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Brunovistulia is a com pos ite terrane of Gond wana de scent that even tu ally was accreted to the SW mar gin of Baltica, cen tral
Eu rope. It is built of metagneous and metasedimentary rocks that orig i nated mainly be tween 650 and 550 Ma. How ever in
the Up per Silesian part of Brunovistulia, much older frag ments have been drilled, which yielded U-Pb zir con ages be tween
2.75 and 2.0 Ga. They have been in ter preted as an “ex otic” con stit u ent of the Brunovistulia superterrane, named the
Rzeszotary Terrane. Our geo log i cal and geo chem i cal stud ies of the Rzeszotary bore hole cores yielded new data on the
com po si tion, prov e nance and evo lu tion of that terrane. Pre cur sors of the Rzeszotary com plex were sep a rated from the de -
pleted man tle prior to or around 3.2–3.0 Ga. At 2.75–2.6 Ga, a ju ve nile mag matic arc ed i fice formed, be neath which oce anic
litho sphere was subducted. De com pres sion melt ing of the man tle brought about tholeiite mag mas of IAT/MORB com po si -
tion with LILE ad di tions. Tonalitic and trondhjemitic pre cur sors of gneiss es pres ent to day were formed at that time, prob a bly
due to par tial melt ing of man tle-de rived wet bas alts at the base of the is land arc. Around 2.0 Ga, the arc col lided with an un -
spec i fied cratonic mass and was sub ject to orogenic de for ma tion, meta mor phism and migmatization. The en tire arc ed i fice
was then strongly short ened and forced down to depths equiv a lent to ~6–12 kbar where the rocks un der went contractional
de for ma tion and meta mor phism (~500–700°C). Tonalites and trondhjemites were changed to gneiss es, and basites to
epidote- and gar net am phi bo lites. These rocks un der went syntectonic migmatization through the mech a nism of seg re ga -
tion/dif fer en ti a tion in the pres ence of flu ids and in cip i ent par tial melt ing. Synmetamorphic short en ing of the rock pile, which
led to fold ing and het er o ge neous de vel op ment of shear zones with thrust ki ne mat ics, ter mi nated with in tru sions of K-gran ites 
at 2.0 Ga, be ing fol lowed by some brit tle-duc tile de for ma tion of un con strained tim ing. The 2.0 Ga event may have been con -
nected with the 2.1–1.8 Ga global amal gam ation of the Paleoproterozoic supercontinent of Co lum bia. Later the fu ture
Rzeszotary Terrane was de tached from the Gond wana main land, re as sem bled and even tu ally, in the Neoproterozoic, it be -
came part of the fore land of the Cadomian Orogen in Cen tral Eu rope.
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INTRODUCTION

Brunovistulia (Dudek, 1980; Fin ger et al., 2000; Kalvoda et
al., 2003, 2008; ¯elaŸniewicz et al., 2009, 2020; Jastrzêbski et
al., 2021) is a com pos ite terrane of Gond wana af fin ity that
even tu ally was accreted to the SW mar gin of Baltica, Cen tral
Eu rope (Fig. 1). It is only partly ex posed in the east ern Czech
Re pub lic and south ern Po land. Sim i lar i ties to units far ther SE,
in Moesia (Ro ma nia) and in the Is tan bul-Zonguldak area (Tur -
key), al low spec u la tion that these may link be neath the
Carpathian nappes, a model ver i fi able only by subsurface geo -
log i cal and geo phys i cal in ves ti ga tions (Haydutov and Yanev,
1995), or at least form a Brunovistulian group of ter ranes
(Kalvoda and Bábek, 2010). In NW Brunovistulia, most of the
parts al ready stud ied are built of metaigneous and metasedi -
mentary rocks that orig i nated be tween 650 and 550 Ma (Fin ger

et al., 1995, 2000; Friedl et al., 2000; Oberc-Dziedzic et al.,
2003; ̄ elaŸniewicz et al., 2005, 2009; Jastrzêbski et al., 2021).
How ever in the Up per Silesian part of Brunovistulia (Fig. 1A),
much older com po nents have also been found, whose rocks
yielded U-Pb zir con ages be tween 2.75 and 2.0 Ga (¯elaŸ -
niewicz and Fan ning, 2020). Ac cord ingly its tectonothermal
evo lu tion may be traced back to the Paleoproterozoic, which
makes a strik ing con trast with the rest of Brunovistulia. On ac -
count of this and in view of the lack of youn ger duc tile re work -
ing, the old est frag ment was in ter preted as one more ‘ex otic’
con stit u ent of the Brunovistulia superterrane (Fig. 1) and re -
ferred to as the Rzeszotary Terrane (¯elaŸniewicz et al., 2009,
2020; Jastrzêbski et al., 2021). This study fo cuses on rocks of
the Rzeszotary Terrane and is aimed at shed ding more light on
their com po si tion, prov e nance and evo lu tion.

GEOLOGICAL FRAMEWORK

In the north east ern part of Brunovistulia (=  the Up per
Silesia Block, Fig. 1B), SW of the Kraków–Lubliniec Fault Zone
(= bor der be tween Brunovistulia and Ma³opolska), crys tal line
rocks were en coun tered subsurface in a base ment el e va tion
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re ferred to as the Rzeszotary Horst (Konior, 1974; Heflik and
Konior, 1974; Bu³a, 2000; ̄ elaŸniewicz et al., 2009). The base -
ment was first dis cov ered in 1909 in bore hole Rzeszotary 1,
south of Kraków (Fig. 1C). At its bot tom (830–837 m),
greenschists and mus co vite orthogneisses were re corded. Nei -
ther the po si tion and or i gin, nor sig nif i cance, of those rocks was
clear as they might have rep re sented a solid base ment or, al ter -
na tively, tec tonic xe no liths in cor po rated within Carpathian
thrust sheets dur ing the for ma tion of Mio cene nappes
(Petrascheck, 1909; Nowak, 1927). The rocks were found di -
rectly be neath 30 m of con glom er ates and cal car e ous sand -
stones, with clasts of quartz and mica schist, that pass up wards
into white lime stones with re mains of Ju ras sic echinoderms
(Petrascheck, 1909). In 1960–61, bore hole Rzeszotary 2 (Rz 2) 
was drilled 200 m east of the old one. In Rz 2, nearly 120 m of
the crys tal line base ment (top at ~845 m b.t.l.) was pen e trated
be low the Mid dle Ju ras sic–Cre ta ceous plat form cover which in
turn is over lain by Mio cene de pos its of the West Carpathian
foredeep and topped tec toni cally by West Carpathian nappes

of the Al pine sys tem (Burtan, 1962). In the Rzeszotary Horst,
crys tal line rocks, mainly fel sic gneiss es and gran ites, were also
drilled in sev eral other bore holes nearby (Fig. 1C). Lower Cam -
brian shal low ma rine clastic rocks were found to the west, and
De vo nian lime stones to the east, of the horst (Konior, 1974;
Bu³a, 2000). The horst may have de vel oped around the
Ediacaran–Cam brian tran si tion as in di cated by the pres ence of
ad ja cent highly ma ture Lower Cam brian sand stones, and re -
mained ex posed un til the Si lu rian. Al ter na tively, the horst
emerged in the De vo nian and stayed tem po rarily con cealed. In
few other bore holes in the area, the top of the base ment rocks
was reached at a depth of ~2100 m, which points to ex ten sive
block tec ton ics within the horst it self (Fig. 1C).

Fel sic gneiss es, ubiq ui tously drilled in the Rzeszotary Horst, 
form at least the up per layer of the Pre cam brian bed rock di -
rectly be neath the Phanerozoic sed i men tary cover (Fig. 1C).
Am phi bo lites were found only in one (Rz 2) of those bore holes
(Konior, 1974). How ever the pres ence of mafic bod ies deeper
in the crust is prob a ble. Po ten tial field data sup port such a pos -
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Fig. 1A – lo ca tion of Brunovistulia (box) within a tec tonic sketch of Cen tral Eu rope; B – ter ranes in Brunovistulia; C – 
the Rzeszotary Horst (light grey) with the top part (white) ex posed at the Ju ras sic palaeosurface, flanked by

De vo nian car bon ates (grid)

 Rz 2 bore hole (dot), other bore holes (squares), mod i fied af ter Konior (1974) and ¯elaŸniewicz and Fan ning (2020); AF –
Alpine Front, EEC – East Eu ro pean Craton, D – Dobrogea, KLF – Kraków–Lubliniec Fault Zone, MA – Moesia, MTZ –

Moldanubian Thrust Zone, PS – Pieniny Klippen Belt, VF – Variscan Front
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si bil ity, al beit am big u ously. On gravimetric maps (Królikowski
and Petecki, 1995), a lo cal, ~N–S elon gate high (3–4 mgal) per -
fectly over laps with the in ferred Rzeszotary horst area. In con -
trast, on mag netic maps (Cieœla et al., 1993), this area co in -
cides with a dis tinct low (~–50 nT), whereas a mag netic high
(~100 nT) oc curs west of this low and of the horst. How ever,
De vo nian diabases also oc cur in the area, and so the high may
have been pro duced by them and not by the Pre cam brian
metabasites. In view of that, we pre sume that the Pre cam brian
crust is dom i nated by fel sic rocks which al ter nate ver ti cally/lat -
er ally with sub or di nate mafic rocks. It seems that in Rz 2, the
am phi bo lite body is shal low enough to be de tected in the
gravimetric pat tern but not vo lu mi nous enough to be matched
by the mag netic pat tern; thus the body is prob a bly rel a tively
thin, be ing set in dom i nantly fel sic sur round ings.

Zir cons from the fel sic gneiss es have yielded U-Pb
SHRIMP ages around 2.75–2.6 Ga (cores and sin gle grains)
and ~2.0 Ga (rims and sin gle grains). The older ages are in ter -
preted as the time of or i gin of the gneiss pre cur sor, whereas the 
youn ger ages in di cate meta mor phism and migmatization.
Late-orogenic unfoliated K-gran ite was emplaced in an exten -
sional re gime, which ter mi nated the 2.0 Ga event. More de tails
can be found in an ear lier com pan ion pa per (¯elaŸnie wicz and
Fan ning, 2020).

METHODS

Rock sam ples were col lected from bore hole cores (Æ 9 cm). 
Sam ples crushed for zir cons were also an a lysed
geochemically. Their weight var ied be tween 3.5 kg (fel sic
rocks) and 6 kg (mafic rocks). Be fore crush ing, thin sec tions
were pre pared for mi cro scopic and EPMA anal y ses and sup -
ple mented by those cut from ad di tional small sam ples (30) that
rep re sented the main rock types.

Whole-rock ma jor el e ment and trace el e ment anal y ses
were car ried out in Ac ti va tion Lab o ra to ries, Ltd. in Ancaster,
On tario, Can ada, via ICP-OES and ICP-MS tech niques fol low -
ing lith ium metaborate-tetraborate fu sion of each sam ple at
their fa cil ity. Sm-Nd iso to pic com po si tions and abun dances
were mea sured in the same lab in static mode by Multi-Col lec -
tor ICP-Mass Spec trom e try. Com po si tions of con stit u ent min er -
als were de ter mined by EPMA in the lab of War saw Uni ver sity
us ing a CAMECA SX-100 with 15KV volt age and 12 nA cur rent. 
Rep re sen ta tives of each of these rock types were ana lysed
(Ap pen dix 1*). GCDkit 3.0 soft ware (Janoušek et al., 2006) was
used for draw ing most of the geo chem i cal di a grams, cal cu la -
tions of ac ces sory min eral sat u ra tion tem per a tures for fel sic
rocks, and for cal cu la tions of Sm-Nd iso to pic pa ram e ters.

