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A volcanosedimentary suc ces sion of the M³ynowiec-Stronie Group (MSG) in the Orlica–Œnie¿nik Dome (OSD), the Sudetes,
NE Bo he mian Mas sif un der went mul ti ple fold ing and shear ing dur ing the Variscan Orog eny. In the sheared do mains, there
are less de formed pods in which rocks pre serve better re cords of meta mor phic events prior to the re gional tem per a ture peak. 
In one such pod, near Gniewoszów on the west ern limb of the dome, mar bles en closed by mas sive am phi bo lites oc cur. In
these rocks, zoned plagioclase with actinolite and epidote in clu sions and zoned am phi bole grains al lowed rec og ni tion of
three min eral as sem blages and three P-T stages at: (1) 310°C/3–4 kbar, (2) 480–500°C/10.5 kbar, (3)
500–530°C/6–6.5 kbar, based on isopleth in ter sec tions and checked against con ven tional thermobarometry. These de fine a 
steep clock wise P-T path and a geo ther mal gra di ent of 17°C/km be fore peak con di tions were at tained, which sug gests
subduction of the metavolcano-sed i men tary rocks (Stronie For ma tion of the MSG) on the west ern limb of the OSD, with a
tran sient yet dis crete higher pres sure ep i sode. Min eral relicts ca pa ble of dem on strat ing a higher pres sure event are scarce
in the supracrustal rocks of the dome, mainly be cause they be came more thor oughly equil i brated and oblit er ated dur ing the
tem per a ture peak at mid-am phi bo lite fa cies con di tions and the  sub se quent ubiq ui tous greenschist fa cies over print.

Key words: high-pres sure ep i sode, P-T path, mar ble-am phi bo lite as so ci a tion, Sudetes.

INTRODUCTION

The Orlica–Œnie¿nik Dome (OSD) is a Variscan
tectonostratigraphic unit of the NE Bo he mian Mas sif (Fig. 1). It
ei ther oc curs in the hang ing wall of a terrane su ture that welded
Saxothuringia and Brunovistulia which was in the footwall
(¯elaŸniewicz et al., 2009; Cho pin et al., 2012; Jastrzêbski et
al., 2015b), or is as signed to the Moldanubian Terrane (Skácel,
1989; Matte et al., 1990; Schulmann and Gayer, 2000). In the
east ern part of the OSD, close to the su ture that co in cides with
the Stáre Mìsto Belt, there are eclogite and granulite bod ies
tec toni cally or diapirically in serted in gneiss es which oc cupy the
core of the dome (Brueckner et al., 1991; Kryza et al., 1996;
Bröcker et al., 2009; Štípská et al., 2012). Ana lysed us ing sev -
eral iso to pic meth ods, the HP rocks yielded al most ex clu sively
ages of ~350–330 Ma, con sis tent, within er ror, with the tim ing of 
the peak of the MP-MT meta mor phic and deformational event
rec og nized in the host core gneiss es as well as in fel sic meta -
vol can ic rocks and metapelitic schists of the M³ynowiec–Stronie 

Group (MSG) that man tle the core of the dome (re view in
¯elaŸniewicz et al., 2014). The age data ap par ently as sign the
(U)HP rocks to the main tectonometamorphic ep i sode. Such an 
as sign ment would sug gest that all rocks in the OSD were meta -
mor phosed in a short time span yet at dra mat i cally dif fer ent
crustal/litho sphere depths. This ob ser va tion re quires that an in -
tense tectonism brought rocks with var i ous P-T sig na tures to
their pres ent at ti tudes in the same short time span, hence, in
tec tonic terms, al most in stan ta neously. Al though, in the west -
ern part of the dome, no (U)HP rock was known, Faryad and
Kachlík (2013) were able to find there mica schists in which
mus co vite flakes con tain phengitic cores in dic a tive of pres sure
be tween 11 kbar and 20 kbar. Such high pres sure must have
af fected the schists prior to the main re gional meta mor phic ep i -
sode un der me dium am phi bo lite fa cies con di tions. The time
gap be tween the two ep i sodes re mains un de ter mined in case
of the schists and is at least un clear in the case of the eclogites
and granu lites (Anczkiewicz et al., 2007; Bröcker et al., 2009).
The dis cov ery made by Faryad and Kachlík (2013) and its tec -
tonic con se quences need con fir ma tion be cause so far no es ti -
mate of P-T con di tions made for var i ous rocks of the
M³ynowiec–Stronie Group through out the OSD has re vealed
pres sures in ex cess of 10–11 kbar (Murtezi, 2006; Jastrzêbski,
2009; Szczepañski, 2010; Skrzypek et al., 2011a, b, 2014;
Ilnicki et al., 2013; Jastrzêbski et al., 2015a). How ever, this
might be due to se lec tive oblit er a tion of (U)HP min eral as sem -
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blage(s) dur ing later meta mor phic pro cesses un der an am phi -
bo lite and greenschist fa cies over print. Such a pos si bil ity is to
be tested in supracrustal rocks (MSG) through out the OSD. In
this study, we de cided to per form this test on am phi bo lites that
show a blu ish shade hint ing at the pres ence of Na-am phi bole,
which were found by us on the west ern limb of the dome as in -
ter ca la tions in mica schists. The am phi bo lites en close mar ble
lenses and the in ter face be tween the two rocks is lay ered, the
lay ers be ing mafic im pu ri ties in the mar bles. We here seek relic
re cords of pos si ble ear lier HP event(s), de ter mine the P-T con -
di tions un der which the rocks were meta mor phosed, dis cuss
im pli ca tions for the evo lu tion of the OSD, and de ci pher the or i -
gin of the mafic-car bon ate as so ci a tions.

GEOLOGICAL SETTING

In the OSD, supracrustal rocks – mica schists with sub or di -
nate bi modal meta vol can ic rocks, mar ble and quartzites – are
dis tin guished as the M³ynowiec–Stronie Group of Ediaca -
ran/Cam brian to Or do vi cian age (re view in ¯elaŸniewicz et al.,
2014). Mica schists de fined as the Stronie For ma tion (SF) in
this group con tain both acid and ba sic meta vol can ic rocks and
lenses of mar bles tens of centi metres up to a few tens of metres 
thick (Fig. 1). The mar bles were stud ied by Koszela (1997) who
showed that the pre vail ing pelitic sed i men ta tion in the SF lo cally 
gave way to car bon ate sed i men ta tion ac com pa nied by ep i sodic 

un der wa ter lava ex tru sions and pyroclastic ash de po si tion. A
gen er al ized lithostratigraphic pro file of the SF re veals that the
mar bles usu ally over lie am phi bo lites (Koszela, 1997). In deed
such a po si tion sug gests that car bon ate sed i men ta tion fol lowed 
vol ca nic erup tions and cy cli cally ac tive vol ca noes were likely
over grown by car bon ate reefs.

On the west ern limb of the OSD, in the Bystrzyckie Mts.
(Fig. 1), near the vil lage of Gniewoszów, mica schists con tain
in ter ca la tions of metavolcanogenic rocks. They ap pear as len -
tic u lar bod ies of schis tose to mas sive quartz-al kali feld -
spar-mica metarhyolites sev eral ki lo me ters long, dated at ca.
500 Ma (Murtezi, 2006; Mazur et al., 2015), and
hornblende-plagioclase-epidote metabasalts which of ten oc cur
close to cal cite mar bles (Fig. 2). The metabasalts lo cally pre -
serve iden ti fi able pil low struc tures typ i cal of un der wa ter ex tru -
sions (Ilnicki et al., 2013). They are rep re sented by me dium- to
fine-blastic, mod er ately fo li ated metabasalts.

ANALYTICAL METHODS

The am phi bo lites and mar ble lenses were stud ied in thin
sec tion un der a po lar iz ing mi cro scope and us ing a JEOL
JSM/JXM 840A ma chine at the In sti tute of Geo log i cal Sci -
ences, PAS, equipped with an EDS Thermo-NORAN phase
iden ti fier (acc. volt age 15 kV dur ing data ac qui si tion). Struc tural
for mu las of min er als were cal cu lated us ing CALCMIN soft ware
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Fig. 1. Geological sketch of the Orlica–Œnie¿nik Dome after ¯elaŸniewicz et al. (2014, simplified)

A – location in the Bohemian Massif, MZ – Moldanubian Zone, ST – Saxothuringian Zone; 
B – details of the study area after Kozdrój (1990, modified)
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(Brandelik, 2009). Min eral ab bre vi a tions fol low those of Whit -
ney and Ev ans (2010). Am phi bole microprobe anal y ses were
re cal cu lated to 23 O ac cord ing to the method rec om mended by
IMA97 with cal i bra tion af ter Esawi (2004) most ac cu rate for
low-Ti am phi boles (e.g., Schumacher, 2007). Whole-rock anal -
y sis of mas sive am phi bo lite was per formed at the Acme An a lyt i -
cal Lab o ra to ries, Van cou ver, ac cord ing to the stan dard pro ce -
dure LF600 of the lab. Con ven tional thermobarometric cal cu la -
tions were done by meth ods and cal i bra tions pro posed for am -
phi bole-plagioclase pairs by Plyusnina (1982), Hol land and
Blundy (1994), An der son and Smith (1995), Bhadra and
Bhattacharya (2007), and us ing XFe and XAl in am phi boles
(Ridolfi et al., 2010), or XTr, XTsch, XParg in am phi boles
(Gerya et al., 1997; Zenk and Schulz, 2004). In ad di tion, the
ther mo dy namic mod el ling was per formed us ing Theriak Dom -
ino soft ware (Capitani and Petrakakis, 2010) with an in ter nal
da ta base af ter Berman (1988; Jun92). The ap plied cal i bra tion
used an ox y gen fugacity buffer (fO2) and was based on es ti ma -
tion of the de hyd ro geni sa tion rate which can be de ter mined by
com par i son of cal cu lated sum of cat ions with that of the bulk
rock com po si tion [fO2act = Xcalc(pfu) – 23 O].

