for ma tion oc curred at con di -
tions at which kyan ite and/or mus co vite were sta ble, but these
two phases have been not ob served. There fore, the
compositional iso pleths of plagioclase prob a bly can not be used
to de rive the ex act P-T con di tions of the de vel op ment of the
min eral as sem blage in this sam ple. There is a weak cor re la tion
be tween the XFe and XCa zon ing in gar net and the trends of
these iso pleths in the P-T sta bil ity di a gram. The zon ing in the
XFe in gar net and XCa sug gests that the rock re corded a slight
tem per a ture in crease and/or pres sure de crease be low ca. 16
kbar dur ing gar net growth (Fig. 5C).
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INTERMEDIATE GRANULITE – SAMPLE GR-PB

Pe trog ra phy and min eral chem is try. The in ter me di ate
granulite (sam ple Gr-pb) is com posed of gar net, plagioclase
(Ab84–89An12–13Or2–3; Ap pen dix 1), K-feld spar, and quartz, with
mi nor clinopyroxene, bi o tite, kyan ite, rutile and il men ite
(Fig. 2C–G). Monazite, zir con, al la nite and ap a tite are pres ent
as ac ces sory phases. The granulite shows rough pre ferred ori -
en ta tion of elon gated grains of gar net, rutile, plagioclase, kyan -
ite, clinopyroxene and bi o tite. Bi o tite flakes are pres ent in the
rock ma trix, mainly oc cur ring around gar net blasts. The type
1-zoned gar net re flects a zonation with de creas ing grossular
con tent and in creas ing pyrope con tent from core to rim, ac com -
pa nied by a slight de crease in the almandine com po si tion (Alm
from 52 to 49, Prp from 18 to 23, Grs from 30 to 26, Sps £ 1 and
XFe from 74 to 69 from core to rim; Figs. 2C and 3C, D). The
sec ond type of gar net grain con tains higher Mg and lower Ca
con cen tra tions and ex hib its a pro file with in creas ing grossular
and de creas ing pyrope and almandine con cen tra tions to wards
the rim (Alm from 54 to 48, Prp from 30 to 27, Grs from 17 to 23,
and Sps £ 1 and XFe close to 65 from core to rim; Figs. 2D and

3E, F). Rare mus co vite flakes (3.18–3.22 Si p.f.u) were only
rec og nized as in clu sions in both types of gar net (Fig. 2D).
whereas kyan ite grains pri mar ily oc cur as in clu sions in gar net of 
type 1 and plagioclase blasts (Fig. 2C, E). The type 1 gar net
also con tains in clu sions of clinopyroxene (XNa49–51) (Fig. 2C).
ap a tite, monazite, and K-feld spar. Ma trix clinopyroxene with an
omphacitic com po si tion (XNa24–37) is sur rounded by thin
symplectitic inter growths of plagioclase and clinopyroxene with
low Na con cen tra tions (XNa6–10). The symplectitic
clinopyroxene is par tially al tered and re placed by sub mi cro -
scopic-scale am phi bole (Ap pen dix 4). Al la nite forms anhedral,
zoned grains up to ca. 440 mm long and ca. 150 mm wide
(Fig. 2F; Ap pen dix 5). The con cen tric zon ing sug gests an or i gin
re lated to a mag matic protolith. The al la nite crys tals con tain in -
clu sions of perthitic feld spar and quartz, which most likely
formed un der granulite-fa cies con di tions.

Ther mo dy namic mod el ling and P-T evo lu tion. The P-T
pseudosection cal cu lated based on the es ti mated bulk com po -
si tion shows rel a tively good agree ment with the ob served
changes in the min eral as sem blages (Figs. 2C, D and 5A). The
Grt-type 1 core as sem blage that in cludes kyan ite, mus co vite,
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Fig. 2. Backscattered electron (BSE) images presenting the textural relationships of the minerals in the felsic (A, B),
intermediate (C–G) and mafic (H, I) granulites

Analytical profiles of garnets are presented in Figure 3; Aln – allanite, Ap – apatite, Cpx – clinopyroxene, Grt – garnet, Ilm – ilmenite, Kfs

– K-feldspar, Ky – kyanite, Mag – magnetite, Ms – muscovite, Pl – plagioclase, Qz – quartz, Rt – rutile, Ttn – sphene, Zrn – zircon

https://gq.pgi.gov.pl/article/downloadSuppFile/22700/2451
https://gq.pgi.gov.pl/article/downloadSuppFile/22700/2533
https://gq.pgi.gov.pl/article/downloadSuppFile/22700/2534
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Fig. 3. Garnet profiles of the Alm, Prp, Grs, Sps and XFe of the grains presented in Figure 2

The electron microprobe results are presented in Appendix 3

https://gq.pgi.gov.pl/article/downloadSuppFile/22700/2532
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Fig. 4A – P-T pseudosection calculated for the felsic granulite rock composition (sample GS55-4); B – calculated stability
 of the rock-forming minerals; C – enlarged portion of the P-T pseudosection showing the calculated compositional

 isopleths compared to the measured chemical composition of the garnet and plagioclase
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Fig. 5A – P-T pseudosection cal cu lated for the in ter me di ate granulite rock com po si tion (sam ple Gr-pb); B – cal cu lated sta bil ity of
the rock-form ing min er als with the pos si ble P-T path de rived from the suc ces sion of as sem blages; C – en larged por tion of the P-T
pseudosection show ing the cal cu lated compositional iso pleths com pared to the mea sured chem i cal com po si tion of the gar net,
plagioclase and clinopyroxene in the peak temperature mineral assemblage