P-T con di tions of the for ma tion of min eral as sem blages in
the am phi bo lites were es ti mated uti liz ing clas sic geothermo -
barometric meth ods de vel oped by Hammarstrom and Zen
(1986), Schmidt (1992), Hol land and Blundy (1994) and Ravna
(2000) and as sessed by ther mo dy namic mod el ing with use of
THERMOCALC 3.33 (Hol land and Powell, 1998, dataset 55).
For the ther mo dy namic mod el ing of the am phi bo lite sam ples,
Na2O-CaO-FeO-MgO-Al2O3-SiO2-H2O-TiO2–Fe2O3 (NCFMA -
SHTO) sys tem was used. This was con sid ered to well re flect
the chem i cal sys tem of the am phi bo lites stud ied be cause of
neg li gi bly small quan ti ties of K2O (<0.63 wt.%) and MnO

(<0.21 wt.%) and lack of K-feld spar, K-bear ing micas and
Mn-rich gar nets in the min eral com po si tion (Ap pen dix 1). Ac tiv -
ity–com po si tion mod els for the NCFMASHTO sys tem fol lowed
those rec om mended on the THERMOCALC doc u men ta tion
page (avail able in 2019). Microprobe re sults and the A-X mod -
els used for anal y ses are listed in Ap pen dix 2. The amount of
fer ric iron within the bulk com po si tion was es ti mated at 5% of
to tal Fe in both sam ples. Fe2O3 val ues were thus es ti mated at
0.46 wt.% in sam ple A1 and 0.74 wt.% in sam ple A2. Phase di -
a grams were cal cu lated with H2O in ex cess.

CHARACTERISTICS OF CRYSTALLINE ROCKS
 IN THE RZESZOTARY 2 BOREHOLE

In Rz 2, crys tal line rocks were drilled at a depth in ter val of
847.5–965.1 m1 (Fig. 2). An orig i nal de scrip tion of the bore hole
log was pub lished by Burtan (1962). Di rectly be neath the Ju ras -
sic cover, chlorite-mus co vite schists with feld spar lenses
(845.7–882.1 m) were re ported which graded down wards to
coarse-grained mus co vite schists with feld spar veinlets and
then to two-mica feld spar gneiss es (882.1–886.3m). Deeper in
the log pro file, am phi bo lites with “feldspathic in jec tions”, am phi -
bole gneiss es with mica schist in ter ca la tions and coarse-
 grained gar net am phi bo lite were ob served (886–952 m). In the
deep est in ter val (952–965.1 m), mus co vite schists with abun -
dant pink feldspathic in jec tions and arterites (sensu Sederholm
– Mehnert, 1968) were de scribed, the schists be ing af fected by
tec tonic move ments. The rocks drilled were in ter preted as a
pre-Hercynian se ries of “more or less diaphtoretically al tered
am phi bo lites and gneiss es in jected with feld spars and sub -
jected to granitization, likely form ing a man tle to a more deeply
seated gran ite body” (Burtan, 1962).

Re cent re-in spec tion of the Rzeszotary 2 bore hole cores
has shown that the above gen er al iza tion re quires some re vi -
sion. In the ~120 m long sec tion, poorly to strongly fo li ated,
partly migmatized am phi bo lites and a va ri ety of fel sic gneiss es
and gran ites oc cur. Their re la tion ships are shown in the re con -
structed log pro file (Fig. 2). The crys tal line rocks are over lain
un con form ably by a ~10 m thick layer of grey, coarse to me -
dium-grained calcarenite (Ju ras sic?) which con tains some
clasts of weath ered mafic and fel sic rocks, and then by zon ally
brecciated crinoidal lime stones of mid-Ju ras sic age.

MAFIC ROCKS

The am phi bo lites are poorly to lo cally strongly fo li ated rocks 
(Fig. 3). In min eral com po si tion, am phi bole pre vails over plagio -
clase whereas epidote, ti tan ite, gar net and cal cite oc cur as ac -
ces so ries, though in widely vary ing pro por tions.

Vol u met ri cally dom i nant am phi bo lite type 1 (A1) is a mas -
sive coarse to me dium-grained gar net-poor rock, prob a bly de -
rived from a gabbroic protolith (Figs. 2 and 3A, B). It con sists of
slightly compositionally zoned min er als: Ca-am phi bole (Mg# =
0.66core®0.61rim; Si+4 = 6.71c®6.48r a.p.f.u.), plagioclase
(An22c®5r), epidote (Ps5.7c®3.7r), ti tan ite, ± ac ces sory gar net
(Alm58®56-Grs29®27-Prp12®11)

2 and ± cal cite. The am phi bole
ranges in com po si tion from mainly com mon magnesio-horn -
blende to magnesio-ferro-hornblende and par ga site (Leake et
al., 1997; Haw thorne et al., 2012). Plagioclase in the ground -
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basement rocks in the horst are no longer available. 
2 Abbreviations of mineral names after Whitney and Evans (2010).
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mass is less calcic (An17c®5r) than the plagioclase (An22c®11r)
in cluded oc ca sion ally in the am phi bole grains. While the cores
of Pl grains con tain abun dant in clu sions of ran domly to di rec -
tion ally ar ranged epidote, the albitic rims are in clu sion-free
(Fig. 3B). In am phi boles, in clu sions mainly of drop-like quartz
and plagioclase, ti tan ite, epidote and mi nor cal cite are pres ent.
Cal cite oc ca sion ally also oc curs in the ma trix, or forms veinlets
ac com pa ny ing ret ro grade shear zones.

Am phi bo lite type 2 (A2) oc curs mainly in the lower por tion of 
the bore hole (~920–965 m). In con trast to am phi bo lite type 1,
this is a rel a tively fine-grained rock, pre sum ably de rived from
ba saltic protolith (Figs. 2 and 3C, D). As com pared to A1, it is
com posed of sim i lar Ca-am phi bole (Mg # =0.64c®0.46r,
Si4+=6.87c®6.61r), plagioclase (An20–10, small groundmass
grains: An6–3) and abun dant gar net (Alm55c®59r-Grs23c®20r-
Prp18c®16r), with sig nif i cantly scarcer epidote, ti tan ite and ± cal -
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Fig. 2. Re con structed lith o logic log of the Rz 2 bore hole

Sampled sites with pic tures of the sam ples and lo ca tion of thrust shears, cataclastic/mylonitic zones and
nor mal faults are shown



cite. The am phi bole clas si fies as Mg-Fe-hornblende to par ga -
site (Leake et al., 1997; Haw thorne et al., 2012). Larger
oligoclase grains are embayed or intergrown with quartz and in
the cores con tain in clu sions of epidote (Ps20–14), drop-like
quartz, hornblende and gar net.

In one sam ple of am phi bo lite type 2, magnesio-ferri-
hornblende (ferro-hornblende, magnesio-horn blende, par ga -
site) and al bite (An6–3) are ac com pa nied by epidote of bi modal
com po si tion (Ps20–14, 4–3) and re versely zoned gar net
(Alm61c®54r-Grs21c®29r-Prp9c®15r). Fur ther more, in the Mg-horn -
blen de, there are some lighter spots whose com po si tion clas si -
fies them as ferrosadanagaite (Mg# = 0.004–0.007, Si4+ = 5.66,
(Na+K)A = 0.36–0.37) and pale green ish rims of actinolite and
ferro-actinolite (Mg# = 0.48–0.53, Si4+ = 7.35–7.53, (Na+K)A =
0.14–0.24) in the clas si fi ca tion of Leake et al. (1997) and Haw -
thorne et al. (2012).

Am phi bo lites of type 3 (A3) are mesoscopically dis tin guished 
by the pres ence of fel sic streaks and stripes that ap pear in a rock
groundmass sim i lar to am phi bo lite type 1 (Figs. 2, 3 E, F and 5E;
¯elaŸniewicz and Fan ning, 2020: fig. 5). Strip ing zon ally de vel -
ops into more or less reg u lar pla nar syntectonic lay ers (Fig. 5A),
com posed mainly of com monly elon gated plagioclase
porphyroblasts (with Hbl, Grt, Ep, Ms, Qz in clu sions) as so ci ated
with quartz, the two be ing var i ously ac com pa nied by large
epidote prisms, ob late epidote ag gre gates, am phi bole blasts,
white mica flakes and gar net (Fig. 3F). Such fea tures ap pear as
fo li a tion-par al lel leucosome/neosome por tions which de fine a
migmatitic char ac ter in the A3 am phi bo lites and may even tu ally
en large to form up to sev eral cm-thick bands of hornblende
gneiss with sharp of dif fuse in ter face against mafic mesosome,
palaeosome or melanosome (Figs. 5A, E, F and 6A, B).

FELSIC ROCKS

The fel sic rocks are rep re sented by: plagioclase-mus co vite
gneiss es, epidote gneiss es, pink ish gran ites and leucoso -

mes/neosomes and hornblende gneiss es in migmati zed do -
mains. They dif fer from one an other in their min er al ogy, fab ric
and var ied pro por tions of the rock-form ing and ac ces sory min -
er als.

Plagioclase-mus co vite gneiss es (Pl-Ms-gneiss), pre dom i -
nant in the up per por tion of the drilled in ter val (Figs. 2 and 4A,
B), are com posed of plagioclase (An12c®3r) and quartz with sub -
or di nate phengitic mus co vite (Si apfu = 3.17c®3.27r), mi nor
cal cite and rare epidote (Ps14–15). Mi nor al kali feld spar with a
low Na-com po nent (Or96–97-Ab4-3) and Kfs (Or100) are pres ent,
mainly as thin films along the mar gins of subpolygonal quartz
grains in Pl-Qz lay ers. Rarely ob served ag gre gates of
fine-grained phengitic mus co vite (Si apfu = 3.3) and K-feld spar
re place an Al2SiO5 (kyan ite? an da lu site?) polymorph (Fig. 4C).
Hornblende and gar net are very rarely pres ent. Both may lo -
cally show chloritization.

In the drilled in ter val, epidote gneiss es (Ep-gneiss) ap pear
as sheared bod ies within A1 and A3 am phi bo lites. Plagioclase
(An13c®6r) and quartz are ac com pa nied abun dantly by epidote
and white mica and sparsely by K-feld spar, cal cite, gar net,
rutile, ti tan ite and hornblende (Figs. 2 and 4D–F). Plagioclase is 
char ac ter is ti cally poikiloblastic with pref er en tially ar ranged
epidote prisms (un zoned or Ps7c ®3r) in clu sions which are par al -
lel to those in the groundmass. Albitic rims are free of in clu -
sions, which re sem bles the re la tion ships ob served in the A1
am phi bo lites. Phengitic mica (Si con tents apfu = 3.16c®3.37r)
and gar net (Alm54–56-Grs25–30-Prp18–11) are also compositionally
sim i lar to those in am phi bo lite type A1.