DESCRIPTION OF THE ROCKS STUDIED

In an aban doned quarry near Szczerba cas tle (50°19’58”N,
16°61’96”E), struc tur ally 50 m above the pil low metabasites,
mas sive am phi bo lites en close sev eral ir reg u lar lenses of white
or grey mar ble which are a few cm to 1 m long and 15–30 cm
thick (Fig. 2). Within such mar ble lenses, there are sev eral
1–3 mm thick dark bands ar ranged par al lel to the lenses’ lon ger 
edges. The car bon ate rocks were likely in cor po rated into orig i -
nal bas alts. A con tact be tween am phi bo lites, mica schists and
schis tose metarhyolites has a subvertical at ti tude, be ing ori -
ented at a high an gle to the dom i nant fo li a tion in these rocks,
which, along with small-scale struc tures, points to the pres ence
of large-scale over turned folds in the area. Pil lows that are dis -
cern ible in me dium- to fine-blastic, mod er ately fo li ated
metabasalts are flat tened par al lel to the SW-wards dip ping fo li -
a tion and elon gated in the WNW–ESE di rec tion, con sis tent with 
those folds.

AMPHIBOLITES

Next to the lay ered mar gin of mar ble lenses, the mas sive
am phi bo lite is a granoblastic to porphyroblastic, poorly fo li ated
rock. It is com posed of (1) subhedral or anhedral nee dles of
Mg-hornblende and (2) mainly anhedral al bite blasts which
carry actinolite and rutile in clu sions. Many plagioclase blasts
lack in clu sions in their outer parts, which im parts a zonal ap -
pear ance to them (Fig. 3A, B). Microprobe anal y ses con firm the 
compositional zonation of such blasts and re veal that they have 
al bite cores (An1–1.5) but oligoclase (An25–27) rims. In other
grains, the rims re main albitic yet with slightly higher An con tent
(An1.5–2.5). There are also ac ces sory cal cite, epidote, ap a tite, il -
men ite, mag ne tite, chlorite and ti tan ite blasts, the lat ter con tain -
ing sin gle in clu sions of rutile (Fig. 3C). These min er als are of ten 
con cen trated im me di ately next to Al-rich Mg-hornblende blasts
(Fig. 3D–F) char ac ter ized by blu ish-green pleochroism and
compositional zonation due to in creas ing Al con tent to wards
the rims of the blasts.

In con trast, am phi bo lites de rived from pil low lava con tain
zoned Ca-am phi bole blasts with actinolitic cores but
tschermakitic rims. Plagioclase blasts have albitic cores and up
to an de sine rims (An23–33). In the albitic cores, actinolite and il -
men ite in clu sions are in ev i dence (Ilnicki et al., 2013;
Szczepañski and Ilnicki, 2014).

MARBLES

The mar bles are com posed mainly of me dium- to
fine-blastic cal cite (~70 vol.%, es ti ma tion made us ing aliz a rin-S 
pig ment) and subhedral, me dium-blastic al bite, of ten with
polysynthetic twinning. The al bite forms ag gre gates with quartz
(ca. 20 vol.%), 1–2 mm across. Epidote, ti tan ite, actinolite,
Mg-hornblende and opaque min er als ap pear as mi nor phases
(10 vol.%). Cal cite blasts with well-de vel oped twinning con tain
ran domly dis trib uted in clu sions of actinolite, quartz, al bite and
rarely mag ne tite and il men ite. In con trast, al bite blasts con tain
abun dant in clu sions of epidote, actinolite and cal cite (Fig. 4),
mostly ran domly dis trib uted, or, much more rarely, ar ranged to
form a kind of fo li a tion par al lel to the lon ger edges of the mar ble
lenses. In ter est ingly, dark ar rays at these edges are com posed
of bimineralic actinolite-epidote ag gre gates, 1–2 mm long and
roughly oval in shape.

LAYERED MARGINS OF MARBLE LENSES

The mar ble lenses pos sess more or less reg u lar lay ers, up
to a few cm thick, close to the bound ary with the sur round ing
mas sive am phi bo lites, which makes the lens mar gins lay ered
or striped (Fig. 5). Such lay ers dif fer in min eral com po si tion both 
among them selves and from the mar ble host.

In the lay ered mar gin, the in ner most layer 1 is built mainly of
cal cite and scat tered al bite and quartz. Layer 2 is am phi bo lite
which con sists of tschermakite, zoned plagioclase (cores An2–5,
rims An20–23) and epidote/clinozoisite (Ps10–30)

1. Be tween lay ers
1 and 2, lo cally an ad di tional layer 1A oc curs, which is com posed
of cal cite with scat tered actinolite and epidote (Ps12–25) blasts.

Layer 3 is dis con tin u ous (Fig. 5), has unique com po si tion
and porphyroblastic tex ture. In the fine-blastic Mg-chlorite –
clinozoisite (Ps10–40) ma trix, porphyroblasts of subhedral am -
phi bole and epidote (Ps35–40) are ran domly dis persed. The am -
phi bole blasts of layer 3 uniquely dis play blu ish-green

Fig. 2. Marble lenses (dotted outlines) within massive
amphibolite

Abandoned quarry near Szczerba castle, Gniewoszów

1 Ps ratio = mole % of the pistacite molecule (Ca2(Fe,Al)3(SiO4)3(OH)) in epidote; the composition of epidote is expressed in terms of the

theoretical pistacite end-member, Ps = 100 ´ Fe3+/(Fe3+ + Al)
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Fig. 3. Massive amphibolites

A – zoned plagioclase, note Act+EpPs30–40+Rt in clu sions of as sem blage IA in an albitic core, al bite co ex ists with Mg-Hbl, crossed polars; B –
de tails of al bite-oligoclase in ter face, note Olg inter growth with lower-Fe epidote EpPs20–35 and Mg-Hbl of as sem blage IIA, crossed polars; C –
as sem blage IIIA of Mg-Chl and Ttn with Rt rel ics, crossed polars; D – Ilm and Tnt in Mg-Chl+Olg+An as sem blage (IIA), plane po lar ized light;
E – Ilm and Tnt in Mg-Chl+Olg+An ma trix, crossed polars; F – Mg-Hbl (dot ted lines) with EpPs30–40+Cal in clu sions re placed by Mg-Chl,
crossed polars; Ab – al bite, Act – actinolite, Cal – cal cite, Ep – epidote, Ilm – il men ite, Mag – mag ne tite, Mg-Chl – magnesio-chlorite, Mg-Hbl
– magnesio-hornblende, Olg – oligoclase, Rt(Ru) – rutile, Ttn – ti tan ite
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pleochroism and show compositional zon ing from tschermakite
in the cores through winchite to barroisite in the rims
(Fig. 6A–C).

Layer 3 oc curs di rectly at the bor der with mas sive am phi bo -
lite com posed of Mg-hornblende + oligoclase ± epidote (Ps35–40) 
(Fig. 5). The mas sive am phi bo lite dif fers from layer 2 by the ab -
sence of tschermakite. It also dif fers from the (pil lowed)
metabasites that con sist of zoned Ca-am phi boles (actinolite
cores to tschermakite rims) and zoned plagioclase
(Szczepañski and Ilnicki, 2014).