clinopyroxene, quartz and rutile (Fig. 2C) is sta ble above 900°C 
and 22.5 kbar (Fig. 5A). The as sem blage that also in cludes
plagioclase can be re lated to the very nar row three-vari ant field
Cpx-Grt-Ms-Kfs-Pl-Ky-Liq-Rt-Qz, which is sta ble be tween 20.5
and 22.5 kbar and be tween 890 and 900°C. The dis ap pear ance 
of kyan ite and mus co vite doc u ments a pres sure de crease and
a tran si tion to the quinivariant field Cpx-Grt-Kfs-Pl-Liq-Rt-Qz
(Fig. 5B). Fur ther de com pres sion is ev i denced by the ap pear -
ance of il men ite and bi o tite and the break down of pri mary
omphacite to sec ond ary symplectic clinopyroxene and
plagioclase (Fig. 5C). The sub mi cro scopic am phi boles noted
within these symplectites could ev i dence the pro gres sive up lift
and cool ing to am phi bo lite fa cies con di tions.

The Cpx-Grt-Kfs-Pl-Liq-Rt-Qz sta bil ity field and ad ja cent
P-T re gions were con toured with iso pleths of Si p.f.u in the mus -
co vite, XNa (Cpx), XCa (Pl), XCa (Grt) and XFe (Grt) con tents.
The P-T con di tions of the as sem blages con tain ing kyan ite,
mus co vite, clinopyroxene, and quartz ob served within type 1
gar net are fur ther con strained by the cal cu lated iso pleths (Si
p.f.u. in mus co vite and XNa in clinopyroxene) in Fig ure 5C. The
de creas ing Na con tent in the clinopyroxenes (Fig. 2C) in di cates 
the de com pres sion path dur ing growth of type 1 gar net. The
sta bil ity di a gram shows that small clinopyroxene grains in -
cluded in type 1 gar net rep re sent the P-T space rang ing from
18 kbar and 850°C to 24 kbar and 1000°C. The pre dom i nant
clinopyroxene blasts that oc cur in the ma trix rep re sent pres sure 
con di tions of ca. 2 kbar lower (Fig. 5C). Within the
Cpx-Grt-Kfs-Pl-Liq-Rt-Qz sta bil ity field, the de com pres sion to
ca. 16–18 kbar is also doc u mented by the de creas ing zon ing of
type 1 Grt in X(Ca), X(Ca) Grt, XCa (Pl) and X(Na) Cpx in di cate
that the main granulite fa cies con di tions as sem blage de vel -
oped within a P-T space be tween 900–970°C and 16–19 kbar.
It is im por tant to note that the XFe val ues of the two types of
gar nets are not pre dicted by the pseudosection. One ex pla na -
tion is the over es ti ma tion of the Fe2+ con tent with re spect to the
Fe3+ con tent in the bulk com po si tion used in the cal cu la tions. A
sec ond ex pla na tion is that the XFe iso pleths might not be pre -
dicted by the cal cu la tions be cause the chem i cal anal y sis may
not rep re sent the chem i cal com po si tion of the thin sec tion, or
the rock was not equil i brated at a thin sec tion scale. More over,
it is not pos si ble to con strain the P-T sec tor for the de vel op ment 
of the gar net with in creas ing grossular con tent (type 2 gar net)
be cause the cor re la tion of the mea sured chem is try of type 2
gar net does not cor re spond to the iso pleths in the
pseudosection. How ever, the chem i cal zonation sug gests that
this gar net could have grown dur ing the early pro gres sive meta -
mor phic path.

The ther mo dy namic mod el ling in this sam ple in di cates
good cor re la tion of the sta bil ity di a gram with the ob served suc -
ces sion of as sem blages; how ever, the chem is try of the min er -
als only par tially fits these fields. The ob served min eral suc ces -
sion and ther mo dy namic mod el ling in di cate the de com pres sion 
path from ca. 20–22 kbar to 16–18 kbar, but the tem per a ture
con straints on this event re main less de fined. The cal cu lated
P-T pseudosection shows that the as sem blage
Cpx-Grt-Kfs-Pl-Bt-Liq-Ilm-Qz is sta ble un der con di tions up to
13 kbar and 850°C (Fig. 5). To shed more light on the tem per a -
ture con di tions of the granulite fa cies de com pres sion, the gar -
net-pyroxene geothermometer by Nakamura (2009) was ap -
plied. The core of the type 1 gar net and clinopyroxene in clu sion
pair (Fig. 2C) yielded av er age tem per a tures of 885°C for pres -
sure of 20 kbar (Ta ble 1). A slightly higher av er age tem per a ture 
of 899°C was ob tained for the gar net rims and ma trix
clinopyroxene.

MAFIC GRANULITE – SAMPLE GS55-1

Pe trog ra phy and min eral chem is try. The mafic granulite
(GS55-1) con tains sig nif i cantly higher quan ti ties of gar net and
clinopyroxene than the fel sic and in ter me di ate granu lites. Other 
min er als in clude plagioclase (Ab84–87An12–14Or1–2), quartz, bi o -
tite and ac ces sory rutile, il men ite, zir con and ap a tite. In con trast 
to the more fel sic va ri et ies, the stud ied sam ple is free of K-feld -
spar. The gar net pro files show nearly ho mo ge neous com po si -
tions of Alm = 51–54, Prp = 19–22, Grs = 24–26, Sps = 1 and
XFe = 72–73 (Figs. 2H and 3G, H). Com mon clinopyroxene,
rep re sented by omphacite (XFe = 38–39 and XNa = 27–34).
forms anhedral grains, which are also intergrown with gar net.
Clinopyroxene also forms ran domly ori ented symplectites with
plagioclase (Fig. 2H, I).