In con trast, the pink ish gran ite is an unfoliated rock com -
posed of K-feld spar (Or70–93 Ab28–5 An2–1), al bite (An5–1) and
white mica (Si apfu = 3.25–3.27 in ma trix and 3.30–3.34 where
in clu ded in feld spars; Fig. 4G–I). Relicts of Ca-poor
pyrope-almandine gar net (Alm60–61Prp32–35Grs2–5), rare ap a tite
and al la nite oc ca sion ally form large, densely packed ag gre -
gates (Fig. 4I). Epidote is very scarce or ab sent. In the al kali
feld spar, there is a dis tinct ten dency to in crease the K-com po -
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Fig. 3. Mafic rocks in the Rz 2 bore hole

A, B – am phi bo lite A1; C, D – am phi bo lite A2; E, F – am phi bo lite A3; B, D and F – crossed polarizers; Ab – albite, Ep – epidote, Grt –
garnet, Hbl – hornblende, Pl – plagioclase
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nent and de crease the Na-com po nent to ward the rims of grains 
with highly ir reg u lar shapes. K-feld spar, that forms embay -
ments or ex ten sively re places al bite, also ap pears as in clu sions 
in phengite and in al bite, and de vel ops inter growths with quartz
(Fig. 4H, I). In the Rzeszotary K-gran ite, K-feld spar it self may
con tain al bite, mica and quartz as in clu sions.

Neosomes in the migmatized do mains are widely di verse
(Fig. 5A–J). Cross-cut ting veins are clearly in jec tions (Figs. 3E
and 6D), ei ther mainly quartzofeldspathic or sim i lar to pink ish
K-gran ite yet with ± some ad mix tures of hornblende and
plagioclase. More com mon are lay ers and segregations or veins
par al lel to the fo li a tion in the host rocks. Some are also gra nitic
in jec tions; most of them are not. In the fel sic gneiss es,
leucosomes of vari able grain size are com posed of coarse
quartz, feld spars (Pl, Ab ± Kfs) and white micas. They al ter nate
with a mesosome com pris ing marked con cen tra tions of
plagioclase and a va ri ety of min er als that char ac ter ize a given
gneiss type (Fig. 5). Such migmatitic segregations were pen e -
trated by al kali feld spars, iden ti fi able in split micas, thin films on
plagioclase grains, or in sealed microfractures (Figs. 5I and 6G).

Coarse-grained hornblende gneiss es stem from thick ened
Pl-Qz neosome with in creased con tents of Hbl (Figs. 2 and 5C,
D), ac com pa nied by Ms ± Grt, Kfs, Ttn/Ilm, Chl, Cal. In
neosome bands up to sev eral centi metres thick, al ter na tions of
light and dark zones are de vel oped. The lat ter mainly com prise

Hbl-Grt-Ms, the for mer are com posed of quartz and poikilitic
plagioclase grains ac com pa nied by sin gle hornblende grains
rid dled with mainly Qz in clu sions (Fig. 5D).

In some fault zones (~942–940 m, ~965 m), a
coarse-grained Hbl-granodiorite patchily ap pears (Figs. 2 and
5H). This con sists of in versely zoned plagioclase (An4c®18r),
quartz, large flakes of phengite (Si apfu = 3.42c®3.32r), al -
kali-feld spar (Or96c®97rAb3®2), epidote (Ps18c®20r), gar net
(Alm60c®45r Grs30c®45r Prp5®9) and Mg-hornblende.

COMPOSITIONAL ZONATION OF THE MINERALS

As in di cated above, in both mafic and fel sic rocks, compo -
sitional zon ing was com monly ob served in the rock-form ing and 
ac ces sory min er als. In plagioclase grains, oligoclase cores are
dis cretely over grown by al bite (An22c®5r). The oligoclase cores
of ten en close epidote (Ps20–14) in clu sions that are ab sent from
the al bite rims. In am phi bole grains, epidote in clu sions are also
con fined only to the host cores. Low-An al bite grains do not en -
close epidote ei ther. In low-Fe epidote grains, Fe3+ con tents
tend to de crease from core to rim (Ps6®4). Most gar net grains
dis play in creas ing Fe but de creas ing Ca and Mg con tents to -
wards the rims. Am phi bole grains also en close drop-like quartz
in clu sions. All these fea tures re cord the trend of meta mor phic
trans for ma tions on a ret ro grade path.
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Fig. 4. Fel sic rocks in the Rz 2 bore hole

A–C – Pl-Ms-gneiss: B – seg re ga tion of Qz and Pl-Ms lay ers, fine-grained crys tal lized Qz-Ab-Kfs par tial melt, C – rel ict Al2SiO5 phase in Pl
grain; D–F – Ep-gneiss: E – Pl with pref er en tial ori en tated Ep and Qz in clu sions, F – syntectonic seg re ga tion of Qz and Pl-Ep-Ms lay ers; G–I
– pink ish K-gran ite: H – inter growths of Pl and Kfs, I – Kfs at bound aries of Pl grains, relic Mg-Grt; B, D, H – crossed polars; F, G, I – BSE im -
ages; Kfs – K-feld spar, Ms – mus co vite, Qz – quartz, other ex pla na tions as in Fig ure 3
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Fig. 5. Ex am ples of tec tonic de for ma tion

A – shear ing lo cal ized in Ep-gneiss, quartz rib bons and small fold in di cate the sense of thrust move ment (blue ar row); B – BSE im age of
syn-shear fold of a plagioclase grain (Pl) with folded epidote in clu sions (darker grey shown by Ep and red ar rows); C – plagioclase grains with 
par al lel-ori ented epidote in clu sions syntectonically bent and wrapped around more rigid Mg-hornblende grains, crossed polars; D – fo li ated
migmatite, note pre ferred ori en ta tion of large am phi bole, plagioclase and rib boned quartz grains in the neosome turn ing to Hbl-gneiss; E –
strongly fo li ated am phi bo lite migmatized by seg re ga tion/dif fer en ti a tion with sheared neosome (blue dashes); F – se quence of de for ma tion:
in striped am phi bo lite A3, migmatitic leucosome that de vel oped par al lel to the fo li a tion (white line) be came then obliquely sheared (blue
dashes) dur ing thrust ing (blue ar row) and over printed by extensional fault ing (white ar row), note quartz (and cal cite) veinlets in the fault zone; 
G – gently fo li ated neosome (white line) in ter sected by oblique shear zone (blue, red ar row); H – brecciated por tion of am phi bo lite A2 (arrrow) 
ce mented with Hbl-granodiorite (lighter), fea si ble ef fects of hy drau lic-frac tur ing dur ing granitoid in tru sion; I – rigid be hav ior of plagioclase
grain with bent twin lamellae and frac tures/fis sures (ar rows) healed with Kfs; J – brec cia with var i ous am phi bo lite lumps, quartz veinlets in
the mid dle lump par al lel to its bor ders; leuc – leucosome, mel – melanosome, mes – mesosome, neo – neosome; other ex pla na tions as in
Fig ure 3
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Fig. 6. Re cords of migmatization

A – am phi bo lite A3 migmatized by syntectonic fluid-as sisted seg re ga tion; B – mesosome-neosome in ter face (ar row) with large grains of
quartz and poikilitic hornblende and plagioclase point ing to the im por tance of fluid as sis tance; C – ad vanced stage of neosome for ma tion re -
sult ing in al ter na tion of Qz-Ab do mains and Pl-Hbl-Qz-Ms lay ers with mi met i cally re tained fo li a tion; D – oblique in jec tion of gra nitic neosome
in al most undeformed am phi bo lite A1; E – plagioclase rimmed by al bite with later Kfs seam at the straight bor der with mica; F – in plagioclase
seg re ga tion, al bite films sep a rate tex tur ally equil i brated po lyg o nal Pl grains with like-like con tacts; G – Qz-Kfs seam de vel oped be tween
plagioclase grains, inter- and intragranular pen e tra tion of Kfs in Pl, in clud ing at bor ders with Qz in clu sions; H – magnesio-hornblende (Hbl)
rimmed and along frac tures (ar rows) re placed by actinolite (Act), al kali fluid ac tiv ity shown by K-feld spar (Kfs), chlorite (Chl) and de cayed
plagioclase (An12); E–H – BSE im ages; other ex pla na tions as in Fig ure 5



DEFORMATION AND
METAMORPHISM/MIGMATIZATION

TECTONIC DEFORMATION

The Rzeszotary rocks, ex cept for the gran ites, were more or 
less af fected by synmetamorphic de for ma tion. In Pl-Ms-gneiss -
es, fo li a tion is ex pressed by mica flakes, plagioclase (Pl>>Qz)
and quartz (Qz>>Pl) lay ers/rib bons that al ter nate zon ally
(Fig. 4B). In Ep-gneiss es, the fel sic lay ers and quartz rib bons
al ter nate with polymineralic Pl-Ms-Ep ± Grt lay ers (Fig. 4F). In
the lat ter, flat tened plagioclase grains con tain abun dant epidote 
in clu sions par al lel to epidote (Si//Se) and mus co vite flakes in the 
ma trix (Fig. 4C, D). Am phi bo lites are gen er ally less fo li ated, this 
de pend ing on the de gree of the pref er en tial ori en ta tion of
plagioclase and am phi bole blasts and oc ca sional white micas
(Fig. 3).

In the Rz 2 log, shear zones ap pear sev eral times (Figs. 2
and 5A, E, F). The shear strain was pre f er en tially lo cal ized in
the rheologically weaker fel sic rocks, Ep-gneiss es in par tic u lar
(Fig. 5A). Synmetamorphic de for ma tion and recrystallization is
doc u mented by mica fishes, folded micas over grown by
plagioclase (Fig. 5B) and elon gate plagioclase blasts oc ca sion -
ally bent against more rigid am phi bole grains (Figs. 4D and 5C). 
In migmatized am phi bo lites, elon gate/ob late ag gre gates of par -
al lel-ori ented epidote prisms set amidst the am phi bole grains
con trib ute to the fo li a tion and so do hornblende prisms in the
strained neosome›Hbl-gneiss (Figs. 3F, 5D and 6C).

Min eral lineation seen on the fo li a tion planes points to
mainly dip-par al lel ki ne mat ics. There are re cords of mul ti ple
shear ep i sodes. The ear li est rec og niz able duc tile shear ing had
a re verse sense of move ment (Fig. 5A) on planes that dip at an
an gle of 0–35° (to the core axis), be ing par al lel or oblique to the
fo li a tion. The vary ing at ti tude of the lat ter sug gests fold ing
which to gether with thrust ing and oc ca sional small-scale
intrafolial folds in di cate short en ing and contractional tec ton ics.
De spite ob vi ous disjunctions and slid ing, the sense of tec tonic
trans port is not al ways de ter mi na ble (Fig. 5F, G). How ever,
duc tile (thrust) shear ing clearly pre ceded later more brit tle de -
for ma tion that oc curred in an extensional nor mal re gime
(Fig. 5F, G; ¯elaŸniewicz and Fan ning, 2020: fig. 5). As the
bore hole cores have not been ori ented (ex cept for the top-bot -
tom ori en ta tion), the ob served ki ne mat ics can not be re lated to
geo graphic co or di nates.