MINERAL ASSEMBLAGES AND TEXTURAL
OBSERVATIONS

Based on the ob served tex tural re la tion ships be tween min -
er als both in the mas sive am phi bo lites and in the am phi bo lite of
layer 2, three min eral as sem blages can be dis tin guished in
these rocks (Ta ble 1):

1. As sem blage IA rep re sented by in clu sions in the al bite
cores of plagioclase blasts, Act/Tr+Ep(Ps30–40)+Rt 
(Fig. 3A, B);

2. As sem blage IIA is the ma jor rock com po nent, com -
posed of Mg-Hbl+Ab+Olg+Ep(Ps20–35)+Opq(Mag+Ilm) 
±Cal±Ttn (Fig. 3A, B);

3. As sem blage IIIA con sists of Mg-Chl+Ttn with Rt in clu -
sions; chlorite ei ther sur rounds Mg-hornblende or ap -
pears as sin gle flakes be tween the min er als of the IIA
as sem blage (Fig. 3C–F).

Fig. 4. Marble with dispersed albite which contains
Act+Ep35–40 inclusions

Ep35–40 – epidote(Ps35–40), other explanations as in Figure 3

Fig. 5. Details of the layered margin of a marble lens, a
transition to surrounding massive amphibolite

In set: gen er al ized sketch pro file show ing po si tion of all lay ers dis tin -
guished within the mar ble (M) and con tact with the am phi bo lite (A);
Amp – am phi bole, Chl – chlorite, Pl – plagioclase, Qz – quartz, Ts –
tschermakite, other ex pla na tions as in Fig ure 3

Fig. 6. Mafic layer 3 in calcite marble

A – Ts am phi bole with Brs+Wnc rim within Mg-Chl-Cal ma trix with
Ep35-40, Ilm and Mag, plane po lar ized light; B – Ts largely re placed
by Wnc+Brs and Ilm set in Mg-Chl, plane po lar ized light; C – BSE
im age of  am phi bole, the Ts core which changes rimwards to Wnc
and Brs; Brs – barroisite, Czo – clinozoisite, Wnc – winchite; other
ex pla na tions as in Fig ures 3–5



Oligoclase out growths on zoned plagioclase grains are in
di rect con tact with Mg-hornblende. The Olg-Hbl pair over grew
the al bite blasts which con tain in clu sions of older epidote
(Ps30–40) (Fig. 3A, B).

In the mar bles, two min eral as sem blages can be dis tin -
guished:

1. As sem blage IM con sist ing of Ep35–40+Cal+Act that are
in clu sions in al bite blasts (Fig. 4),

2. As sem blage IIM, the main rock com po nent, in which,
be tween the dom i nant cal cite grains, Ab+Qz (Fig. 4)
and opaque min er als ac com pa nied by ±Bt and ±Czo
are dis persed.

In layer 3, Mg-Chl + fine-grained Ep (Ps10–40) form a ma trix
in which porphyroblasts of Ts+Ep35–40±Wnc±Brs+Mag+Ilm are
em bed ded (Fig. 3A–C).

In as sem blage IIM, meta mor phic trans for ma tions were not
ca pa ble of equilibrating plagioclase which re mained zonal with
al bite cores and oligoclase rims.

In the mar bles, actinolite and epidote of IM com po si tion do
not oc cur merely as in clu sions in al bite but also form in de pend -
ent ag gre gates char ac ter is ti cally con cen trated close to the
bound aries of the mar ble lenses (Fig. 7). Such ob ser va tions al -
low us to as sume that Ep35–40+Cal+Act of as sem blage IM were
also in equi lib rium with the min er als of the cal cite-dom i nated
as sem blage IIM.

In terms of struc tural ob ser va tions, min er als IA in cluded in
the al bite blasts have some pre ferred ori en ta tion par al lel to the
weak ex ter nal fo li a tion dis played by the am phi boles of as sem -
blage IIA. How ever, in per pen dic u lar sec tions only a ran dom
dis tri bu tion of the in cluded min er als is in ev i dence. These ob -
ser va tions sug gest a constrictional strain ge om e try ow ing to
low L>S type de for ma tion at the time of al bite blastesis and
stron ger S>L type de for ma tion dur ing the for ma tion of the dom i -
nant as sem blage IIA. Ev i dence for strain in the mar ble lenses is 

even poorer. In the al bite blasts, actinolite and epidote in clu -
sions of as sem blage IM are ran domly dis trib uted. Min er als IIM
do not show any pre ferred ori en ta tion ei ther.

In con trast, in the ma trix of unique layer 3, fine-grained
Mg-chlorite and epidote (Ps10–40) along with tschermakite
porphyroblasts are lin early ar ranged par al lel to the mar ble-am -
phi bo lite bound aries (Fig. 5). In per pen dic u lar sec tions, the min -
er als re veal L>S fab ric and constrictional strain, which was
char ac ter is tic of only the early min eral as sem blage IA in the
am phi bo lites. More over, in layer 3, a few epidote
porphyroblasts are ori ented per pen dic u lar to these ar rays
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Min eral
ASSEMBLAGE

IA IIA IIIA IM layer 3

Am phi bole actinolite in clu sions in 
al bite

low- to high-Al
Mg-hornblende – actinolite in clu sions in 

al bite

tschermakitic cores
with barroisitic or

winchitic rims

Epidote epidote (Ps30–40) with
con stant Ps ra tios

epidote cores
(Ps20–35) with rimward
de creas ing Ps ra tio

– epidote  (Ps35–40) with
con stant Ps ra tios

Porphyroblasts

epidote (Ps35–40) with
rimward in creas ing

Ps ra tio

Ma trix

clinozoisite cores
(Ps10) with epidote

(Ps40) rims

Plagioclase al bite (An<2%mol) 

al bite cores (An<2.5)
with oligoclase rims

(An18–28) and in creas -
ing cal cium con tent

– – –

Chlorite – –

chamosite or nimite
sur round ing

Mg-hornblende or 
dis persed

–
sheridanite, nimite
(leptochlorite) or

clinochlore 

Rutile/Ti tan ite rutile in clu sions within 
al bite

dis persed ti tan ite
 in ma trix

rutile in clu sions 
in ti tan ite – rutile in clu sions

within tschermakite

Other –
mag ne tite with

epidote (Ps35) and
clinozoisite (Ps20)

– –

1. il men ite in clu sions
in tschermakite or in

the groundmass

2. mag ne tite in clu -
sions within epidote
(Ps40) or clinozoisite

(Ps10)

T a  b l e  1

Compositional char ac ter is tics of the min eral as sem blages dis tin guished

Fig. 7. Marble, actinolite-epidote aggregates within calcite
background with sparse quartz and Mg-hornblende 

(plane polarized light)

Explanation as in Figures 3–5
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whereas some chlorite blasts are ran dom. Such ob ser va tions
sug gest that the unique as sem blage of layer 3 de vel oped con -
cur rently with the as sem blages IA and IM, thus rel a tively early
in the his tory of the par ent rocks.

In gen eral, the mar bles and the host mas sive am phi bo lites
are not in tensely de formed. This stays in con trast with the
strongly schis tose ad ja cent metarhyolite and mica schist sur -
round ings. There fore, the for mer ap pear as a struc tural pod
which is sig nif i cantly less strained than is its neigh bour hood.

MINERAL CHEMISTRY

Chem i cal char ac ter is tics of the min er als in the rocks stud ied 
and the dis tin guished min eral as sem blages are sum ma rized in
Ta ble 1. All am phi boles in the mas sive am phi bo lites and mar -
ginal mafic lay ers in the mar ble lenses rep re sent the Ca-am phi -
bole group with mi nor sodic-calcic am phi boles (clas si fi ca tion by 
Leake et al., 2004). They be long to the W(OH, F, Cl)-am phi bole
supergroup (clas si fi ca tion af ter Haw thorne et al., 2012) and are
char ac ter ized by rel a tively high magnesian ra tios XMg >0.5
(Fig. 8A and Ap pen dix 1*).

ASSEMBLAGES IA, IM AND IIIA

In as sem blages IA and IM, actinolite in clu sions within the al -
bite blasts have sim i lar com po si tion [Si4+ >7.0, NaB = 0.05–0.15, 
(Ca+Na)B >1.3 pfu]. Fe2+ con tents mark edly de crease in in clu -
sions lo cated in the outer parts of the host al bite blasts (Fig. 8A). 
Poikiloblastic al bite does not dif fer be tween IA and IM, be ing of
al most iden ti cal com po si tion (An1.3–2.5). Iron-rich epidote in clu -
sions in the al bite blasts are char ac ter ized by Ps30–40 in IA and
Ps35–40 in IM.

Am phi bole and plagioclase oc cur in as sem blage IIA but are
miss ing in as sem blage IIM. In IIA, am phi boles are rep re sented
by low- to high-Al Mg-hornblende (Fig. 8A). High-Al am phi boles
are char ac ter ized by in creas ing core-to-rim Altot val ues (cores:
Altot = 2.8; rims: Altot = 3.2 pfu) and a con stant sil ica con tent,
whereas low-Al ones have con stant Altot (ca. 2.2 pfu) with some -
what in creas ing sil ica (+0.7 pfu). MgB in creases to wards the
rims (+1.0 pfu) pro por tion ally to de creas ing FeB. Zoned
plagioclases have al bite cores sim i lar in com po si tion to al bite
IA. The oligoclase rims (An18–28) fur ther re veal zonality marked
by the slightly in creas ing cal cium con tent (An18 ® An28) to wards 
the blast bound aries. In IIA, epidote blasts also re veal zonality,
which is marked by a de crease in the pistacite mol e cule to ward
their rims (Ps30-35 ® Ps20-30).