Ther mo dy namic mod el ling and P-T evo lu tion. The ther -
mo dy namic mod el ling re veals good agree ment with the ob -
served rel a tively sim ple min er al ogy that could rep re sent the
six-vari ant field Grt-Pl-Cpx-Rt-Liq-Qz (Fig. 6A, B). The rel a tively 
flat compositional pro files of the gar net and py rox enes in di cate
diffusional ho mog e ni za tion re lated to the peak tem per a ture
con di tions. The in ter sec tion of the compositional iso pleths of
XFe (Cpx), XNa (Cpx), and XFe (Grt) con strains the P-T of this
ep i sode to con di tions of 18–20 kbar and 940–970°C (Fig. 6C).
The X(Ca) Grt iso pleths do not in ter sect with those men tioned
above, sug gest ing the that the ho mog e ni za tion event in these
rocks might oc cur at pres sures 1–2 kbar lower. The pres ence of 
Cpx symplectites, il men ite and bi o tite in di cates de com pres sion
to con di tions less than 14 kbar and 850°C (Fig. 6B).

The gar net-pyroxene geothermometer (Nakamura, 2009)
ap plied to three gar net-clinopyroxene pairs from the mafic
granulite yielded tem per a tures of 959°C for 20 kbar, ca.
60–75°C higher than those cal cu lated for the Gr-pb sam ple, in
ac cor dance with the P-T pseudosection cal cu la tions.

Th-U-to tal Pb DATING OF MONAZITE

ANALYTICAL METHODS

The chem i cal anal y ses of monazite in sam ple Gr-pb for
Th-U-to tal Pb dat ing were con ducted us ing a Cameca SX 100
elec tron microprobe, equipped with four wave length-dispersive
spec trom e ters (WDS) at the De part ment of Spe cial Lab o ra to -
ries, Lab o ra tory of Elec tron Microanalysis, Geo log i cal In sti tute
of Dionýz Štúr (Bratislava, Slo vak Re pub lic). The elec tron
microprobe, which was equipped with large dif frac tion crys tals,
per forms high-pre ci sion and high-ac cu racy trace el e ment anal -
y sis, which is cru cial in dat ing monazite. The monazite in a car -
bon-coated thin sec tion was ana lysed un der con di tions of a
15kV ac cel er at ing volt age, 180 nA beam cur rent and 3 µm
beam size. The fol low ing nat u ral and syn thetic stan dards and
cor re spond ing spec tral lines were used for the anal y ses: ap a tite 
(P Ka), PbCO 3 (Pb Ma), ThO2 (Th Ma), UO2 (U Mb), YPO4 (Y
La), LaPO4 (La La), CePO4(Ce La), PrPO4 (Pr Lb), NdPO4 (Nd
La), SmPO4 (Sm La), EuPO4 (Eu Lb), GdPO4 (Gd La), TbPO4

(Tb La), DyPO4 (Dy Lb), HoPO4 (Ho Lb), ErPO4 (Er Lb), TmPO4

(Tm La), YbPO4 (Yb La), LuPO4 (Lu Lb), faya lite (Fe Ka), bar ite
(S Ka), wollastonite (Ca Ka, Si Ka), SrTiO3 (Sr La), Al2O3 (Al
Ka), and GaAs (As La). The count ing times (in sec onds) for the
peak/back ground were as fol lows: P 10/10, Pb 300/150, Th
35/17.5, U 80/80, Y 40/20, La 5/5, Ce 5/5, Pr 15/15, Nd 5/5, Sm
5/5, Eu 25/25, Gd 10/10, Tb 7/7, Dy 35/35, Ho 30/30, Er 50/50,
Tm 15/15, Yb 15/15, Lu 100/100, Fe 5/5, S 10/10, Ca 10/10, Sr
20/20, Al 10/10, Si 10/10, and As 120/120. The an a lyt i cal re -
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sults were in ter preted ac cord ing to the struc tural po si tion and
the com po si tion of the in ter nal do mains of each monazite. Af -
ter ward, the U, Th and Pb con cen tra tions in the monazite were
re cal cu lated us ing the age equa tions from Montel et al. (1996)
and eval u ated us ing in-house soft ware (P. Koneèný, un pub -
lished; for more an a lyt i cal de tails, see Koneèný et al., 2004;
Petrík and Koneèný, 2009; Vozárová et al., 2014).

MONAZITE GEOCHRONOLOGY

The monazite forms anhedral-to-subhedral grains with
sizes of 10–50 µm. The monazite grains are hosted be tween
ma trix quartz and feld spar, and cer tain grains are at tached to
gar net. Oc ca sional monazite in clu sions in gar net and al la nite
are also ob served.

Nine ma trix monazite grains, two in clu sions in gar net and
one in clu sion in al la nite were se lected for anal y sis (Fig. 7).

Forty-five anal y ses out of the 54 per formed were used for age
cal cu la tions; 9 were re jected due to ques tion able qual ity re lated 
to an a lyt i cal spots in re vealed cracks or over-burned spots. The
av er age com po si tions of the tex tural pop u la tions of the ma trix
monazite and in clu sions in gar net are sim i lar (Ta ble 2). The ma -
trix monazite con tains 6.62–12.48 wt.% ThO2 (av er age
9.01 wt.%). 0.06–1.01 wt.% UO2 (av er age 0.45 wt.%) and
0.10–0.21 wt.% PbO (av er age 0.15 wt.%; Ta ble 2). The
monazite grains form ing in clu sions in gar net con tain 7.33–9.98
wt.% ThO2 (av er age 8.31 wt.%). 0.16–1.04 wt.% UO2 (av er age
0.74 wt.%) and 0.11–0.19 wt.% PbO (av er age 0.15 wt.%; Ta -
ble 2). Lower con cen tra tions of 4.44–4.79 wt.% ThO2.