In the gneiss es, synmetamorphic tec tonic de for ma tion pro -
duced a fab ric and lensoid segregations of fel sic min er als (Qz
and Pl-Qz lay ers) with re cords of grain bound ary mi gra tion
(GBM), recrystallization at rel a tively high tem per a ture and later
bulg ing (BLG) at lower tem per a tures, which in di cates dy namic
recrystallization. In the epidote gneiss, lin ear dis per sion of ac -
ces sory min er als (Grt, Ep) within polymineralic lay ers
(Pl-Ms-Ep-Bt+Grt) are ev i dence of high shear strain. In the
strain zones, epidote and white mica (re)crys tal lized as sec ond -
ary min er als.

In migmatized fel sic gneiss es, films and veinlets of al kali
feld spar (Or97–96 Ab3–4) ap pear along the plagioclase grain bor -
ders and in frac ture net works in side the grains (Fig. 6E–G).
Frac tur ing, break age and bend ing of the twin lamellae point to a 
ri gid ity con trast be tween plagioclase on one hand and K-feld -
spar and quartz on the other. K-feld spar pen e trated frac tures

and space be tween dis placed frag ments of plagioclase grains
(Figs. 5I and 6G).

These fea tures de vel oped in a contractional re gime which
also con trolled the syntectonic meta mor phism and migmati -
zation (Fig. 5; ̄ elaŸniewicz and Fan ning, 2020: fig. 5). A sub se -
quent extensional over print, mainly un der greenschist fa cies
con di tions, was re flected by nar row shear zones and a S-C’
fab ric. In am phi bo lites, such zones are var i ously em pha sized
by sec ond ary chlorite and min ute white micas, of ten ac com pa -
nied by cal cite, cataclastic comminution of am phi bole grains
and dy namic recrystallization of quartz.

Lo cally, fault zones/planes can be ob served (~920 m,
~927 m, ~940 m; Fig. 2). A fault brec cia of brit tle frag mented
am phi bo lite, found in one of the fault zones (depth of 940 m),
was spe cif i cally ce mented with a gra nitic mass (Grt-Ep gran ite
to Hbl-granodiorite), re sem bling prod ucts of hy drau lic frac tur ing 
(Fig. 5H). An other piece of brec cia con tains dif fer ent rocks
stuck to gether: neosome and two kinds of am phi bo lite (Fig. 5J). 
The scar city of bore hole cores se verely lim ited more de tailed
ob ser va tions.

Con sid er ing the pres ence of sev eral shear zones (Fig. 2) in
the in ter val drilled, it can not be ex cluded, or dem on strated, that
in the drilled in ter val, the up per, mainly gneissic do main and the 
lower, mainly metabasitic do main have been struc tur ally jux ta -
posed by the thrust ing which took place within the Rzeszotary
com plex. At a small scale, tec tonic (shear) con tacts be tween
rheologically dif fer ent rocks were ob served in the bore hole
cores (Fig. 5A, E–G).

METAMORPHISM/MIGMATIZATION

In gen eral, min eral com po si tions of the Rzeszotary rocks
de scribed above and (mi cro)struc tural re cords in di cate
syntectonic meta mor phism un der epidote am phi bo lite fa cies
con di tions (Figs. 3 and 4). Migmatization3 af fected both gneiss -
es and am phi bo lites. The lat ter range from streaky/striped vari -
ants to stromatic migmatite (Fig. 6A–C) with oc ca sional
melanosomes (Fig. 5D; ¯elaŸniewicz and Fan ning, 2020:
fig. 5). In am phi bo lites A3, a Qz-Pl-Ab-Kfs neosome de vel oped
with large blasts of quartz, and am phi bole and plagioclase, both 
sieve-tex tured, in par tic u lar at the in ter face with mesosomes
(Fig. 6B). Such large Hbl and Pl blasts en close Qz, Grt and Ep
in clu sions. There are subordinately phengite (Si apfu =
3.2c®3.4r), cor roded gar net (Alm55c®58rGrs27c®30r Prp16c®11r)
and ± epidote (Ps7c®5r) crys tals. Al bite (An10c®2r) is zoned in -
versely and co ex ists with Ca-rich gar net.

Com mon signs of migmatization (Fig. 6) point to rel a tively
high tem per a tures whereas large white mica flakes that grew
on the fo li a tion planes in migmatized do mains sug gest fluid ac -
tiv ity. Mi cro scopic/mesoscopic ev i dence and min eral com po si -
tions of neosomes sug gest that ap par ently H2O and CO2

volatiles, al kali flu ids and par tial melt ing must have been jointly
in op er a tion.

In migmatized Pl-Ms gneiss es, some neosome lay ers are
al most monomineralic con cen tra tions of plagioclase grains with 
subpolygonal bound aries dec o rated by thin films of al kali feld -
spar (Kfs+Ab, Kfs or Ab) and dis persed opaque im pu ri ties
(Fig. 6E, F). Prior to such dec o ra tion, plagioclase grains in
these con cen tra tions had like-like bound aries (Ashworth and
McLellan, 1985), char ac ter is tic of meta mor phic dif fer en ti a tion
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  3 The descriptive terminology of migmatites (Mehnert, 1968; Ashworth, 1985) has been used. In the Rzeszotary case not only partial
melting, inherent in genetic classification (Sawyer, 2008), was in operation.
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that op er ated in the course of migmatization. Kfs
(Or98–96Ab2An2–0) spread as veinlets along frac tures (Figs. 5I
and 6E, G) and forms its own anhedral grains. It also oc curs as
overgrowths on Ca-richer plagioclase grains, cor rodes and re -
places both quartz and plagioclase or ap pears in side them.
Such ubiq ui tous pres ence of al kali feld spars in di cates
inter/intra-gran u lar cir cu la tion of flu ids. The al bite films on
plagioclase grains (Fig. 6F) or as a fine-grained Qz-Ab-Kfs
phase that crys tal lized in in ter sti tial and extensional spaces be -
tween grains (Fig. 4B) may sug gest par tial melt ing.

All those fea tures, in clud ing the in creased yet bi modal grain 
size in neosomes, the pres ence of melanosomes as well as al -
ter na tions of lay ers rich in quartz and feld spars with lay ers rich
in am phi bole and plagioclase (Figs. 5D and 6B, C) or with lay -
ers dom i nated by Grt, Ms, Ep ± Ttn, Cal, may have de vel oped
due to meta mor phic seg re ga tion as sisted by flu ids, to par tial
melt ing, or to con cur rent op er a tion of the two mech a nisms.
Such an op tion seems sug gested by the min eral com po si tions
ob served in neosomes/mesosomes and by the microstructural
ev i dence noted above.

What ever the case, migmatization took place with in flux of
not only H2O but also of CO2 as sug gested by the oc ca sional
pres ence of ac ces sory cal cite in the min eral frame work. Mi cro -
scopic ob ser va tions show that zones of duc tile shear ing
channelized flu ids/liq uids which ef fec tively pro moted that pro -
cess.

The K-car ry ing flu ids or par tial melts may have been ge net i -
cally con nected with the same crustal source that pro vided
K-rich (K2O > 8 wt.%) pink ish gran ite. Some K-gran ite in ter vals
that oc cur at the up per and lower sec tors of the bore hole log
(Fig. 2) may have rep re sented apophyses from a larger more
deeply-seated magma body that also likely sourced gra nitic
neosome veins ob served in the migmatized por tions of the
drilled in ter val of the Rzeszotary 2 bore hole.

P-T CONDITIONS

De spite chem i cal and struc tural dif fer ences, the A1–A3 am -
phi bo lites did not dif fer qual i ta tively in min eral com po si tions, yet 
vari a tions in chem i cal com po si tions (cores and rims) of min eral
phases in di rect con tact en abled clas sic thermobarometric cal -
cu la tions. As sess ments of P-T con di tions of meta mor phism
were some what ham pered as most geothermobarometers
have been cal i brated for ig ne ous sys tems. How ever, Hol land
and Blundy (1994) in tro duced the am phi bole–plagioclase ther -
mom e ter with a strong ther mo dy namic ba sis, cal i brated for
both ig ne ous and meta mor phic as sem blages. This was uti lized
to es ti mate tem per a ture for five sam ples of the Rzeszotary am -
phi bo lites (two A1, two A2 and A3). Pres sure con di tions were
ap prox i mately as sessed by means of the Al-in-hornblende ba -
rom e ter us ing cal i bra tions for ig ne ous rocks made by
Hammarstrom and Zen (1986) and Schmidt (1992). The for mer 
pro vided lower val ues by ~0.2–0.4 kbar as com pared to the lat -
ter and both yielded two clus ters: 8.0–8.9 kbar and
5.2–6.9 kbar. No sys tem atic re la tion was ob served to the tem -
per a ture as sessed by the Hol land and Blundy (1994) ther mom -
e ter (re ac tion: edenite+4 quartz=tremolite+al bite) within the
range of 575–640°C. Tem per a tures of <600°C were ob tained
us ing the ex per i men tal geothermobarometer of Plyusnina
(1982) for pres sures of 9–10 kbar. No ta bly, the Hbl-Pl ther -
mom e ter of Blundy and Hol land (1990) gave mark edly higher
val ues for the same pairs ana lysed. These re sults are roughly
sys tem at i cally or dered and sim i lar through out the ver ti cal bore -
hole pro file (Fig. 2). The pairs of host am phi bole cores and
plagioclase (An22–17) in clu sions yielded P-T con di tions of
655–625°C/8.5–9.0 kbar whereas in the ma trix the pairs of Amp

cores and Pl cores (An10–11) yielded P-T of
580–550°C/9–10 kbar and 565–490°C/8.5–5.2 kbar for the Hbl
rim-Pl(An7–3) rim pairs. Ev i dently, the less the An con tent, the
lower the tem per a ture es ti mate. On the other hand, the gar -
net-hornblende geothermometer (Ravna, 2000), cal i brated for
ba saltic and semipelitic rocks, gave tem per a tures of
550–580°C for the A2 am phi bo lites, sim i lar to other re sults, but
only 370–460°C in the A1 am phi bo lites, which is how ever un re -
al is ti cally low.

Ther mo dy namic mod el ling (THERMOCALC 3.33) gave
more in sight into the P-T con di tions of meta mor phic trans for -
ma tions of the am phi bo lites stud ied, and con strained the above 
re sults. The cho sen P-T space in both sam ples ranges from 4
to 13 kbar and 450 to 750°C. The P-T di a gram has been con -
toured with spe cific compositional iso pleths of Hbl, Pl, Ep and
Grt that are X(Hbl) = Fe/(Fe+Mg)x100, Ca(Pl) = Ca/(Ca+Na)
x100, F(Ep) = Fe3+/(Fe3+Al)x100, X(Grt) = Fe2+/(Fe2++Mg)x100
and Z(Grt) = Ca/(Ca+Fe2++Mg)x100.