As ob served in the mas sive am phi bo lites and in layer 2, as -
sem blage IIIA con tains Mg-chlorite which mostly de vel oped by
re place ment of older Mg-hornblende blasts. Its chem i cal com -
po si tion is rather uni form (Ap pen dix 2).

LAYER 3

In con trast, subhedral am phi boles of lay ers 3 are char ac ter -
ized by tschermakitic cores with the XMg ra tio = 0.6–0.7, Si4+ =
5.5–6.5 and the AlIV-[Na+K]A ra tio = 1.5–2.3 (Fig. 8). Their rims
are winchitic or barroisitic (NaM4 = 0.65–0.7 pfu, Si4+ = 7–7.5
pfu, XMg > 0.5, AlIV-[Na+K]A < 0.5 pfu) and NaM4 in creases pro -
por tion ally to the de creas ing CaB value. Plagioclase is ab sent.

Zoned epidote porphyroblasts have Fe-rich cores and Fe
con tents slightly in crease to wards their rims: Ps35–38 ® Ps38–40.
How ever, much stron ger zonality is shown by fine epidote
blasts which co ex ist with chlorite in the chlorite-epidote ma trix
of layer 3. Al though they have sim i lar Fe-rich rims (Ps35–40),
their cores are dis tinctly Fe-poor (Ps10–15). XRD anal y ses
helped to re veal, in the ma trix chlorite of layer 3, ortochlorite
with a sheridanite com po si tion (Si4+ = 3.8–4.2 pfu, XFe = 0.2),
which co ex ists with nickel-bear ing leptochlorite (nimite:
Ni+Mg+AlIV = 6 pfu) or chamosite (Mg > Fe and Mg + Fe = 5
pfu) and tschermakitic am phi bole (Ta ble 1 and Ap pen dix 2).
The chlorite of layer 3 dif fers sig nif i cantly from the Mg-chlorite of 
as sem blage IIIA.

METAMORPHIC REACTIONS

The tex tural re la tion ships and chem i cal com po si tions of the
min eral as sem blages de scribed above were used to de ter mine

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1345

Fig. 8. Classification plots of amphiboles 
from the Gniewoszów metabasites

A – Si4+–XMg clas si fi ca tion di a gram for the calcic am phi boles ana -

lysed; CaB/(CaB + NaB) ³ 0.75 and CaB ³ 1.5 pfu, XMg =
Mg/(Fe2++Mg) (di a gram tem plate af ter Leake et al., 2004); B – the
NaM4 vs. AlIV-[Na+K]A plot with glaucophane/tschermakite vec tors
cor re la tion, re spec tively (di a gram tem plate af ter Schumacher,
2007; mod i fied); IA, IIA, IM – min eral as sem blages (see Ta ble 1)



meta mor phic re ac tions that may have brought about the min -
eral trans for ma tions in the rocks stud ied. The num ber of re al is -
tic re ac tions that may have ac tu ally oc curred is con strained by
the lack of gar net, K-feld spar and bi o tite. The ob served co ex is -
tence of Mg-hornblende- actinolite-al bite with ac ces sory ti tan ite 
and an opaque phase points to the lower am phi bo lite fa cies,
which con curs with the data ob tained for the fo li ated
metabasalts with rel ict pil low struc ture (Szczepañski and Ilnicki, 
2014). How ever, it is un clear what trans for ma tions oc curred to
the orig i nally un der wa ter ex tru sions of pil low bas alts that dur ing
the protolith stage were likely com posed mainly of pyroxene
and plagioclase. Did this pair un dergo early hydration and
meta mor phism un der low P-T and higher pres sure con di tions
dur ing the sub se quent subduction ep i sode? The above-de -
scribed min eral as sem blages and their tex tural re la tion ships
sug gest that the meta mor phic trans for ma tions likely oc curred in 
the fol low ing or der:

The first iden ti fi able as sem blage IA (Fig. 3A) in cluded in al -
bite may have de vel oped due to a re ac tion sim i lar to that de -
scribed by Bucher and Grapes (2011):

Mg-Chl + 4SiO2 + 4Cal + 5H2O = Ep (Ps30–40) + 
 + Act + 4CO2 + 7.5H2

+
[1]

Early Mg-chlorite was likely formed via hydration of
pyroxene and al bite blastesis pre sum ably con tin ued at the ex -
pense of more Ca-rich orig i nal plagioclase.

Un der on go ing pro gres sive con di tions, as sem blage IIA
(Fig. 3B) could de velop ow ing to the re ac tion be tween
actinolite, epidote and rutile of as sem blage IA with al bite (Apted 
and Liou, 1983):

Ep (Ps30–40) + Act + 2Ab + 2Rt + CO2 + H2O = 
= Mg-Hbl + Olg + Ab(2) + Ilm + Ttn(IIA) + Cal

[2]

This re ac tion ex plains the co ex is tence of Mg-hornblende
and unequilibrated zoned plagioclase (Ab core with in clu sions
and Olg rim free of in clu sions), ti tan ite, il men ite and cal cite.

The zonal com po si tion of epidote IIA, marked by Fe-de -
crease to ward the rims, may be ex plained by a con cur rent re ac -
tion (Strens, 1965) that might also pro duce mag ne tite which is
scat tered (Fig. 6A):

10Ep(Ps30–40) + 4H2O = 10Ep(Ps10–20) + Mag + 4H2
+ [3]

Dur ing meta mor phism, Fe2+ ions could be eas ily ox i dized to 
Fe3+.

In layer 3, tschermakite may have been pro duced at the ex -
pense of actinolite, rutile and low-iron epidote (Fig.6A) due to
the re ac tion (Bucher and Grapes, 2011):

Mg-Chl + Act + Czo + 3Ep + Rt = 3.5Ts + 3Cal +
+ Ilm + 2SiO2 + 3.5H2

+
[4]

The barroisite rims on the tschermakitic cores in the blu ish
am phi bole porphyroblasts might de velop by the re ac tion of
tschermakite and epidote (Ps35–40) in the pres ence of al bite
(IIM) as a source of Na (Ernst, 1979; Poli, 1991) de rived from
the im me di ate mar ble sur round ings. Among fur ther prod ucts
would be low-iron epidote/clinozoisite, Mg-chlorite, il men ite and 
cal cite (Fig. 6A–C):

Ts + Ep + Ab(IIM) + Rt + 3SiO2 + CO2 + 8H2
+  +

+ 5Mg2+ = Brs + Ilm + Czo/Ep + Mg-Chl + Cal + 4H2O
[5]

Fur ther more, chlorite and ti tan ite of as sem blage IIIA may
have been pro duced due to ret ro gres sion in the pres ence of
H2O while Mg-hornblende rims IIA were al tered to Mg-chlorite
IIIA (Hunt and Kerrick, 1977; Ahn and Cho, 1998; Fig. 3D–F).
Rel ict rutile IA pre served in the ti tan ite of as sem blage IIIA sug -
gests that the for mer was used to gen er ate the lat ter (Fig. 3C):

Mg-Hbl + 4Rt + 2Cal + 4H2O = Mg-Chl +
+ 4Ttn(IIIA) + 2CO2 + H2

+
[6]

In the mar ble lenses, cal cite ap pears amongst prod ucts of
the re ac tions that formed as sem blages IM and IA. How ever,
most cal cite in the dom i nant as sem blage IIM was likely de rived
from the di rectly recrystallized orig i nal cal cite.

THERMOBAROMETRIC CALCULATIONS

Isopleth thermobarometry. Hav ing iden ti fied min eral as -
sem blages in a rock of known bulk chem i cal com po si tion and
de ter mined re al is tic meta mor phic re ac tions that pro duced
them, one can draw spe cific iso pleths for min er als in a given
ther mo dy namic sys tem. By means of pseudosections, pos si ble 
P-T paths can be re con structed (Fig. 9).

Our anal y sis shows (Ta ble 1) that the mas sive am phi bo lite
rep re sents sys tem NCFMASHTO (Na2O-CaO-FeO-MgO-
 Al2O3-SiO2-TiO2-H2O-CO2). For the rock ana lysed the
whole-rock data were cal cu lated to mole frac tion and fi nally
mole num bers of a par tic u lar ox ide. Wa ter con tent was set to
ex cess. K2O and MnO were omit ted due to their low con tents.
The fol low ing iso pleths were used to per form cal cu la tions: Altot

(pfu), AlM1 (pfu) and SiT5 (pfu) for am phi boles; An% (mol) for
plagioclases; vol.% of sol ids for chlorite. Omphacite (Cpx) has
been also cal cu lated by the soft ware but such pre dic tion is likely 
due to Ca and Mg over abun dance in the bulk-rock com po si tion
(Fig. 9). Theriak Dom ino soft ware in ter prets el e vated Ca and
Mg con tents and SiO2, re leased dur ing re ac tion [4] as
omphacite.