0.07–0.08 wt.% UO2 and 0.07 wt.% PbO were de ter mined in
the monazite in clu sion in al la nite.

The sin gle Th-U-to tal Pb dates for ma trix monazite are dis -
trib uted be tween 373 and 331 Ma, sim i lar to the range of 359 to
331 Ma yielded by monazite in clu sions in gar net (Ta ble 3).
Some ma trix grains re vealed Th en rich ment in rims with re spect 
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Gar net Clinopyroxene

Anal y sis Fe Mg Alm Prp Grs Sps Anal y sis Fe Mg Al XFe XMg KD T [°C]

The in ter me di ate granulite (Gr-pb)

Grt core Cpx in clu sion in Grt

Grt1aL16 1.490 0.560 0.50 0.19 0.30 0.01 Px3-1 0.178 0.319 0.591 0.163 0.294 4.78 898

Grt1aL17 1.502 0.551 0.50 0.19 0.30 0.01 Px3-2 0.180 0.332 0.573 0.166 0.306 5.02 880

Grt1aL18 1.490 0.535 0.51 0.18 0.30 0.01 Px3-3 0.182 0.331 0.579 0.167 0.303 5.05 878

Min. 878

Max. 898

 Ave. 885

Grt rim Ma trix Cpx

Grt1aL02 1.468 0.682 0.49 0.23 0.27 0.01 Px1-8 0.236 0.466 0.391 0.216 0.426 4.24 915

Grt1aL03 1.453 0.681 0.49 0.23 0.27 0.01 Px1-9 0.245 0.486 0.371 0.223 0.441 4.23 916

Grt1aL04 1.461 0.674 0.50 0.23 0.27 0.01 Px1-10 0.222 0.457 0.399 0.206 0.424 4.46 895

Grt1aL05 1.481 0.658 0.50 0.22 0.27 0.01 Px1-11 0.228 0.455 0.410 0.209 0.416 4.49 894

Grt1aL06 1.468 0.646 0.50 0.22 0.27 0.01 Px2-1 0.223 0.449 0.434 0.202 0.406 4.58 890

Grt1aL07 1.491 0.656 0.50 0.22 0.27 0.01 Px2-2 0.210 0.405 0.495 0.190 0.365 4.38 911

Grt1aL08 1.484 0.637 0.50 0.21 0.28 0.01 Px2-3 0.219 0.433 0.464 0.197 0.388 4.60 893

Grt1aL09 1.491 0.624 0.50 0.21 0.28 0.01 Px2-4 0.216 0.416 0.466 0.197 0.379 4.60 894

Grt1aL10 1.482 0.610 0.50 0.21 0.28 0.01 Px2-5 0.217 0.420 0.466 0.197 0.380 4.70 889

Min. 889

Max. 916

 Ave. 899

The mafic granulite (GS55-1)

Grt-Cpx pair 1

Grt1-2 1.588 0.633 0.525 0.209 0.255 0.010 Px1-10 0.274 0.426 0.391 0.251 0.391 3.90 957

Grt1-3 1.574 0.623 0.527 0.208 0.254 0.011 Px1-10 0.274 0.426 0.391 0.251 0.391 3.93 954

Grt-Cpx pair 2

Grt2-2 1.600 0.603 0.531 0.200 0.258 0.011 Px1-2 0.277 0.422 0.417 0.248 0.378 4.04 946

Grt2-3 1.551 0.601 0.520 0.202 0.269 0.010 Px1-3 0.282 0.421 0.403 0.255 0.381 3.84 972

Grt2-4 1.564 0.633 0.524 0.212 0.252 0.012 Px1-3 0.282 0.421 0.403 0.255 0.381 3.68 983

Grt-Cpx pair 3

Grt2A-2 1.608 0.607 0.537 0.203 0.249 0.011 Px1-2 0.283 0.424 0.404 0.255 0.382 3.97 951

Grt2A-3 1.566 0.629 0.526 0.211 0.252 0.011 Px1-3 0.268 0.422 0.410 0.244 0.383 3.92 954

Min. 946

Max. 983

Ave. 959

T a  b l e  1

Re sults of the gar net-pyroxene geothermometry cal cu lated for pres sure of 20 kbar us ing the cal i bra tion of Nakamura (2009)
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Fig. 6A – P-T pseudosection calculated for the mafic granulite rock composition (sample GS55-1); B – calculated stability of the
rock-forming minerals; C – enlarged portion of the P-T pseudosection showing the calculated compositional isopleths compared

to the measured composition of the garnet, plagioclase and clinopyroxene in the peak temperature mineral assemblage
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Fig. 7. The monazite grains in the intermediate granulite (sample Gr-pb) with analytical spots corresponding to the data
 in Tables 2 and 3

A–I – matrix monazite; J–L – monazite inclusions in the garnet; M – monazite inclusion in the allanite, BSE images; 

Th-U-total Pb dates are presented with ±2s error (95% confidence interval)



to cores (Fig. 7F, H, I); how ever, sin gle spot dates ob tained in
both of the compositional do mains are within the an a lyt i cal er -
ror. Only two dates were ob tained from monazite in clu sions in
al la nite, 380 ± 70 Ma and 334 ± 65 Ma, which are within the er -
ror of the other dates. The cal cu lated weighted av er age age
from the en tire pop u la tion is 349 ± 2.5 Ma (MSWD = 1.52,
n = 45; Fig. 8).