In the cal cu lated phase di a gram for A1 am phi bo lite, the
dom i nant min eral as sem blage matched the field of
Hbl-Ep-Pl-Spn-Qz-Act-H2O (Fig. 7A, pseudosection A1). This
min eral as sem blage was sta ble within a range of 500–560°C
and 6.2 and 10.2 kbar. Within this range, in ter sec tions of
compositional iso pleths of Ca(Pl), X(Hbl) and F(Ep) ob tained
from cores of these min er als in di cate con di tions close to
7–8 kbar and 520–550°C. The in creas ing X(Hbl) and de creas -
ing Ca(Pl) val ues, fur ther more, in di cate ret ro gres sion re lated to
de crease of tem per a ture be low 450°C (Fig. 7A, pseudosection
A1). Such re sults of ther mo dy namic mod el ing are gen er ally in
line with mi cro scopic ob ser va tions and the clas sic ex change
geothermobarometry men tioned above, which uti lized the
chem i cal com po si tions of the Pl and Hbl grains in di rect con tact. 
How ever sam ple A1 con tains sub or di nate gar net that was not
con sid ered in the clas sic thermobarometric cal cu la tions based
on hornblende and plagioclase. For the bulk com po si tion stud -
ied, this gar net was sta ble at tem per a tures ex ceed ing 650°C
and pres sures ex ceed ing 10 kbar, hence un der P-T con di tions
some what higher than those de duced from the con ven tional
thermobarometry. It is pos si ble that gar net de vel oped in A1 am -
phi bo lite mainly un der such slightly higher con di tions and a lit tle
ear lier than the stage of the meta mor phic evo lu tion that was re -
corded by the plagioclase in clu sions in am phi bole and by the
host am phi bole cores. This pre ceded fur ther recrystallization of
am phi bole and plagioclase in the ma trix at de creas ing pres sure
and tem per a ture. Nev er the less, a lack of equi lib rium be tween
gar net and other phases can not be en tirely ruled out.

The cal cu lated P-T di a gram for sam ple A2 in di cates that
quartz and gar net are more sta ble, while epidote is less sta ble
than in sam ple A1 (Fig. 7B, pseudosection A2). This matches
the min eral com po si tions of both am phi bo lites. A2 con tains
abun dant gar net and mi nor epidote, whereas A1 has mi nor
gar net but abun dant epidote. Nev er the less, the min eral iso -
pleths of the three dom i nat ing phases – Pl (core com po si -
tions), Hbl (core com po si tions) and Grt (core and rim com po si -
tions) – in ter sect at con di tions of 11–12 kbar and tem per a tures 
of ~650–700°C, in the fields that also em brace Qz, Di and Rt
(±Ilm). Rt and Di are ab sent from the rocks, which sug gests
that these phases may have been re moved dur ing later ret ro -
gres sion, hence they were not seen in the thin sec tions. On the 
other hand, prod ucts of such ret ro grade re ac tions might not be 
eas ily iden ti fi able in the rocks stud ied. In any event, the cal cu -
lated P-T con di tions (peak T at ~700°C) for A1 and A2 were
also able to trig ger migmatization of rocks of the Rzeszotary
com plex, in par tic u lar un der the ‘wet’ con di tions in ferred and
de com pres sion.
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Fig. 7. P-T equi lib rium as sem blage di a grams cal cu lated in the NCFMASHTO sys tem for sam ples A1 (A) and A2 (B)

The P-T di a gram is con toured with compositional iso pleths for mea sured min eral com po si tions; sim pli fied min ia tures of P-T di a grams
(left-hand side of the fig ure) il lus trate the sta bil i ties of im por tant phases for A1 and A2 bulk com po si tions; see text for de tails



The con di tions mod eled are con sid ered to in di cate the tem -
per a ture peak. The prograde part of the P-T path can be re con -
structed only par tially. The prograde min eral as sem blage in -
cluded epidote, which is mi nor and oc curs as in clu sions in the
cores of oligoclase grains, while it is miss ing from low-An al bite
grains. The prograde part of the P-T path can be thus cor re lated 
with a change in P-T con di tions un der which epidote was no
lon ger sta ble and the main phases in sam ple A2, i.e. Grt-Hbl-Pl, 
be gan to dom i nate due to the tem per a ture rise. Ac cord ingly,
the P-T di a gram cal cu lated shows that the P-T path must have
crossed the Hbl-Pl-Ep-Spn-Qz-Grt field, which is sta ble within a
rel a tively nar row range of 10.2–11.4 kbar and 580–600°C
(Fig. 7B). Sim i larly to A1, microstructural re la tion ships be tween
oligoclase cores and al bite rims in sam ple A2 in di cate ret ro -
gres sion. In the am phi bo lites (also in the Ep-gneiss es), the lack
of epidote in clu sions in albitic rims (Fig. 3B) sug gests that Ca
was ef fec tively par ti tioned in epidote and plagioclase cores dur -
ing ear lier stage(s) of com mon meta mor phic trans for ma tions.

Al though the P-T con di tions were mainly as sessed and cal -
cu lated for the mafic rocks, they may be safely ex tended to the
fel sic rocks as the two lithologies were in ti mately con nected
dur ing meta mor phism. The ther mo dy namic mod el ing of sam -
ples A1 and A2 fully sup ports the view that the Rzeszotary com -
plex un der went meta mor phism at tem per a tures high enough to
pro mote in cip i ent par tial melt ing in the pres ence of flu ids, in par -
tic u lar in its fel sic mem ber. The re sults of ther mo dy namic mod -
el ing are gen er ally in line with ‘clas si cal’ thermobarometric cal -
cu la tions, the compositional zonation of the min er als and mi -
cro scopic ob ser va tions that to gether doc u mented the
(post?)peak and ret ro grade part of a clock wise P-T path.

Faint in di ca tions of ear lier higher P-T con di tions have also
been ob served in the Rzeszotary rocks. In one of the am phi bo -
lite A2 sam ples, some Mg-hornblende grains en close low-silicic 
and al most Mg-free traces of sadangaite. If these are relicts(?)
then to gether with the nearby gar net (Fe con tents de creas ing
and Mg and Ca in creas ing to wards the rims) this would sug gest 
meta mor phism at higher pres sures. Pro vided the Al-in-Hrb ba -
rom e ter was ap pli ca ble in such a case, a pres sure of
~17–19 kbar would be reached. An other sus pect ob ject is an
Al2SiO5 phase (kyan ite? an da lu site?) found in Ms-Pl-gneiss,
which was pseudomorphed and partly re placed with an ag gre -
gate of Fe-phengite, quartz and K-feld spar (Fig. 4C). Yet an -
other sus pect trace of an ear lier higher pres sure ep i sode in the
evo lu tion of the Rzeszotary com plex takes the form of a few
Mg-rich but Ca-poor gar nets in the 2.0 Ga K-gran ite
(¯elaŸniewicz and Fan ning, 2020).

GEOCHEMISTRY

Eight sam ples were se lected for whole-rock ma jor el e ment
and trace el e ment ana l y ses. Rep re sen ta tives of each of the
rock types de scribed above were ana lysed (Ap pen dix 1). The
geo chem i cal char ac ters of three type of am phi bo lite, four types
of fel sic rock and the Hbl-granodiorite were as sessed. In the
migmatized am phi bo lite, the mafic palaeosome (mesosome)
was ana lysed for am phi bo lite type 3 and a leucocratic layer for
neosome. For four sam ples, Sm-Nd iso to pic com po si tions and
abun dances were mea sured.

MAFIC ROCKS

The petrographic dif fer ences noted above be tween the
Rzeszotary am phi bo lites are to some ex tent also ob served in
their geo chem is try (Ap pen dix 1). A lim ited num ber of sam ples
avail able for anal y ses do not per mit de ci pher ing of sys tem atic

vari a tions and im peded con sid er ations of their or i gin and ge -
netic re la tion ships. How ever, the dif fer ences noted al low for
some pat terns to be dis crim i nated, as char ac ter ized be low, and
for a few spec u la tive con clu sions.

CLASSIFICATION

All of the Rzeszotary am phi bo lites (A1, A2, A3) fall within
the tholeiitic field on the AMF and TAS di a grams (Fig. 8A, B, L)
and clas sify as oce anic tholeiitic bas alts with me dium K and rel -
a tively high Al2O3 con tents (Ap pen dix 1) How ever the three
types dif fer as re gards all other el e men tal abun dances and
char ac ter is tic ra tios. They are metaluminous and sub di vide into 
high-Mg tholeiite (A1, A3) and high-Fe tholeiite (A2) as in di -
cated by a Al-Mg-(Fet+Ti) di a gram (Fig. 8B), dif fer in the Mg# in -
dex: 52 in A1, 46 in A3 and 28 in A2, and thus also dif fer in
FeO*/MgO ra tios. On the other hand, the SiO2 con tents of 46.
8 wt.% in A1 is sig nif i cantly lower than that of 51.7 wt.% in A2.
Sim i lar re la tion ships are shown by TiO2, thus con se quently in
the SiO2-Zr/TiO2 plot (Fig. 8C), A1 cor re sponds to an al kali ba -
salt and A2 and A3 to subalkaline bas alts, with A/CNK ra tios of
0.6 and 0.7, re spec tively. In gen eral, the el e men tal abun dances 
in A3 are closer to those of A1 than A2, which is con sis tent with
the ob ser va tion that A3 is a migmatized vari ant of A1. Fur ther
char ac ter is tics will be given mainly for A1 and A2 as the two are
mark edly dif fer ent types of the Rzeszotary metabasites.

GENETIC/GEOTECTONIC CHARACTERISTICS AND IMPLICATIONS

The above fea tures in di cate that the par ent magma of A2
was more evolved than that of A1, as is also sug gested by in -
com pat i ble el e ment ra tios (Zr/Hf = 34.6 vs. 38, Nb/Yb = 1.3 vs.
1.9, La/Gd = 1.4 vs. 2.25) and by dif fer ent abun dances of tran si -
tion el e ments (70 ppm Ni vs. 254 ppm Ni and 46 ppm Cr vs.
229 ppm Cr for A2 and A1, re spec tively). Fur ther more, com par -
ing A1 and A2, such ra tios as Nb/U (60 vs. 27), Nb/Th (26 vs.
10.4), Th/U (2.3 vs. 1.1), or Th/Ce (0.01 vs. 1.1) also sug gest a
less evolved magma in the case of A1.

The Ti/V ra tios (16.2–19.6) sug gest that the metabasite par -
ent mag mas over lapped the IAT-MORB tran si tion (Fig. 8E),
whereas in the MnO-TiO2-P2O5 di a gram and in the Zr-Ti/V and
Zr-Y/Zr plots (Fig. 8D, F, G) they all fall in the arc fields. In the di -
a grams based on the im mo bile trace el e ments Th, Yb, Hf and
Ta (Fig. 8I), the am phi bo lites A1 and A2 plot as MORB and IAT
whereas A3 is in the field of within-plate tholeiites.

For the meta mor phic rocks the trace el e ments are yet more
im por tant. The REE spi der plot nor mal ized to chondrite
(Fig. 8J) shows al most no dif fer ence be tween A1 and A2. A3
shows slightly higher abun dances of REE with en rich ment in
LREE, which prob a bly may be at trib uted to migmatization and
fluid in flu ence on the amphibolitic mesosome (not no ticed dur -
ing mi cro scopic ex am i na tion).