In the mas sive am phi bo lites, the ear li est protolith trans for -
ma tion oc curred prob a bly un der very low-grade con di tions by
re ac tion [1], the prod uct of which has not been pre served in the
rocks stud ied. The old est rec og niz able min eral as sem blage IA
had to be gen er ated al ready un der greenschist fa cies con di -
tions. An in ter sec tion of SiT5, Altot of am phi boles, chlorite vol% of 
sol ids and An% (mol) in plagioclase, in the pres ence of
clinozoisite but ab sence of laumontite, would in di cate 310 ±
30°C and 3–3.5 ± 0.5 kbar (Fig. 9). The tex tural ev i dence cou -
pled with EMPA data show that Mg-Hbl is in con tact with both
Ab and Olg. Iso pleths of SiT5= 6.24-6.35 and AlM1= 0.45 for the
am phi bole in ter sect with iso pleths for al bite (An% (mol) <0.06)
at 460°C and 9.5 kbar. For the Mg-Hbl-Olg pair an in ter sec tion
of the due iso pleths falls at T = 530°C and P = 6 kbar. The lack
of gar net ex cludes tem per a tures >520°C for the pres sure range 
men tioned, thus the P-T peak for layer 3 can be set at max i mum 
520°C and 9–10.5 ± 0.5 kbar. Fol low ing re ac tion [2],
Mg-Hbl+Olg pairs of as sem blage IIA may have de vel oped in
the pres ence of ti tan ite and il men ite, which con curs with the co -
ex is tence of the two over the tight mis ci bil ity field (Fig. 9). This
con firms the es ti ma tions of P-T con di tions at T = 500°–550°C
and P = 5–6.5 kbar for these rocks.

The am phi bo lite lay ers 2 and 3 in the tran si tional zone were
too thin to be an a lysed chem i cally. They had most likely to fol -
low the same P-T path as the sur round ing mas sive am phi bo lite. 
In these lay ers, plagioclase also re mained un sta ble and the tex -
tural re la tion ships in di cate the co ex is tence of al bite and
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hornblende. Be ing aware of all lim i ta tions, we ten ta tively place
the min eral as sem blages of lay ers 2 and 3 against the
pseudosection grid cal cu lated for the mas sive am phi bo lite. The
al bite iso pleths (An% (mol) <0.06) that in ter sect the Si(pfu) and
Al(pfu) iso pleths of the am phi boles in di cate mark edly higher
pres sure than for the Hbl+Olg pairs at a slightly lower tem per a -
ture range of 480–530°C. Uti liz ing these isopleth read ings, the
peak pres sure ex pe ri enced by lay ers 2 and 3 may be es ti mated
at 10.5 ± 0.5 kbar, which is iden ti cal with val ues ob tained for the
mas sive am phi bo lites. This shows that the data for the mafic
lay ers in mar bles and the am phi bo lites are com pat i ble and the
rocks un der went the same P-T path. There fore the min eral as -
sem blage of layer 3 which in cludes Mg-chlorite tex tur ally equil i -

brated with Si-de pleted, Na+Al-en riched barroisite rims on the
tschermakite cores can also be used, and then it in di cates a
pres sure of 9–10.5 ± 0.5 kbar too.

Con ven tional thermobarometry. The above es ti ma tions
were checked against those ob tained uti liz ing con ven tional
thermobarometry for most phases iden ti fied in the rocks stud -
ied. In mafic rocks, the pair Ep(Ps30–40)+Act is gen er ally sta ble
in the range of 300–500°C and 3–5 kbar (Ernst and Liu, 1998;
Perraki et al., 2002; Bucher and Grapes, 2011; Baziotis et al.,
2014). Within such a P-T range, the AlIV in crease in actinolite in -
di cates tem per a ture growth, whereas in creas ing AlVI and
Na(A+B) sug gest pres sure rise still in the greenschist fa cies (e.g., 
Laird and Albee, 1981; Triboulet, 1992; Baziotis et al., 2014).
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Fig. 9. P-T pseudosection calculated for the bulk-rock composition of the massive amphibolites studied in the NCFMASHTO
system (with normalized mole proportions and excess of water)

The ar rows in bold show the P-T path for am phi bo lites, whereas points II’A (Ab) and II’’A (Olg) de note chang ing P-T con di tions dur ing on go -
ing re ac tions [2] and [3]; all points are de ter mined based on the am phi bole and plagioclase iso pleths and ad di tion ally chlorite (% vol ume of
sol ids) for the first stage IA; abbr. af ter Whit ney and Ev ans (2010)



As sem blage Mg-Hbl+ Olg+Ep10–20+Cal is sta ble un der am phi -
bo lite fa cies con di tions (5–8 kbar and 500–700°C). In this as -
sem blage, the in creas ing meta mor phic grade is matched by ris -
ing XMg in am phi boles but de creas ing par ga site com po nent
(Fe3+>AlVI) and Si4+ de crease (Fig. 8A). Barroisitic, winchitic
and tschermakitic am phi boles are more com pat i ble with el e -
vated pres sures.

In the mas sive am phi bo lites, us ing the geobarometer of
Bhadra and Bhattacharya (2007), the pair Mg-Hbl and Ab (XAb = 
0.95) yielded a pres sure of 10.6–10.7 kbar at 480°C whereas
for the pair Mg-Hbl and oligoclase (XAb = 0.73) P-T con di tions
were de ter mined at 6.6–7.4 kbar at a tem per a ture of
520°–540°C (Ta ble 2).

As sem blage IA. For as sem blage IA, Act+Ep paired with al -
bite, the am phi bole-epidote-chlorite geothermometer (Tribou -
let, 1992) was used be cause it re lies on the spe cific cal cu la tion
ap proach that re quires <10 mol% of An in plagioclase and is
valid for low-Ti (Ti <0.1 pfu) am phi boles (Ap pen dix 1), which fits
the case stud ied. Know ing the SiT1, AlIV, AlVI, Fe3+, Fe2+, MgA,B,
CaB, NaM4, NaA

 val ues, the equi lib rium con stant [ln(Kd)] of Act
and Mg-Hbl was cal cu lated at 345 ± 5°C and 3.35 ± 0.5 kbar.
Such a re sult agrees per fectly with that sug gested by the
isopleth method for pres sure but yields slightly higher val ues for 
tem per a ture, yet within the er ror lim its.

Re quire ments set by other geothermobarometers make
them in ap pli ca ble for as sem blage IA. For in stance the method
pro posed by Plyusnina (1982) re quires the pres ence of
hornblende not actinolite. Fur ther more, actinolite is con sid ered
an in ter me di ate mem ber of the solid so lu tion of Mg-rich
tremolite and Fe-rich ferroactinolite (Leake et al., 2004;
Schumacher, 2007). In Ca-rich rocks, actinolite may con tain in -
creased Mg-rich tremolite and de creased Fe-actinolite
end-mem bers as the re sult of free FeMg-1 sub sti tu tion on the C
site (e.g., Najorka and Gottshalk, 2003; Schumacher, 2007). In
the case of the thermobarometric cal cu la tions, in creased
tremolite end-mem ber in actinolite re sults in ob tain ing an over -
es ti mated tem per a ture at the es ti mated cor re spond ing pres -
sure for the known bulk rock (Ilnicki, 2013). EPMA anal y ses re -
vealed that actinolite in clu sions in al bite blasts both in mar bles
and am phi bo lites have el e vated con cen tra tions of the tremolite
end-mem ber (XTr >0.8).