DISCUSSION

PRESSURE-TEMPERATURE CONSTRAINTS

In ac cor dance with most pre vi ously pub lished
thermobarometric data, our new P-T es ti mates ob tained via
pseudosection cal cu la tions in di cate that the OSD granu lites
rep re sent a deeply bur ied part of the Variscan Orogen (Fig. 1A). 
The pre vi ous geo chem i cal data showed that the fel sic and
mafic granu lites from the Góry Z³ote Mts. orig i nated from a bi -
modal vol ca nic se quence (Bakun-Czubarow, 1998). Al though
the whole rock geo chem is try is lim ited (Ap pen dix 6), the TAS
and AFM clas si fi ca tion di a grams in di cate that the protolith of
the mafic granulite is re lated to subalkaline rocks from a
tholeiitic suite, agree ing with the re sults of a pre vi ous study by
Bakun-Czubarow (1998). The ra tios of Y/Nb, Yb/Ta, (Y+Nb)/Rb 

and (Yb+Ta)/Rb in the fel sic and in ter me di ate granu lites were
com pared to the dis crim i na tion di a grams in Pearce et al.
(1984), and the re sults sug gest that the protolith of the fel sic
and in ter me di ate granu lites is re lated to vol ca nic arc gran ites or
within-plate gran ites. This de tailed de ter mi na tion of the
protoliths must be treated with cau tion due to the min eral re ac -
tions and likely mod i fi ca tion of the bulk com po si tion dur ing
high-grade pro gres sive meta mor phism. The sta bil ity fields of
the as sem blages re lated to the main granulite-fa cies meta mor -
phism in di cates de com pres sion from be low ultrahigh-pres sure
con di tions to con di tions ex ceed ing 800°C and 15 kbar. The
trends of the iso pleths in the pseudosections do not cor re spond
to the mea sured chem is try of the min er als in  some cases,
which makes de tailed P-T con straints more dif fi cult. How ever, a 
com par i son of the min eral sta bil ity di a grams and the re sults
from con ven tional thermobarometry to some ex tent pro vides in -
for ma tion about the meta mor phic his tory of the rocks stud ied.
Our P-T cal cu la tions show that the protoliths of the fel sic, in ter -
me di ate and mafic OSD granu lites were bur ied and ex pe ri -
enced a main granulite-fa cies event at depths cor re spond ing to
20–22 kbar and sub se quently up lifted to 16–17 kbar at tem per -
a tures >900°C. These con di tions were de fined based on both
the sta bil ity fields of the suc ces sive min eral as sem blages and
the pre served chem i cal com po si tions of the min er als rep re -
sent ing the HP-HT event. Nev er the less, the pos si bil ity that the
granu lites ex pe ri enced the ultrahigh-pres sure con di tions pro -
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Ma trix, n = 31 In clu sion in gar net, n = 12 In clu sion in al la nite

Min. Max. Ave. Min. Max. Ave. 12-1 12-3

P2O5 27.33 29.57 28.79 27.12 28.96 27.66 30.07 29.27

As2O5   0.11   0.15   0.13 <0.02   0.13   0.05 <0.02 <0.02

SiO2   0.51   2.00   0.93   0.62   0.79   0.69   0.59   0.67

ThO2   6.62 12.48   9.01   7.33   9.98   8.31   4.44   4.79

UO2   0.06   1.01   0.45   0.16   1.04   0.74   0.08   0.07

Al2O3 <0.02   0.14   0.03  – <0.02 – <0.02   0.05

Y2O3 <0.03   0.15   0.06   0.05   0.12   0.09   0.03   0.05

La2O3 14.32 18.19 16.64 15.84 17.54 16.40 17.25 17.49

Ce2O3 26.14 30.69 28.64 27.39 29.72 28.37 31.39 31.37

Pr2O3   2.73   3.06   2.91   2.83   2.96   2.91   3.25   3.20

Nd2O3   8.90 10.61   9.37   9.15 10.01   9.65 10.93 10.57

Sm2O3   0.54   1.42   0.89   0.73   1.23   1.01   1.06   0.93

Eu2O3   0.08   0.25   0.16   0.10   0.24   0.18   0.09   0.09

Gd2O3 <0.07   0.52   0.25   0.18   0.58   0.44   0.34   0.37

Tb2O3  – <0.09 –  – <0.09 – <0.09 <0.09

Dy2O3  – <0.08 –  – <0.08 – <0.08 <0.08

Ho2O3  – <0.10 –  – <0.10 – <0.10 <0.10

Er2O3   0.26   0.36   0.31   0.26   0.33   0.30   0.27   0.27

Tm2O3 <0.07   0.11   0.08 <0.07   0.10   0.08   0.08   0.12

Yb2O3 <0.07   0.17   0.12 <0.07   0.15   0.12   0.13   0.14

Lu2O3 <0.09   0.16   0.11 <0.09   0.13 0.10 <0.09 <0.09

FeO <0.05   0.56   0.19   0.50   0.97 0.66   0.35   0.42

CaO   1.03   1.83   1.37   1.23   1.73 1.42   1.32   1.14

SrO <0.04   0.63   0.26   0.14   0.56 0.46   0.09   0.07

PbO   0.10   0.21   0.15   0.11   0.19 0.15   0.07   0.07

SO3 <0.02   0.17   0.04 <0.02   0.03 0.02 <0.02 <0.02

To tal 99.36 102.11 100.89 98.75 100.86 99.81 101.84 101.16

T a  b l e  2

Chem i cal com po si tion of the ma trix monazite and the monazite in clu sions in the
gar net and al la nite in the in ter me di ate granulite Gr-pb

https://gq.pgi.gov.pl/article/downloadSuppFile/22700/2535
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Anal y sis Com ment Th ±2s U ±2s Pb ±2s Y Th* Age
[Ma] ±2s