In the trace and REE di a grams, el e ment abun dances nor -
mal ized to N-MORB (Fig. 8K) are more vari able. A3 is richer in
LREE yet the three are sig nif i cantly en riched in in com pat i ble,
fluid-mo bile LIL el e ments (K, Ba, Rb, Cs) and tran si tion met als
(Pb, U). How ever, A1, as com pared to A2 and A3, is mark edly
de pleted in U, Th, Nb, though more abun dant in Pb than A3.
The over all com po si tion of the three am phi bo lite types is sim i lar 
to mod ern IAT/MORB (Fig. 8D–I), as they have tholeiitic ba salt
com po si tion, en riched in LILE and de pleted in HFSE with flat
REE (A1 and A2) and GdN/YbN < 2. Though they fall in the arc
fields on most plots (Fig. 8D–H), other petro gen etic di a grams
in di cate MORB man tle ei ther for A1 or for all of them (Fig. 8I).
How ever, in the Zr-Ti-Y dis crim i na tion plot, the three rocks lo -
cate in the am big u ous field B (Pearce, 1996). While Ti/Y ra tios
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Fig. 8. Geo chem is try of main rock types in the Rz 2 bore hole

A–C, L – clas si fi ca tion di a grams; D–K – mafic rocks; M–U – fel sic rocks; see text for de tails; CAB – con ti nen tal ba salt, IAT – is land arc
and vol ca nic arc tholeiite ba salt, MORB – Mid-Ocean Ridge Ba salt, OIA – oce anic al ka line is land, OIT – oce anic is land tholeiite ba salt,

WPB – within-plate ba salt, WPT – within-plate tholeiite ba salt



gen er ally ex clude WPB and gar net lherzolite melt ing and the
lack of a Nb anom aly with re spect to Th and Ce (Fig. 8K) does
not con cur with arc bas alts, the Nb, Zr, Ti, Y abun dances are
be low those of N-MORB and such ab so lute de ple tions are
char ac ter is tic of IAT. On the other hand, the above char ac ter is -
tics along with low Nb, Ta, Th, Sr, P, Ti may have been due to a
subduction-re lated is land-arc set ting and in cip i ent melt ing of
de hy drated subducted litho sphere (Hawkesworth et al., 1977).
The low con tents of Th and Ce in the three types as well as low
La/Nb (1.6–1.7, 1.1 in A3), Th/Nb (0.04, 0.1 in A3), and Ta/Nb
(0.05–0.06) rather ex clude con ti nen tal crust ad mix ture to the
magma source(s). The very low La/Yb and Th/Yb ra tios may
point to a prim i tive is land arc set ting (Condie, 1989), which is
also in line with low Ce/Pb (~1.0 in A1 and A3) typ i cal of arc bas -
alts (Miller et al., 1994). The LILE en rich ment rel a tive to Nb and
Ta may have been con nected with de hy dra tion of al tered oce -
anic crust in a subduction zone (Saunders and Tarney, 1984).
Sum ming up, the Rzeszotary am phi bo lite tholeiitic protoliths
clas sify as in ter me di ate be tween IAT and MORB, which is in
line with the tran si tional set ting of a back-arc ba sin (Pearce,
1996).

How ever, in view of the scar city of the avail able rock ma te -
rial and very lim ited knowl edge of the spa tial re la tion ships
among the ob served am phi bo lite types, in ter pre ta tions of the
or i gin and tec tonic set ting of the Mg- and Fe-tholeiitic pre cur -
sors of the Rzeszotary am phi bo lites are not ob vi ous. In A1 and
A2, the flat REE pat tern would sug gest that the par ent magma
was not frac tion ated at the source, which might be con sis tent
with the small neg a tive to pos i tive Eu anom aly (Eu/Eu* =
0.8–1.2). The lat ter would in di cate the lack of, or very mi nor,
plagioclase ac cu mu la tion. Lower con tents of Ni, Cr, Mg and Yb
(Ap pen dix 1) in A1 than in A2 may pos si bly sug gest greater
depth of melt ing in the man tle in the case of A1, with melt ing
prob a bly trig gered by de com pres sion (Wil son, 1989; Cattel and 
Tay lor, 1990). The CaO vs. MgO re la tion ships (Herzberg and
Asimow, 2008) and the FC3MS (FeO/CaO-3*MgO/SiO2) pa -
ram e ters (Yang and Zhou, 2013) sug gest that the protolith of
A1 may have orig i nated from par tially melted peridotite
whereas that of A2 was from pyroxenite.

In a few of the bore hole cores, steep con tacts be tween
metagabbroic and metabasaltic vari ants are iden ti fi able
(Fig. 2), which may be how ever in ter preted in two ways. Such
con tacts may have been ei ther tec tonic or in tru sive (in the lat ter
case, Fe-tholeiite (dykes?) would in trude the Mg-tholeiite do -
main).

FELSIC ROCKS

CLASSIFICATION

In the ~120 m long pro file of bore hole Rz 2 (Fig. 2), two
types of gneiss, two types of granitoid and a leucocratic
neosome in migmatitic am phi bo lites were ana lysed as fel sic
rocks. In the K2O + Na2O vs. SiO2 (wt.%) TAS di a gram, the
gneiss es, migmatitic neosome and pink ish gran ite may be clas -
si fied as gran ites, though they fall off the field of gran ite mainly
due to high SiO2 con tents, whereas Hbl-granitoid clas si fies as
granodiorite to diorite (Fig. 8L). All fel sic rocks are acid,
subalkaline, ex cept for the K-gran ite which is al ka line. In the
feld spar tri an gle (O’Connor, 1965; Barker, 1979), the
Pl-Ms-gneiss falls within the field of tonalite, the Ep-gneiss and
migmatitic neosome in the field of trondhjemite, while the pink -
ish K-gran ite and Hbl-granodiorite are in the field of gran ite
(Fig. 8M). The two last have some what an oma lously low Ca
and Na con tents. All the fel sic rocks cor re spond to vol ca nic arc

gran ites (Fig. 8N), while the Ta/Yb vs. Th/Yb plot dis crim i nates
them be tween oce anic arc and ac tive con ti nen tal mar gin set -
tings (Fig. 8O). In the Y+Nb vs. Rb di a gram (Pearce, 1983), the
K-gran ite is syn-collisional and the Pl-Ms-gneiss protolith strad -
dles the VAG/syn-COLG bor der (Fig. 8P). The R1-R2
geotectonic di a gram (Fig. 8R) clas si fies the K-gran ite as
post-orogenic, and the Hbl-granodiorite and Ep-gneiss as
syn-collisional rocks, while the migmatitic neosome and
Pl-Ms-gneiss (metatonalite) are as cribed to man tle fractionates. 
How ever, de spite some spread, all fel sic sam ples fall in the
area where the di vid ing lines meet, which af fects the ac cu racy
of the clas si fi ca tion. These am bi gu ities may be also due to vari -
able source chem is try or the later in flu ence of meta mor -
phic/migmatitic flu ids.

In gen eral, the Rzeszotary fel sic rocks are quartz-rich with
the La/Yb ra tio ~30–60 and a Eu pos i tive anom aly ex cept for
the Hbl-granodiorite (Ap pen dix 1; Fig. 8S–U). In the clas si fi ca -
tion of Frost et al. (2001), they are all magnesian, and ei ther
calcic (both gneiss es and neosome) or al kali and al kali-calcic
(K-gran ite and Hbl-granodiorite). On the Shand (1943) di a gram, 
they are peraluminous ex cept for the metaluminous neosome.

GENETIC CHARACTERISTICS AND IMPLICATIONS

The HREE con tents are low in both Ep- and Pl-Ms-gneiss -
es, still lower in the K-gran ite yet dis tinctly higher in the
neosome in which they show al most equal abun dances to prim -
i tive man tle. Ce is high (87–106 ppm) in the neosome (Ce/Pb =
17.7) and Hbl-granodiorite but low in the other fel sic rocks
(Ce/Pb=0.5 in Rz18 and 1.7 in Ep-gneiss). This con curs with
the in ferred mech a nism of the neoso me for ma tion in
migmatites, where ini tial meta mor phic seg re ga tion was then
ex ten sively as sisted by flu ids pre sum ably re leased from the de -
vel op ing and ris ing granitoid magma as well as by par tial melt -
ing of gneiss es (~700–620°C).

The K-gran ite and metatonalite have lower con cen tra tions
of HRRE than the neosome and trondhjemite, yet the neosome
is as rich in LREE as in the Hbl-Ms granodiorite, these el e ments 
be ing prob a bly as so ci ated with fluid/melt mo bil ity dur ing the
2.0 Ga event. A pos i tive Eu anom aly is char ac ter is tic of both the 
gneiss es and K-gran ite, while the neosome and granodiorite do
not dis play such an anom aly. This would be in line with their dif -
fer ent evo lu tion and/or con tents of ac ces sory min er als. All the
fel sic rocks have al most iden ti cal con cen tra tions of Eu
(Fig. 8S). In the K-gran ite, there are the low est HREE and
HFSE (Nb, Ta, Zr, Hf, U) con tents but the high est abun dances
of Pb and LILE (K, Ba). The high lead con tent, most likely con -
tained by K-feld spar, is con sis tent with the late/post-orogenic
for ma tion of the gran ite.

The fel sic rocks in nor mal iza tion to N-MORB and bulk con ti -
nen tal crust, de spite dif fer ences, gen er ally dis play trace-el e -
ment pat terns char ac ter ized by en rich ment in low field strength
LIL el e ments (K, Rb, Cs, Ba, Pb, Sr, Eu) and some HFSE (Th,
U, Zr, Hf) though by neg a tive Nb, Ta and Ti anom a lies and de -
ple tion in HREEs (Fig. 8S–U). In the case of the gneiss es and
neosome, these char ac ter is tics would sug gest a
suprasubduction set ting, slab melt ing and slab-fluid re lease
(Mar tin, 1999; Mohan et al., 2008; Adam et al., 2012) and, com -
bined with a pos i tive Sr anom aly, might im ply an is land arc or
con ti nen tal crust source. How ever, such char ac ter is tics may
also in di cate that in petro gen esis gar net, and not plagioclase,
was a re sid ual or fractionating phase (see Mar tin et al., 2005).
Al2O3 con tents (>12 wt.%), strongly frac tion ated REE (La/Yb)N

and (La/Nb)N ra tios fur ther sug gest that gar net was in the re sid -
uum (Frost et al., 2001) which is in line with the pos i tive Eu and
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Sr anom a lies usu ally at trib uted to plagioclase that crys tal lized
from a fel sic melt. Ac cord ingly, high con tents of in com pat i ble Ba 
and Sr may be ex plained by par ti tion ing into plagioclase and al -
kali feld spar. Thus, en rich ment in Na rel a tive to K in the
Rzeszotary gneiss es and neosome, when set against low
La/Nb or Ta/Nb ra tios but rel a tively high Ce/Pb, can not be taken 
as in di ca tion of a con ti nen tal geo chem i cal sig na ture.