As sem blage IIA. In the case of the unequilibrated
plagioclase of as sem blage IIA in gar net-free am phi bo lites,
meta mor phic con di tions were de ter mined for the Mg-Hbl+Pl
pairs (Ta ble 2). The ac tiv ity co ef fi cients were cal cu lated in pro -
por tion for each end-mem ber in Mg-hornblende. For the es ti -

mated min i mum and max i mum tem per a tures of 450°C and
550°C, rel a tive pres sures of Mg-Hbl+Olg pairs were cal cu lated
(as sum ing a con stant vol ume of rock, DV = 0) at 4.24 kbar and
6.59 ± 0.1 kbar, re spec tively. Pres sure es ti ma tions fol low the
em pir i cal re ac tions given by Bhadra and Bhattacharya (2007),
with WC1 set typ i cally at ~1.0 kJ af ter Hol land and Powell (1992)
(see Ap pen dix 2). The ob tained P-T range of 450°C/4.24 kbar
and 550°C/6.59 kbar is wide, there fore the geo thermo -
barometer de vised by Gerya et al. (1997) was used to get better 
con straints. This is based on the es ti ma tions used by Zenk and
Schulz (2004), namely An% (mol) >10 and Amp = Hbl, which
fits as sem blage IIA (see Ap pen dix 3). This method does not de -
pend on plagioclase com po si tion. Us ing the same EPMA anal y -
ses, the re sults ob tained are 549–589°C and 6.2–7.5 kbar, per -
sis tently giv ing higher tem per a tures but sig nif i cantly lower pres -
sure val ues than the isopleth method. How ever the val ues cor -
re spond well with those ob tained by Szczepañski and Ilnicki
(2014) for the P-T peak con di tions. On the other hand, the
geothermobarometer af ter Plyusnina (1982), which is based
solely on Altot in hornblende and Ca (mol%) in plagioclase,
yielded tem per a tures of 520–540°C, hence sim i lar to those in -
ferred from the iso pleths, and some what higher pres sures be -
tween 6 kbar and 8 kbar, yet still 2–4 kbar lower than the
isopleth data.

INTERPRETATION AND DISCUSSION

THERMOBAROMETRY: P-T PATH

In the mafic rocks stud ied, an in ter sec tion of the am phi bole
and plagioclase iso pleths (Fig. 9) in di cates that as sem blage IA
was formed at 310 ± 30°C and 3.5 ± 0.5 kbar. In as sem blage
IIA, sig nif i cantly vari able com po si tion of the unequilibrated
plagioclase, ex pressed by highly con cen trated iso pleths, when
cou pled with the mod estly vari able Al and Si con tent in am phi -
boles, al lows us to es ti mate a tem per a ture of ~500–550°C and
pres sure in the range of 5–10 kbar for Amp-Ab pairs and
5–7 kbar for Amp-Olg pairs. How ever, the in ter sec tion of the
iso pleths for co ex ist ing al bite and Mg-am phi bole (Fig. 9) yields
pres sures of 9–10.5 kbar and tem per a tures of 480–530°C.
Such higher pres sure con di tions must have been at tained while 
the rocks were un der go ing trans for ma tion by re ac tion [2] which
pro duced Mg-Hbl IIA that ev i dently co ex isted with Ab for an un -
known du ra tion. The re ac tion con tin ued to op er ate in mafic
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Analysis
 

Position
 

As.
 

T
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C] Triboulet

 
P [kbar] Triboulet

 

13.2.4
 

inclusion in Ab – core
 

IA
 

340
 

3.2
 

13.2.5
 

inclusion in Ab – rim
 

IA
 

350
 

3.5
 

13.4.1
 

inclusion in Ab – core
 

IM
 

366
 

3.9
 

13.4.5 inclusion in Ab – rim IM 357  4.0  

13.4.11 inclusion in Ab – core IM 321  2.8  

M
1

13.4.12 inclusion in Ab – rim IM 309  2.7  

Analysis Position As. 
T/ P (Bhadra and 
Bhattacharya)  

T/P   (Zenk & 
Schulz)  

T/P
(Plyusnina)

13.7.7 
Amp rim, pair with Ab 

(XAb = 0.95) 
IIA 480/10.6– 10.7  480/10.24  540/8

13.7.8
 

Amp rim, pair with Olg 
(XAb = 0.73)

 

IIA
 

520 540/6.6 – 7.4
 

495/5.7
 

520/6

13.3.3
 

Amp rim, pair with Olg
 

IIA
 

450 550/4.24 – 6.4
 

589/7.5
 
540/6.5

13.3.5
 

Amp rim, pair with Olg
 

IIA
 

450 550/4.15 – 6.59
 

561/7.1
 

530/6
13.7.9

 
Amp rim, pair with Olg

 
IIA

 
450 550/4.14 – 6.48

 
549/6.2

 
520/6

M
2

13.7.1 Amp rim, pair with Olg IIA 450 550/4.24 – 6.59 584/7.4 520/6

[

–

–
–
–
–

T a  b l e  2

Re sults of con ven tional geothermobarometric de ter mi na tions
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rocks that were be ing ex humed to shal lower depths of ~6 kbar
but failed to equilibrate their min er als. A sim i lar P-T path is dem -
on strated by the Na-am phi bole rims on the tschermakite cores
in layer 3 as well as the rimward in crease of Al and de crease of
Si in am phi boles oc cur ring both in am phi bo lites and mafic lay -
ers at their tran si tion to mar bles. The in creas ing meta mor phic
grade is also cor rob o rated by epidote with a dis crete rimward
de crease of the pistacite mol e cule con tent, yet grow ing ox y gen
fugacity can not be ex cluded (Rötzler et al., 1999). Sim i lar com -
po si tions of Act and Ep/Czo in clu sions hosted by the al bite
blasts in mar bles and in am phi bo lites fur ther sug gest that these
phases were formed un der sim i lar con di tions.

In layer 3, in the Brs+Wnc out growths on the tschermakitic
cores, an in crease of Al and de crease of Si to ward the rims can
be ob served. Such out growths may have de vel oped dur ing a
nearly iso ther mal ep i sode of tran sient max i mum burial to
depths equiv a lent to a pres sure of 9–10.5 kbar. The grad ual
tran si tion Ts ® Wnc ® Brs may have been ac com plished by
the re lease of the cat ion Al3+ from tschermakite (Altot = 4 pfu),
which re placed the Mg2+ cat ion due to ion sub sti tu tion. This
gave rise to the for ma tion of tran si tional winchite (Altot = 1 pfu)
and fi nal barroisite (Altot = 3 pfu) with no as sis tance of other
phases and even tu ally re sulted in compositional zonality of the
Na-am phi bole blasts and their co ex is tence with mag ne tite
(Fig. 6A). Con sid er ing the undersaturation of iron in the bulk
rock com po si tion, cal cu lated P-T con di tions and high XMg val -
ues in the am phi boles and chlorite, we as sume that in layer 3,
the for ma tion of lawsonite or glaucophane and Fe-am phi boles
such as crossite or riebeckite was pre vented. There fore, it is as -
sumed that the phases ob served in layer 3 ac tu ally de vel oped
at a pres sure range of 9–11 kbar.

The pres sure and tem per a ture val ues ob tained by means of 
con ven tional thermobarometry are com pa ra ble with the es ti -
mates ob tained by means of the isopleth method. Some dif fer -
ences are pos si bly caused by a com bi na tion of microprobe in -
ac cu racy and ap prox i ma tion er rors.

In gen eral, the reproducibility of P-T val ues jus ti fies the re -
sults ob tained. The de ter mi na tions for the Mg-Hbl-Olg pairs in
the rocks stud ied are prac ti cally iden ti cal with the es ti ma tions of
the peak con di tions of 560–570°C and 6.4 kbar re ported by
Szczepañski and Ilnicki (2014). These au thors also noted early
meta mor phism of pil low metabasites at 450–500°C and low
pres sures of 1.8–4.2 kbar. Our es ti ma tions for as sem blage IA
sug gest 310 ± 30°C and 3.5 ± 0.5 kbar. The num bers are some -
what dif fer ent, yet the data do in di cate the lower sec tion of the
pro posed P-T path (Fig. 9).

Our re sults de ter mine the apex of the P-T path at 10.5 kbar
(II’A) at tained while the mafic rocks were be ing trans formed by
the on go ing re ac tions [2] and [3]. Re ac tion [2] was im peded by
a tran sient pres sure in crease that al lowed a growth of Mg-Hbl in 
the pres ence of al bite while still pre serv ing in clu sions of as sem -
blage 1A. Meta mor phism went on as pres sure was drop ping at
an al most steady tem per a ture and Mg-Hbl be came ac com pa -
nied by blastesis of Olg and low-Fe epidote (II”A) dur ing the
main meta mor phic ep i sode cli max ing at 540 ± 20°C and 6 ±
0.5 kbar (Fig. 9). How ever, re ac tions [2] and [3] failed to fully
equilibrate the min er als in these rocks, which is shown by the in -
com plete trans for ma tion of Ab to Olg. Such a sit u a tion may
have pos si bly oc curred be cause of the short du ra tion of this ep i -
sode or be cause of a short age of meta mor phic flu ids to as sist
the re ac tions.

Uti liz ing the data for the Mg-Hbl–al bite pair a rel e vant
geotherm is set to ~17°C/km, which is typ i cal of subduction. This
con trolled the meta mor phism of the supracrustal rocks of the

Stronie For ma tion in the pres ent-day west ern limb of the
Orlica–Œnie¿nik Dome. These were pulled down to depths cor re -
spond ing to the lower crust for a time span of un known du ra tion
and then al most iso ther mally ex humed to shal lower depths
where they re mained mod er ately heated in the course of a re -
gional meta mor phic ep i sode at the peak tem per a ture con di tions.