1-1 ma trix   8.363 0.074 0.679 0.014 0.173 0.006 0.032 10.58 365 30

1-2 ma trix   5.952 0.056 0.066 0.012 0.100 0.006 0.003   6.17 362 49

1-3 ma trix   6.022 0.057 0.072 0.012 0.094 0.006 0.019   6.26 336 47

1-4 ma trix   6.831 0.063 0.310 0.013 0.128 0.006 0.018   7.84 364 39

2-1 ma trix   7.202 0.066 0.382 0.013 0.139 0.006 0.038   8.45 369 37

2-2 ma trix   8.676 0.077 0.901 0.015 0.179 0.006 0.036 11.61 346 28

2-3 ma trix   6.478 0.060 0.103 0.012 0.104 0.006 0.026   6.81 341 44

3-1 ma trix   8.863 0.078 0.821 0.015 0.179 0.006 0.033 11.54 347 28

4-1 ma trix   5.822 0.055 0.071 0.012 0.100 0.006 0.014   6.05 369 50

4-2 ma trix   6.330 0.059 0.067 0.012 0.105 0.006 0.006   6.55 357 46

4-3 ma trix   8.900 0.078 0.867 0.015 0.178 0.006 0.044 11.72 339 28

4-4 ma trix   7.586 0.068 0.589 0.014 0.149 0.006 0.047   9.50 351 33

7-1 ma trix   8.125 0.072 0.496 0.013 0.155 0.006 0.115   9.74 356 33

7-2 ma trix   8.159 0.073 0.503 0.013 0.154 0.006 0.103   9.80 352 32

7-3 ma trix 10.777 0.092 0.609 0.014 0.198 0.006 0.093 12.76 347 26

7-4 ma trix 10.966 0.094 0.213 0.012 0.182 0.006 0.031 11.66 349 28

8-1 ma trix 10.054 0.087 0.086 0.012 0.168 0.006 0.018 10.34 362 31

8-2 ma trix   6.816 0.063 0.163 0.012 0.120 0.006 0.037   7.35 366 42

8-3 ma trix   7.330 0.067 0.804 0.014 0.156 0.006 0.086   9.95 352 32

9-2 ma trix   7.898 0.071 0.179 0.012 0.130 0.006 0.035   8.48 342 36

9-3 ma trix   7.114 0.065 0.119 0.012 0.125 0.006 0.048   7.50 373 41

10-1 ma trix   9.027 0.079 0.071 0.012 0.147 0.006 0.013   9.26 331 34

10-2 ma trix   8.647 0.076 0.078 0.012 0.139 0.006 0.017   8.90 350 35

10-3 ma trix   5.867 0.056 0.129 0.012 0.103 0.006 0.017   6.29 367 48

10-4 ma trix   6.804 0.063 0.148 0.012 0.117 0.006 0.020   7.28 359 42

10-5 ma trix   8.964 0.079 0.080 0.012 0.145 0.006 0.012   9.22 352 34

11-1 ma trix   6.186 0.058 0.905 0.015 0.141 0.006 0.098   9.13 347 34

11-2 ma trix   6.186 0.058 0.895 0.015 0.146 0.006 0.097   9.10 359 34

11-3 ma trix   9.505 0.083 0.794 0.015 0.186 0.006 0.105 12.09 345 27

11-4 ma trix 10.060 0.087 0.785 0.015 0.197 0.006 0.108 12.62 349 26

11-5 ma trix   9.849 0.085 0.764 0.014 0.189 0.006 0.099 12.34 343 27

5-1 in clu sion in Grt   6.438 0.060 0.927 0.015 0.151 0.006 0.096   9.46 357 33

6-1 in clu sion in Grt   8.084 0.072 0.664 0.014 0.159 0.006 0.074 10.25 348 31

6-7 in clu sion in Grt   8.768 0.077 0.740 0.014 0.179 0.006 0.053 11.18 359 29

6-11 in clu sion in Grt   7.481 0.068 0.764 0.015 0.152 0.006 0.074   9.97 341 31

6-12 in clu sion in Grt   7.488 0.068 0.730 0.015 0.149 0.006 0.083   9.86 339 32

6-13 in clu sion in Grt   7.512 0.068 0.744 0.015 0.147 0.006 0.081   9.93 332 31

6-14 in clu sion in Grt   7.532 0.068 0.762 0.015 0.148 0.006 0.085 10.01 331 31

6-15 in clu sion in Grt   7.198 0.065 0.791 0.015 0.146 0.006 0.074   9.77 335 31

6-16 in clu sion in Grt   6.980 0.064 0.796 0.015 0.150 0.006 0.084   9.57 352 33

6-17 in clu sion in Grt   6.821 0.062 0.153 0.012 0.113 0.006 0.046   7.32 347 41

6-18 in clu sion in Grt   6.454 0.060 0.177 0.012 0.105 0.006 0.039   7.03 335 42

6-19 in clu sion in Grt   6.851 0.063 0.785 0.015 0.147 0.006 0.075   9.41 351 33

12-1 in clu sion in Aln   3.903 0.041 0.079 0.012 0.071 0.006 0.021   4.16 380 70

12-3 in clu sion in Aln   4.213 0.043 0.070 0.012 0.066 0.006 0.039   4.44 334 65