Lit tle/no plagioclase in the res i due might sig nify that the
high-Al2O3 protoliths of the gneiss es orig i nated due to dif fer en ti -
a tion of wet ba saltic magma (in line with an Al2SiO5 phase in the
Ms-Pl-gneiss) or by par tial melt ing of bas alts de rived from such
magma (Barker and Arth, 1976). An other op tion of their or i gin
would be par tial melt ing of am phi bo lites (Hbl-Pl ± Qz ± Grt) that
left be hind a Prx-Grt-rich res i due (Moyen and Mar tin, 2012).
What ever or i gin of the peraluminous gneiss protoliths, they
seemed to form in tem per a tures >740°C as in di cated by the zir -
con-sat u ra tion (Har ri son and Wat son, 1983) and ap a tite-sat u -
ra tion with ASI-cor rec tion (Bea et al., 1992), which amount to
765-788°C in the case of tonalite and to 822–878°C in
trondhjemite. The es ti mates con form to those based on
Al2O3/TiO2 ra tios (Jung and Pfander, 2007) which, cal cu lated
with the GCDKit soft ware (Janoušek et al., 2006) for am phi bo -
lite melt ing, gave 740°C (tonalite) and 850°C val ues
(trondhjemite), re spec tively. Such es ti mates made for the
K-gran ite yielded sim i lar val ues of 790–835°C (ac ces sory min -
eral sat u ra tion) and of 735°C (Al2O3/TiO2 ther mom e try). The
scat ter of the re sults may have been caused by dis equi lib rium
par tial melt ing of the arc lower crust.

In the Rzeszotary Terrane, the Hbl-granodiorite sig nif i cantly 
dif fers from the other fel sic rocks by hav ing mod er ate SiO2

(~63 wt.%), the high est con cen tra tion of REE, and rel a tively
high con tents of Al2O3, Fe2O3, MgO as well as Cs, Nb, Ta, Th,
U, Gd, La, Yb, V (Th and La are yet higher in the neosome;
Fig. 8S–U). Such fea tures lo cate the granodiorite be tween the
mafic and fel sic rocks (Fig. 8A, B, L). The bore hole core sam -
pled in fact in cludes brecciated am phi bo lite lumps (Fig. 5H),
thus the in ject ing granitoid magma may be con tam i nated by the
mafic coun try rock and the sam ple may not be rep re sen ta tive.

Sm-Nd ISOTOPES 

Four sam ples were sub jected to whole-rock Sm-Nd iso to pic 
anal y sis: A1 and A2 am phi bo lites, migmatitic neosome and
K-gran ite. For both fel sic rocks, zir con U-Pb ages were de ter -
mined by SHRIMP. Gran ite in tru sion and migmatization took
place at 2.0 Ga, whereas the in her ited zir cons in the neosome
in di cated ei ther a protolith age of the mafic mesosome or an
early stage of meta mor phism of the gabbroic protolith at
2.75–2.6 Ga (¯elaŸniewicz and Fan ning, 2020).

All rocks ana lysed re vealed neg a tive eNd(0). The two am -
phi bo lite sam ples have high Sm/Nd ra tios (Ap pen dix 3), which
would put in doubt cal cu la tion of model ages (Stern, 2002). By
con trast, both neosome and K-gran ite have rel a tively low
Sm/Nd and yielded TDM ages of 3.04 and 2.8 Ga, re spec tively,
ac cord ing to the one-stage lin ear model of Goldstein et al.
(1984) and Goldstein (1988). These in di cate that protoliths of
the two fel sic rocks sep a rated from the man tle in Meso- and
Neoarchean times. In gen eral, neg a tive eNd(2000) val ues sug -
gest that all the Rzeszotary rocks come from source(s) en -
riched in LIL and not from the de pleted part of the res er voir(s).
Dif fer ent Nd ini tial ra tios are in line with der i va tion from dif fer ent
source re gions. In the metabasites A1 and A2, sim i lar en rich -
ment fac tors fSm/Nd (DePaolo and Wasserburg, 1976) of –0.1
and –0.2, re spec tively, in di cate that frac tion ation of Sm and Nd
did not vary sig nif i cantly in the time in ter val in which the two
were formed, yet the rocks seem not cogenetic.

The neosome (Rz17) of TDM(Nd) age of ~3.0 Ga de vel oped
in the am phi bo lite (A1®A3) which was migmatized mainly by
the seg re ga tion mech a nism. Such an or i gin im plies that the
protolith of the metabasite may have had a sim i lar model age
(though an older one can not be ex cluded). This would agree
with the sce nario pro posed of an in ferred oce anic arc, which
sug gests that the tholeiitic protolith of the A1 metagabbro must
have been sep a rated from the man tle ear lier in the Archean
and that gabbroic ad di tions (orig i nal protolith of neosome Rz17) 
to the arc crust may prob a bly have con tin ued at least to 3.0 Ga.
Out of the four sam ples analysed, the A1 metagabbro dis plays
the rel a tively high est eNd(T) val ues of –0.08 at 2. 0 Ga or + 1.53 
at 2.65 Ga, which in di cates the most ju ve nile com po nents in its
protolith. This is in line with the rel a tively least evolved chem i cal
com po si tion of am phi bo lite A1. In case of neosome Rz17, be -
ing the ul ti mate prod uct of trans for ma tion (= migmatization) of
the meta mor phic rock whose protolith came from the ini tial arc
gab bro, the neg a tive eNd(T) val ues of – 13.7 Ga at 2.0 Ga and
–2.8 at 2.65 Ga may have re flected en rich ment gained dur ing
on go ing Neoarchean–Paleoproterozoic subduction, though
more likely the con tam i na tion was brought about by al kali
fluid-as sisted migmatization at 2.0 Ga.

Less ob vi ous are the neg a tive eNd(T) val ues of –6.73 Ga at
2.0 Ga and of –3.26 at 2.65 Ga for am phi bo lite A2 as such neg -
a tive sig na tures are rather anom a lous for man tle-de rived bas -
alts. The A2 protolith was subalkaline, Fe-tholeiitic ba salt which
was sig nif i cantly more evolved than A1, which con curs with the
com par a tively lower eNd(T) and subduction-re lated LILE en -
rich ment (Ap pen dix 1). Al though the two do not dif fer in their
LREE abun dances (Fig. 8J, K), A2 is richer in LILE and has
slightly higher con tents of HREE. The geo chem i cal char ac ter is -
tics do not fa vour frac tion ation, thus such dif fer ences may point
to man tle het er o ge ne ity or in di cate dif fer ent par ent res er voirs
(DePaolo and Wasserburg, 1976). The small num ber of avail -
able sam ples do not al low so lu tion of this ques tion, which
leaves room for fur ther spec u la tion.

The TDM(Nd) age of 2.8 Ga for K-gran ite is the youn gest
among the Rzeszotary rocks ana lysed, which in a way is con -
sis tent with its in tru sion at 2.0 Ga as the youn gest lithological el -
e ment in the Rzeszotary com plex (¯elaŸniewicz and Fan ning,
2020). Such a po si tion is also re flected by highly neg a tive
eNd(0) val ues, as low as –8.8 at the time of in tru sion. In view of
un typ i cally low Na con tents (and very high Ba), the prov e nance
of the K-gran ite magma may have been linked with melt ing of
the pre dom i nant tonalitic com po nents of the Rzeszotary com -
plex (~Ms-Pl-gneiss es) that were ear lier built into the orig i nal
arc crust. If so, the TDM age of 2.8 Ga may have in di cated the
time when a mafic pre cur sor of the Na-tonalite was formed in
the then still de vel op ing arc ed i fice. Nev er the less, other
protolith(s) can not be ex cluded as sug gested by the pres ence
of Mg-rich gar net, which does not oc cur in any other rock mem -
ber of the com plex. There fore, one can spec u late about “ex otic” 
sources, for in stance a par tially melted fel sic granulite. Such a
sus pect granulite may have come from the col lid ing cratonic
crust of the TDM(Nd) age of 2.8 Ga.

DISCUSSION

A pos i tive cor re la tion of gen er ally im mo bile HFSE (Nb, Hf,
La) against Zr sug gests that abun dances of these el e ments
were not sig nif i cantly dis turbed dur ing meta mor phism (e.g.,
Winchester and Floyd, 1977; Pearce and Norry, 1979; Wil son,
1989) and de for ma tion of the Rzeszotary rocks, thus their geo -
chem i cal char ac ter is tics may be uti lized for some ge netic con -
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sid er ations (Fig. 8E, G, I), even though the rock sys tems might
not have been en tirely closed.

GEOCHEMICAL CONSTRAINTS ON PROTOLITH CHARACTER

Protoliths of the Rzeszotary am phi bo lites pre sum ably orig i -
nated by par tial melt ing of pri mary man tle peridotite, which
even tu ally gave rise to ba saltic rocks (Barker, 1979). The pro -
cess of seg re ga tion from the prim i tive man tle likely took place
at a depth be low plagioclase “sta bil ity” where metastable gar net 
was in the res i due (Mar tin et al., 2005). This may have oc curred 
at the base of the in ferred arc/back-arc. The La/Sm ra tios of
2.06–3.16 and La/Nb ra tios of 1.7–1.6 (1.1 in A3) along with the
Nb/La ra tio <1 are com pat i ble with an oce anic arc and
subduction set ting (Cook at al., 2016). A subduction com po nent 
might be also sug gested from some trace el e ment re la tion ships 
as for in stance the Nb/Yb vs. Th/Yb di a gram (Pearce, 2008) in
which the spread of A1-A2 points seems to fol low the
subduction com po nent vec tor.

Sum ma riz ing, the sce nario pro posed as sumes that the
HREE-de pleted Rzeszotary tholeiite source(s) was in the ju ve -
nile up per man tle with out ad mix tures from con ti nen tal crust but
with some ad di tions from subducted oce anic litho sphere and
pos si bly metasomatised man tle. They were even tu ally
emplaced in the extensional re gime of an arc/back-arc set ting
in an over all con ver gent en vi ron ment.

The Rzeszotary gneiss es and migmatitic neosome dis play
high con tents of SiO2 (>72 wt.%) and Al2O3 (11.5–15.25 wt.%),
low con tents of ferro mag nesi an el e ments (Fe2O3+MgO+ MnO+ 
TiO2 <2.5 wt.%), low HREE ra tios (Ap pen dix 1) and low the
(La/Yb)N vs YbN ra tios. Such char ac ter is tics, com bined with low
Nb, Ta, Ti con tents and pos i tive Sr-Pb anom a lies, are akin to
the tonalite-trondhjemite as so ci a tions that are com mon in
Archean–Paleoproterozoic ter rains (Fig. 8I–K). The small num -
ber of sam ples in hib its gen eral com par i sons yet sim i lar i ties to
the TTG se ries seem ev i dent (Moyen and Mar tin, 2012).

The gneiss es un der went meta mor phism and migmati -
zation, thus to gether with the neosome are older than the
unfoliated K-gran ite and Hbl-granodiorite, be ing late- to
post-meta mor phic/post -tec tonic in tru sive rocks. The two
groups with Mg# < 45 dif fer in con tents of Na2O (~4–6% vs.
1.3–2%), K2O (1.1–1.6% vs. 4.5–8.2%) and CaO (1.3–3.6% vs. 
0.3–0). The peraluminous gneiss es, with K2O < 3 wt.%,
Na2O/K2O >1.5 and I-type sig na ture, prob a bly did not orig i nate
from the par tially melted fel sic crust. In the case of the
neosome, the metaluminous com po si tion sup ports the seg re -
ga tion mech a nism in ferred for the migmatization of the A1 am -
phi bo lites. Un usu ally high con tents of Ni and Cr, sim i lar to those 
in the am phi bo lites (A1 in par tic u lar), point to the orig i nal con -
nec tion of the gneiss protoliths with the par ent arc man tle. A
pre cur sor of the Pl-Ms-gneiss es (~tonalites) may have formed
by par tial melt ing of MORB/en riched tholeiitic ba salt source at
the base of an is land arc at tem per a tures of ~765–790°C. Wa -
ter needed to pro mote such pro cess might have been sup plied
by hy drous mag mas gen er ated within the subduction zone. In
the case of the Ep-gneiss es (~trondhjemite), par tial melt ing of
both tonalitic crust and mafic rocks/ba saltic am phi bo lites at
tem per a tures of 820–880°C may be sug gested (Wolf and Wyl -
lie, 1994; Moyen and Mar tin, 2012), or melt ing of gar net-am phi -
bo lite rep re sented by the Grt-in res i due (with out plagioclase) af -
ter tonalite melt had been seg re gated from the ba saltic source,
which how ever seems a less prob a ble al ter na tive.