LOCAL AND REGIONAL CONTEXT

In rocks of the Stronie For ma tion (SF) through out the
Orlica–Œnie¿nik Dome, zoned gar net in mica schists re veals a
tem per a ture range of 485°C–625°C and pres sures of
3–7.5 kbar (Murtezi, 2006; Jastrzêbski, 2009; Szczepañski,
2010; Skrzypek et al., 2011a, b; 2014; Štípská et al., 2012).
Less scat tered val ues at the up per limit of this range have been
ob tained for both mafic and fel sic meta vol can ic rocks (Nowak
and ¯elaŸniewicz, 2006; Murtezi, 2006) and for mar bles
(Jastrzêbski, 2009). Such data would sug gest that dif fer ent
parts of the SF were meta mor phosed at dif fer ent crustal
depths. Nev er the less, the over all meta mor phic grade in rocks
of the SF in creases east erly to wards the Variscan collisional
su ture, where the SF rocks were brought into con tact with the
Brunovistulian terrane and heated up to 680°C at a pres sure of
9–10 kbar (Schulmann and Gayer, 2000; Murtezi, 2006;
Jastrzêbski, 2009, 2012).

How ever, in the west ern part of the OSD, quite a dis tance
from the su ture, rocks of the SF were also meta mor phosed at a
pres sure of ~10 kbar yet at a tem per a ture lower by 100–120°C.
Szczepañski (2010), based on the cross ing gar net iso pleths
and sub di vi sion of gar net porphyroblasts into three con cen tric
zones (in ner cores, outer cores and rims), found that mica
schists in the Góry Bystrzyckie (Fig. 1) un der went the fol low ing
peak pres sure con di tions: (1) 580°C/10.2 kbar for the gar net
rims in the north ern part of the unit, (2) 560°C/8 kbar for the
outer gar net cores in the cen tral part of the unit and (3)
552°C/11.3 kbar for the outer gar net cores in the south ern sec -
tion of the unit. This au thor also no ticed that clas si cal
thermobarometry [gar net-plagioclase-mus co vite-bi o tite geo -
baro meter af ter Hoisch (1990) mod i fied by Wu and Zhao
(2006)] yielded slightly higher pres sure val ues for all sam ples
stud ied by him (up to even 10.8 kbar on av er age at 550°C in the 
Gniewoszów area). How ever, in mica schists fur ther west in the
OSD, in an other lo cal tec tonic unit, the Zakletý Ridge (Fig. 1),
Faryad and Kachlík (2013) were able to iden tify gar nets for
which the isopleth in ter sec tions in di cated P/T con di tions of
550°C/20–21 kbar, con di tions that must have oc curred prior to
a sub se quent me dium pres sure over print. More over, in
metatuffite hosted by phyllites of the Nové Mìsto Fold Belt west
of the OSD (Fig. 1), they found zoned gar nets the rims of which
are char ac ter ized by iso pleths that also al low one to in fer HP/LT 
meta mor phism in a range of 11–15 kbar/350–450°C. Such re -
sults ob tained from the two ad ja cent tec tonic units would re -
quire that the phyllites were likely subducted to depths of
35–50 km and the mica schists as deep as ~65 km, all be ing
meta mor phosed along a steep geo ther mal gra di ent of
~10°C/km. Al though dif fer ent by ~7°C/km from our es ti mate,
both data sets tes tify to subduction of sed i men -
tary-volcanogenic protoliths of the en tire MSG, in par tic u lar the
Stronie For ma tion, in the west ern part of the OSD.

Sur pris ingly, no ev i dence of HP meta mor phism was re -
ported from rocks of the MSG be fore Faryad’s and Kachlík’s
(2013) find ings. Winchite and barroisite iden ti fied by us in layer
3 are the first Na-am phi boles found in rocks of the west ern
OSD. They are not orig i nal HP min er als, yet there is no ev i -
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dence that they may have re placed ear lier glaucophane that
over grew a tschermakite in ner core. Tex tur ally winchite and
barroisite are the youn gest outer part of am phi bole blasts that
have older tschermakitic cores. Such zonation does not match
those ob served in min er als of the other mafic rocks stud ied.
Per haps this can be ex plained by the pe cu liar lo ca tion of layer 3 
which has been shel tered within mar bles. In an early meta mor -
phic ep i sode, the car bon ate host may have pro moted a growth
of Ca-am phi bole in stead of actinolite. Un less one as sumes
that, in the mar bles and am phi bo lites, al bite grains with
actinolite+epidote±chlorite in clu sions were de rived from trans -
formed glaucophane, any di rect ev i dence of an early (U)HP ep i -
sode in the evo lu tion of these rocks is lack ing. The tex tural re la -
tion ships do not seem to sup port such trans for ma tion and the
pres ence of glaucophane in mafic rocks. The ob served min eral
as sem blages IIA, IIM and that of layer 3 in the tran si tional zone
from mar ble to mas sive am phi bo lite all con sis tently point to a
pres sure of 9–10.5 ± 0.5 kbar at a tem per a ture of 480–520°C,
the con di tions at tained prior to the meta mor phic peak at
520–530°C/6–6.5 kbar.

Min eral phases ob served in metabasites through out the re -
gion al low one to de ci pher only the lat ter peak con di tions
whereas po ten tial relicts of any ear lier event are lack ing. As
men tioned above, max i mum P-T con di tions es ti mated for
metasedimentary and metavolcanogenic rocks of the MSG in
the west ern OSD vary be tween 500–630°C and 5–11.3 kbar
(Murtezi, 2006; Szczepañski, 2010; Szczepañski and Ilnicki,
2014). An es ti mate of 552°C/11.3 kbar co mes from the outer
cores in gar net grains (Szczepañski, 2010) and is broadly sim i -
lar to our data (10.2 kbar at 580°C). A con sid er able scat ter of
P-T val ues was ex plained by Szczepañski (2010) by in vok ing
three dif fer ent meta mor phic zones in the re gion. How ever, our
data come from one ex po sure and can not be ex plained by any
meta mor phic zonation. More over, such zonation would re quire
sys tem atic meta mor phic map ping which is still to be done in the 
re gion. Nev er the less, Szczepañski’s (2010) ob ser va tion in
metapelites is com pat i ble with our re cord for the mar -
ble-metabasite as so ci a tion and is in line with our es ti mates of
higher pres sure up to ~11 kbar at tained prior to the tem per a ture 
peak. Faryad’s and Kachlík’s (2013) re sults also cor rob o rate an 
early HP event ex pe ri enced by the MSG. How ever,
Szczepañski and Ilnicki (2014) claimed early meta mor phism of
the pil lowed metabasalts at 450–500°C and 1.8–4.2 kbar,
which is in strik ing con trast to the above-men tioned find ings but
may be eas ily ex plained by shuf fling of tec tonic slices ex humed
from var i ous struc tural lev els, which is an op tion ad vo cated by
us. There fore, we con sider all of the re ported data to be valid
and scat tered P-T es ti mates in a range of 300–630°C at
1.8–11.3 kbar do not ne gate them. This is in line with our ob ser -
va tions of in tense tec tonic de for ma tion of the Stronie Fm. (SF)
supracrustal rocks that un der went mul ti ple fold ing and shear ing 
which even tu ally brought into con tact rock units/tec tonic slices
that were de formed and meta mor phosed at dif fer ent depths
within a subducted com plex. There fore, no uni form P-T data
can be de ter mined for the MSG.

The P-T path con structed for the min eral as sem blages
iden ti fied in the mar ble-am phi bo lite as so ci a tion (Fig. 9) pre dicts 
(1) a low-grade event at ~310°C /3.5 kbar (IA), (2) sub se quent
subduction down to ~500°C /10.5 kbar (II’A) fol lowed by (3)
nearly iso ther mal de com pres sion (II’’A), and then (4) ret ro gres -
sion back to greenschist fa cies. It may be as sumed that
Szczepañski and Ilnicki (2014) were able to spot our events 1, 3 

and 4, whereas Szczepañski (2010) and Faryad and Kachlík
(2013) man aged to re cord events 2 and 3, still on a sim i lar P-T
path fol lowed by the Stronie Fm. rocks in the west ern OSD.
Such a steep path (Fig. 9) clearly in di cates that the MSG rocks
on the west ern limb of the OSD were subducted to a depth of
30–35 km, some of them pos si bly even more deeply but for a
rel a tively short time span, and then be came nearly iso ther mally
ex humed to mid dle crustal depths, where they were de -
formed/sheared and heated long enough to oblit er ate al most all 
ear lier min eral as sem blages, and the oblit er a tion con tin ued
dur ing a sub se quent greenschist over print. Our re sults to gether 
with Szczepañski’s (2010) data seem to sug gest that the
subduction in the Góry Bystrzyckie rocks was pos si bly nei ther
as cold nor as deep as re vealed by Faryad’s and Kachlík’s
(2013) data from the Zakletý Ridge fur ther west in the OSD.