T a  b l e  3

Re sults of the elec tron microprobe anal y ses of the monazite in the in ter me di ate granulite Gr-pb
 from Stary Giera³tów, pre sent ing the Th, U, Pb, Y and Th* con tents (in wt.%) 

and the cal cu lated ages with ±2s er ror (95% con fi dence in ter val)



posed by Bakun-Czubarow (1991b, 1992) can not be en tirely
ex cluded be cause the rocks stud ied pri mar ily re corded the
peak tem per a ture as so ci ated with the Variscan meta mor phism
and the sub se quent pres sure and tem per a ture de crease. The
cal cu la tions per formed by both pseudosection and con ven -
tional ther mom e try yielded a tem per a ture of ca. 900–920°C for
the more fel sic granu lites and ca. 950–970°C for the mafic
granu lites. Our data re veal good agree ment with the pre vi ous
cal cu la tions of Kryza et al. (1996), who re ported pres sures of 22 
and 25 kbar at 800–900°C, and Štípská et al. (2004), who re -
ported con di tions of 18–19 kbar at ca. 900°C.

The granulite body ex posed in the Góry Z³ote Mts. re corded
ver ti cal ex tru sion to mid dle crustal depths (Štípská et al., 2004). 
Our study in di cates that the decompresion is ev i denced by the
de vel op ment of Cpx symplectites in the more mafic granu lites
and the for ma tion of sub or di nate il men ite and bi o tite in all stud -
ied sam ples, which de vel oped un der con di tions of less than
13–14 kbar and ca. 850°C. The HP-HT con di tions re ported in
the OSD granu lites and eclogites (re view in ¯elaŸniewicz et al.,
2014) con trast with the me dium-grade, pri mar ily am phi bo -
lite-fa cies con di tions of the metasedimentary rocks (re view in
Cho pin et al., 2012; Jastrzêbski et al., 2015a). The
Orlica–Œnie¿nik Dome is thus com posed of both HP-HT and
me dium-grade rocks that share only a por tion of their
tectonometamorphic evo lu tion (e.g., Štípská et al., 2004, 2012;
Skrzypek et al., 2011).

INTERPRETATION OF THE MONAZITE Th-U-to tal Pb AGES

The sim i lar com po si tion of the two tex tural pop u la tions of
monazite, the ma trix grains and the in clu sions in gar nets, in di -
cates that both formed with the same avail able chem i cal bud -
get. There is no high Y con tent in monazite, in clud ing the
monazite in clu sions shielded by gar net with re spect to the ma -

trix monazite, that could sug gest that the monazite formed prior
to gar net, which in cor po rates the avail able yt trium. The low Y
con cen tra tions in all monazite grains (Ta ble 3 and Fig. 9B),
which are also re flected by the lim ited Y bud get in the whole
rock com po si tion (Fig. 9A), in di cate that monazite growth oc -
curred af ter the ini tial growth of gar net. Lack of pro nounced
neg a tive anom a lies of Eu at the chondrite-nor mal ized plot
(Fig. 9B) and slight en rich ment in Sr (up to 0.63 wt.% SrO; Ta -
ble 2) sug gest monazite growth oc curred af ter plagioclase
break down re lated to the re ac tions of gar net and clinopyroxene
for ma tion or be fore for ma tion of the plagioclase dur ing ret ro -
gres sion. These ob ser va tions are in dic a tive of monazite growth 
dur ing pro gres sive meta mor phism, prob a bly dur ing an HP-HT
stage. Re gard ing monazite shielded by al la nite, in ter preted as
re lated to the mag matic protolith, there is no clear ev i dence to
de fine its or i gin (Fig. 7M). The tex tural set ting of monazite and
dif fer ent com po si tion with re spect to other tex tural pop u la tions
of monazite (Ta ble 2) sug gest that its or i gin is re lated to
crystallisation in the gra nitic protolith of the granulite.

The 349 ± 2.5 Ma age of the monazite from this study is sim -
i lar to the pre vi ously re ported 347 ± 13 Ma monazite Th-U-to tal
Pb age from a fel sic granulite (Kusiak et al., 2008), but our re sult 
is more tightly con strained. Pre vi ous work re ported a wide
range of Th-U-to tal Pb sin gle dates from 278 to 411 Ma, most
likely due to lower an a lyt i cal pre ci sion. Kusiak et al. (2008) bol -
stered their re sults with gar net ages from Anczkiewicz et al.
(2007) and in ter preted the age of ca. 347 Ma as the tim ing of
am phi bo lite fa cies meta mor phism dur ing ret ro gres sion from
(U)HP con di tions. The or i gin of the scat tered dates was ex -
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Fig. 8. Results of the Th-U-total Pb monazite geochronology
in the intermediate granulite (sample Gr-pb)

Age is given with ±2s error (95% confidence interval)

Fig. 9. C1 chondrite-normalized Th. U and REE patterns
 in (A) whole rocks and (B) monazite from the intermediate

granulite (Gr-pb)

The chondrite values are from McDonough and Sun (1995)



plained by these au thors as the re sult of re sorp tion due to
monazite-con sum ing re ac tions or an a lyt i cal er ror.