How ever, relicts of early events, if very scarce in the rocks,
may have been over looked in the course of mi cro scopic ex am i -
na tion or else elim i nated by ex ten sive recrystallisation and
equil i bra tion dur ing the peak meta mor phism. The lat ter pos si -
bil ity seems to be prompted by our study. In lay ers 2 and 3 en -
closed in the mar ble lenses and in the ad ja cent mas sive am phi -
bo lite, such recrystallisation was ev i dently less ef fec tive, which
left the rocks unequilibrated with leg i ble re cords of ear lier
(pre-peak) min er al ogy. This may have oc curred be cause the
mar bles acted as a shel ter that pre vented mafic ma te rial en -
closed in them from be ing ex posed to the ac tiv ity of meta mor -
phic flu ids which ap par ently as sisted the peak event and helped 
to com plete min eral trans for ma tion else where. Fur ther more, as 
the mar bles are sur rounded by am phi bo lites which also pos -
sess unequilibrated min eral as sem blages, it fol lows that meta -
mor phic trans for ma tions dur ing the peak event were not uni -
form through out the re gion and left some rock do mains less
thor oughly recrystallised. In the area stud ied, the metabasites
are in con tact with schis tose metarhyolites that only carry a re -
cord of the peak con di tions at 500–550°C/6–7 kbar (Murtezi,
2006). The strong fo li a tion in the lat ter cer tainly pro moted the
ac tiv ity of pen e trat ing meta mor phic flu ids, the cir cu la tion of
which was, how ever, mark edly im peded in the mas sive mafic
do main that en closed the mar bles. Such do mains sur vived as
less de formed and less meta mor phosed pods within in tensely
schis tose and sheared bulk sur round ings, which agrees with
the ear lier-men tioned ob ser va tions of the struc tural re la tion -
ships in the area. Micro struc tures in the rocks stud ied show that
the low de for ma tion of the rocks was ac com plished in a
constrictional re gime (L>S tectonite) at the time of al bite
blastesis (IA, IIA), which was fol lowed by slightly stron ger S>L
type de for ma tion when oligoclase and Mg-hornblende (II’’A)
recrystallised. These ob ser va tions sug gest that the HP event
was likely as so ci ated with constrictional strain which may have
been re lated to subduction chan nel flow. Re cords of such an
event may have been also pre served in rocks at the hinge
zones of larger-scale folds where the constrictional strain oc -
curred (¯elaŸniewicz et al., 2013).

The unique min eral com po si tion of layer 3 is thought to re -
flect a low ac tiv ity of meta mor phic flu ids in the car bon ates,
which were pro tected by the mas sive metabasite. In the Ca-rich 
do main, Ca-am phi bole-like tschermakite grew in an early meta -
mor phic phase and then was re placed by Na-bear ing am phi -
boles when pres sure in creased. Mg-chlorite in layer 3 was not a 
ret ro grade phase but de vel oped by re ac tion [6] and thus ac -
com pa nied the Na-am phi boles.



In the re gion, the greenschist over print is ubiq ui tous, yet in
the rocks stud ied  it is in sig nif i cant, be ing marked only by sin gle
flakes of chlorite of as sem blage IIIA. Such weakly ex pressed
ret ro gres sion con curs well with the lim ited in flu ence of meta -
mor phic flu ids on the rocks stud ied which formed a less de -
formed and meta mor phosed pod, rel a tively tightly iso lated from
the schis tose sur round ings. Be yond the stud ied pod, in most
rocks of the re gion, recrystallization dur ing the peak meta mor -
phism was likely ef fi cient enough to erase re cords of ear lier
meta mor phic events.

In the mafic lay ers stud ied in mar bles as well as in the host
mar bles and ad ja cent am phi bo li tes, sim i lar min eral as sem -
blages de vel oped un der the early greenschist fa cies con di tions. 
Such sim i lar ity sug gests that the car bon ate-ba sic protoliths of
these rocks were orig i nally in ter min gled and had a com mon
meta mor phic his tory. This is in line with a reef-re lated or i gin of
mar bles in the OSD pro posed by Koszela (1997) whose
lithostratigraphic re con struc tions al lowed an in fer ence that the
reefs de vel oped on slopes of re peat edly ac tive vol ca noes. At
Gniewoszów, the mar ble lenses likely rep re sent reef de bris em -
bed ded in a vol ca nic ed i fice.

The car bon ate rocks might have been orig i nally in cor po rated
into bas alts in few ways: (1) on ex trud ing ba saltic lava en trapped
car bon ate xe no liths from wall rocks, (2) out pour ing lava en gulfed
reef frag ments de tached from un der wa ter biostromes, or (3) car -
bon ate pre cip i tat ing from sea wa ter were be ing de pos ited si mul ta -
neously with ex tru sions of ba saltic lava. In the case of mech a -
nisms (1) or (2), which we pre fer, the mar ble-am phi bo lite bor der
would be shaped by ther mal con tact/metasomatic pro cesses and
such trans for ma tions hap pened di rectly af ter the in cor po ra tion of
car bon ate lumps into ba saltic lava whereas sub se quent trans for -
ma tions of the two con trast ing rock types took place dur ing re -
gional meta mor phism, in clud ing the in ferred higher pres sure
event. We are in fa vour of op tion (2) be cause of the pres ence of
scat tered quartz grains which sug gests some ad mix ture of clastic
mat ter be tween lava and car bon ate lumps whereas actinolite and
epidote grains scat tered in the outer por tions of the mar ble bod ies
as well as tiny iso lated Act-Ep-Cal pods (Fig. 5) sug gest some in -
put of mafic volcanogenic mat ter col lected by po rous reef car bon -
ate. In cor po ra tion of such mat ter was most likely fur ther as sisted
by metasomatic ex change of el e ments at the bor der zone be -
tween the car bon ate reef lumps and hot mafic lava in an aque ous
sub ma rine en vi ron ment. It is even pos si ble to spec u late that so -
dium in the mar ginal unique layer 3 came from the sea wa ter yet
de tails of the pro cess are be yond the scope of this pa per. Nev er -
the less, rocks of the mar ble/am phi bo lite in ter face de scribed then
un der went the re gional meta mor phism and were prone to re cord
and pre serve the min eral as sem blages that de vel oped at higher
pres sure con di tions and sur vived later over prints.

CONCLUSIONS

The mar ble-am phi bo lite in ter face stud ied re corded con -
tact/metasomatic and re gional meta mor phic pro cesses that oc -
curred at the bound ary be tween car bon ate reef de bris and ba -
saltic pil low lava/pyroclastic flow rocks. The in ter face em braces 
up to three mafic lay ers at the mar gin of the mar ble lens and the 
Mg-Hbl mas sive am phi bo lite which is tran si tional to the coun try
pil lowed Ca-am phi bole metabasites. In the in ter face rocks,
zoned plagioclase and am phi bole oc cur with in clu sions, which
al lowed iden ti fi ca tion of three con sec u tive min eral as sem -
blages. These point to three P-T stages on the pro gres sive
meta mor phic path at: (1) 310°C/3–4 kbar, (2)
480–500°C/10.5 kbar, (3) 500–530°C/6–6.5 kbar, based on
isopleth in ter sec tions and checked against con ven tional
thermobarometry. The data ob tained de fine a steep clock wise
P-T path and geo ther mal gra di ent of ~17°C/km, which sug gest
the subduction of metavolcanosedimentary rocks (Stronie For -
ma tion of the MSG) of the west ern limb of the Orlica–Œnie¿nik
Dome, with a tran sient yet dis crete higher pres sure ep i sode.
Min eral ev i dence for such an ep i sode was also re ported from
mica schist in part of the dome and from metabasite of the ad ja -
cent Nové Mìsto Belt (Faryad and Kachlík, 2013). The scar city
of  min eral relicts ca pa ble of show ing a HP event in the
supracrustal rocks of the dome is pre sum ably caused by  more
thor ough equil i bra tion and oblit er a tion dur ing the tem per a ture
peak at mid-am phi bo lite fa cies con di tions and a sub se quent
ubiq ui tous greenschist fa cies over print. Less equil i brated relicts 
can be ex pected in less strained pods, the rocks of which were
thus pre vented from more in tense de for ma tion that is ev i dent in
the zon ally sheared sur round ings. The rocks stud ied with the
mar ble-am phi bo lite in ter face at Gniewoszów be long to one of
such pods and these are iden ti fi able else where in the dome.
Search ing for (U)HP min eral relicts in supracrustal rocks of the
M³ynowiec–Stronie Group should un doubt edly be con tin ued for 
better un der stand ing of the evo lu tion of the Orlica-Œnie¿nik
Dome and ad ja cent units in the Sudetes.
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