In the pres ent pa per, the tex tural con text of monazite, the
com plete anal y sis of other el e ments re quired to con trol the
monazite com po si tion, and the even tual re jec tion of anal y ses
with ques tion able qual ity were con sid ered. The Th-U-to tal Pb
dates yielded by all tex tural pop u la tions of the monazite (ma trix
grains, in clu sions in gar net, and in clu sions in al la nite) in di cate a 
sin gle meta mor phic ep i sode with the meta mor phic peak con -
strained to 349 ± 2.5 Ma. Be cause the clo sure tem per a ture of
the vol ume dif fu sion of Pb in monazite is 800–900°C (Cherniak
et al., 2004; Gardes et al., 2006; Cherniak and Pyle, 2008),
monazite likely ex pe ri enced Pb dif fu sion dur ing the HP-HT
meta mor phic stage at 900–970°C. This in di cates that the ob -
tained age pre sum ably does not re flect the tim ing of
subduction; rather, it re flects the on set of cool ing and de com -
pres sion un der rel a tively high-tem per a ture con di tions (Fig. 5).
Ear lier monazite geochronometry stud ies in di cated the pos si -
bil ity of ca. 380–370 Ma pro gres sive meta mor phism in the re -
gion, al though pri mar ily based on me dium-grade rocks (Gordon 
et al., 2005; Jastrzêbski et al., 2013, 2014, 2015a). There is no
ev i dence that the monazite pre served older ages re lated to
growth dur ing pro cesses that oc curred ear lier than ca. 349 Ma,
such as, for in stance, those ob served in zir con (Bröcker et al.,
2010). Our geo chron ol ogy data are, how ever, in agree ment
with the ca. 341 and 342 Ma zir con ages pro vided by Štípská et
al. (2004). The zir con U-Pb dat ing of the HT meta mor phic pro -
cesses is also lim ited to the clo sure tem per a ture of the U-Th-Pb 
iso to pic sys tem, which is es ti mated to be >900°C (Lee et al.,
1997; Cherniak and Wat son, 2001). Con se quently, the zir con
U-Pb ages re corded prior to the (U)HP-HT stage of the OSD
granu lites were dis turbed by the 900–1000°C meta mor phic
con di tions (cf. Bröcker et al., 2010). The late stage of the
(U)HP-HT meta mor phism re sulted in the al ter ation of the zir con 
from the protolith and the growth of meta mor phic zir con in the
granu lites and eclogites at 350–330 Ma (Bröcker et al., 2010).
The youn gest zir con age, 326 ± 2 Ma, was at trib uted to the
cool ing path from am phi bo lite to greenschist fa cies (Lange et
al., 2005). Re cent monazite geo chron ol ogy in di cates that dates 
clus ter ing around 290 Ma are char ac ter is tic for rocks of the
Sudetic part of Brunovistulia (Schulmann et al., 2014). Nev er -
the less, our monazite data show that there are no monazite
overgrowths or tex tures in dic a tive of meta mor phic over print in
the OSD granu lites dur ing ret ro gres sion. Ad di tion ally, no ev i -
dence ex ists for fluid-me di ated al ter ations post-dat ing the
HP-HT stage that might have led to the dis tur bance of the
Th-U-Pb sys tem via a fluid-aided cou pled dis so lu -
tion-reprecipitation pro cess, even dur ing rel a tively low-tem per -
a ture pro cesses (cf. Wil liams et al., 2011; Budzyñ et al., 2015).
Con se quently, the 349 ± 2.5 Ma age for the monazite is in ter -
preted here as be ing re lated to a late-stage of HP-HT meta mor -
phism and the be gin ning of cool ing be low 900°C.

A sig nif i cantly older Lu-Hf gar net age of 380–370 Ma re -
ported by Anczkiewicz et al. (2007) is unique amongst stud ies
in volv ing geo chron ol ogy in the granu lites from Stary Giera³tów.
In a later work, Walczak (2011) ap plied the same an a lyt i cal
meth ods as Anczkiewicz et al. (2007) and ob tained Lu-Hf ages
of 350–340 Ma. The dis crep ancy in the re sults was ex plained
by Walczak (2011) as most likely re lated to the dis so lu tion of
Hf-bear ing phases in the whole rock frac tion, such as metamict
zir con, that could mod ify the whole rock (WR) Lu/Hf ra tios and
re sulted in the older Lu-Hf Grt-WR isochron ages pre sented by
Anczkiewicz et al. (2007). Be cause the clo sure tem per a tures of
700 ± 50°C for Sm-Nd (Ganguly et al., 1998) and >750°C for
Lu-Hf sys tems in gar net (Scherer et al., 2000) are lower than
that of the Th-U-Pb sys tem in monazite, the cur rent monazite in
situ geo chron ol ogy agrees better with most of the pre vi ous gar -
net-dat ing re sults (Brueckner et al., 1991; Lange et al., 2005;
Walczak, 2011).

CONCLUSIONS

The cur rent ther mo dy namic mod el ling in di cates that the fel -
sic and mafic granu lites from the OSD ex pe ri enced com pa ra ble 
P-T granulite-fa cies con di tions: ca. 20–22 kbar and ca.
900–920°C with a ca. 4–6 kbar iso ther mal pres sure de crease
for more fel sic granu lites and ca. 18–20 kbar and ca.
950–970°C for the more mafic granulite. The new geo chron ol -
ogi cal data con strain the Th-U-to tal Pb age of monazite to
349 ± 2.5 Ma for the late stage of the HP-HT meta mor phic
stage. The age cor re sponds to the ini tial ex hu ma tion of the
granu lites and cool ing be low tem per a tures of ca. 900°C. The
com par i son of the P-T-t re cord of the granu lites from the Góry
Z³ote Mts. with the P-T-d-t data pub lished from the OSD in di -
cates that the chan nels that ex humed the HP rocks to
mid-crustal depths were ac tive at ca. 350 Ma and that from ca.
340 Ma on ward, all types of meta mor phic rocks from the OSD
pre sum ably shared a com mon Variscan evo lu tion. The
high-tem per a ture con di tions (above the clo sure tem per a tures
of the iso to pic sys tems used in geo chron ol ogy) pre vented the
HP-HT granu lites and eclogites from re cord ing the sup posed
ear lier, syn-collisional Late De vo nian meta mor phism ev i -
denced in the re gion.
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