Char ac ter is ti cally, the Ep-gneiss es ap pear only within the
am phi bo lites (Fig. 2). As com pared to the Pl-Ms-gneiss es
(tonalites), they are richer in Si but poorer in Al and some LIL el -
e ments (K, Ba) (Ap pen dix 1). On the other hand, a few am phi -

bo lite frag ments up to sev eral centi metres thick set in the
Pl-Ms-gneiss es may be con sid ered mafic xe no liths en trapped
in orig i nal tonalites on em place ment, or al ter na tively as later
mafic veins that in truded the tonalites.

In gen eral, peraluminous gran ite/melt may be formed by
wa ter-ex cess melt ing of mafic rocks or metaluminous fel sic
rocks. The com po si tion of the 2.0 Ga pink ish K-gran ite (low Na
and Ca, high Ba and Rb) is a lit tle am big u ous, es pe cially in view
of the pres ence of relic pyrope-almandine gar net, whose rem -
nants may have been pos si bly in her ited from an older HP do -
main (granu lites?) of un known age and prov e nance. An es ti -
mated tem per a ture of ~800°C (Zr-sat u ra tion ther mom e ter),
large pos i tive Eu anom aly with re spect to low Sm and Gd
(Fig. 8S, T) and very low HREE abun dances re sem ble a
leucosome melt, thus infracrustal melt ing of ear lier fel sic rocks
(= Pl-Msg- neisses) rather than melt ing of am phi bo lites. The
ear lier-formed dom i nantly metatonalitic Rzeszotary crust might
have been a suit able source (¯elaŸniewicz and Fan ning, 2020). 
Subduction would then pro vide enough wa ter to al low and pro -
mote va por-pres ent par tial melt ing of the fel sic crustal com po -
nent as well as hy drous meta mor phism with K-metasomatism
and migmatization con spic u ous in the metabasic el e ments of
the crust.

TECTONOMETAMORPHIC EVOLUTION

Leg i ble min eral re cords (clas si cal geothermobarometers
and ther mo dy namic mod el ing) show that ig ne ous protoliths of
the Rzeszotary com plex un der went meta mor phic trans for ma -
tions within a P-T range of 500–700°C/6–12 kbar, with the peak
tem per a ture ex ceed ing 650°C. Mafic rocks were meta mor -
phosed to Hbl-Alm-Grs-Grt-Ep-am phi bo lite while tonalite and
trondhjemite (TTs) were trans formed to Pl-Ms-gneiss es and
Ep-gneiss es, re spec tively. Epidote de vel oped at the ex pense of 
orig i nally more Ca-rich plagioclase. In the am phi bo lites, Ca-gar -
net co ex ists with albitic plagioclase, which may sug gest that Ca
was par ti tioned into gar net. These pro cesses took place at
~2.0 Ga (¯elaŸniewicz and Fan ning, 2020).

The re sults of ther mo dy namic mod el ing, gen er ally con sis -
tent with clas sic thermobarometric cal cu la tions and in line with
the compositional zonation in the min er als, also doc u mented
the (post?)peak and ret ro grade part of a clock wise P-T path.
Ex hu ma tion and ret ro gres sion oc curred at tem per a tures drop -
ping to close to 450°C and pres sures around 8–4 kbar, thus at
greenschist fa cies con di tions. The lat ter were as so ci ated with
duc tile/brit tle shear ing and ac com pa nied by lo cal ized
chloritization of am phi boles and gar nets, which must have
taken place af ter the ~2.0 Ga event but be fore de po si tion of the
lower Cam brian cover (¯elaŸniewicz and Fan ning, 2020). It
seems most likely that the Rzeszotary com plex un der went a
Neoproterozoic over print be cause of in volve ment in the
Cadomian Orogen as part of its fore land base ment (¯elaŸ -
niewicz et al., 2009, 2020).

An early HP event hinted by ob ser va tions in both fel sic and
mafic rocks is dis put able. The sus pect rel ict of a fea si ble HP as -
sem blage (Al2SiO5; rel ict kyan ite, an da lu site?) found in the
Pl-Ms-gneiss may be likely ex plained as an Al-phase that crys -
tal lized when feld spars and white mica in the peraluminous
gran ite pre cur sor of the very gneiss could not ac com mo date
any more alu mi num (Frost et al., 2001). The sin gle sam ple of
am phi bo lite A2 that car ries sus pect HP frag ments
(sadanagaite?) also lo cally con tains actinolite. The lat ter ir reg u -
larly re places Mg-hornblende in its in side, at its mar gins and
along cleav age/cracks. Next to such actinolite rims, K-feld spar
ap pears (Fig. 6H) and Al-rich ti tan ite is pres ent. These oc cur -
rences sug gest ret ro grade hydration pro cesses and the in flu -
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ence of al kali flu ids. Con di tion ally ap plied geothermo -
barometers ap prox i mate P-T con di tions of 5.8–2.7 kbar/
400–340°C. The low est val ues were ob tained for the actinolite
in the cracks. In con junc tion with the chloritization seen in am -
phi bole and gar net grains, such ob ser va tions point to a
greenschist over print, also in di cated by the ther mo dy namic
mod el ing noted above.

In con trast, yet an other sus pect trace of an ear lier higher
pres sure ep i sode in the evo lu tion of the Rzeszotary com plex is
ren dered by a few Mg-rich but Ca-poor gar net relicts pre served
in the 2.0 Ga K-gran ite. Such relicts ap par ently sur vived par tial
melt ing of crustal rocks which pro duced the gran ite. Their com -
po si tion sug gests in her i tance from an older HP fel sic granulite
protolith.

The data col lected show that synmetamorphic migmati -
zation brought about seg re ga tion of min er als into neosome and 
mesosome with slightly al tered palaeosome, which was ac com -
plished by meta mor phic dif fer en ti a tion as sisted by flu ids, par tial
melt ing and leucocratic mag matic/migmatitic neosome in jec -
tions (Fig. 3E). Al kali-car ry ing aque ous fluid in fil tra tions were
pre sum ably con nected with the for ma tion of K-rich granitoid
magma deeper in the crust, which was likely a source for the
2.0 Ga K-gran ite in tru sions/in jec tions into meta mor phic rocks of 
the Rzeszotary com plex.

In the migmatized Pl-Ms-gneiss es, plagioclase grains lo -
cally dis play like-like bound aries, which is char ac ter is tic of
migmatitic dif fer en ti a tion (Ashworth and McLellan, 1985). This
pro cess was as sisted by inter- and intragranular in fil tra tions of
al kali flu ids and op er ated along with va por-pres ent par tial melt -
ing. Such a com plex in ter play of mech a nisms did not re quire
very high tem per a tures to even tu ally bring about migmatization
of the Rzeszotary fel sic rocks. How ever, the cal cu lated tem per -
a tures were ap par ently too low to cause melt ing in the am phi bo -
lites. There fore, the mafic rocks were migmatized mainly by
meta mor phic segregations en hanced by volatiles and by in jec -
tions of Ab-Kfs-Oz melts that orig i nated in the fel sic do mains.

The pres ence of mag matic melt is in ferred from the pres -
ence of quartz rims around K-feld spar pheno crysts and of large
rounded quartz grains with K-feld spar–quartz coronitic tex ture
as in dic a tive of re ac tion pro cesses be tween the pheno crysts
and melt, and from embayments in the plagioclase that in di cate
cor ro sion dur ing melt so lid i fi ca tion (e.g., Vernon, 2011). More -
over, in the migmatized am phi bo lites and am phi bole gneiss es,
the rhe o log i cal con trast be tween plagioclase on one hand and
K-feld spar and quartz grains on the other sug gests that the two
lat ter crys tal lized later and were linked with the mo bile phase
which con trib uted to the in creas ing pore-pres sure that even tu -
ally re sulted in semi-brit tle de for ma tion of plagioclase. Am phi -
bo lite lumps set in the granodioritic mat ter in the fault zone
(Fig. 6D) sug gest a hy drau lic frac tur ing mech a nism when the
gran ite was forced up to higher/shal lower lev els in the crust.

Struc tural ob ser va tions show that synmetamorphic tec tonic
de for ma tion un der  am phi bo lite fa cies con di tions was ac com -
plished in a contractional re gime, with strain in ten si fied in the
shear zones (Fig. 5). Min eral lineations and ki ne matic cri te ria
point to mainly dip-slip move ments with ev i dence of ear lier
thrust ing up-dip and later nor mal down-dip shear ing (Fig. 5F;
¯elaŸniewicz and Fan ning, 2020: fig. 5). A tec tonic event ac -
com pa nied by thrust ing un doubt edly took place prior to the
2.0 Ga gran ite in tru sion. How ever, the sub se quent nor mal over -
print re mains un con strained, yet must have hap pened be fore
con ceal ment un der the lower Cam brian plat form de pos its, thus
may have been Cadomian at the lat est.

Con sid er ing the pres ence of sev eral shear zones (Fig. 2) in
the migmatized am phi bo lite por tion of the in ter val drilled, it can -
not be ex cluded, nor dem on strated, that the up per, mainly

gneissic do main and the lower, mainly metabasitic do main
were struc tur ally jux ta posed by thrust shear ing. In any event,
tec tonic con tacts be tween rheologically dif fer ent mem bers of
the Rzeszotary com plex can be ex pected.

The K-gran ite pen e trated the coun try rocks both as sills and 
dykes along frac ture zones. In jec tions of the pink ish gran ite,
which pre sum ably orig i nated by par tial melt ing of ear lier meta -
mor phosed crustal rocks, ter mi nated the tectonothermal event
in the Rzeszotary com plex ~2.0 Ga (¯elaŸniewicz and Fan ning, 
2020).

PROVENANCE IMPLICATIONS

On the Rzeszotary Horst, two dis crete events were re -
vealed by U-Pb zir con dat ing at ~2.7–2.6 Ga and 2.0 Ga
(¯elaŸniewicz and Fan ning, 2020). The ear lier event was pre -
sum ably re lated to an intraoceanic arc and back-arc ex ten sion.
It pro duced ju ve nile crust, parts of which were at ~2.0 Ga even -
tu ally accreted by con ti nen tal mar gin subduction to one of the
then cratons. This might have been North and South Amer ica,
West Aus tra lia, Af rica, China or East Eu rope as they were all in -
volved in orogenic pro cesses con nected with the for ma tion of a
Paleoproterozoic supercontinent (Condie and Kröner, 2013;
Condie, 2016). The Rzeszotary base ment was likely formed by
those global pro cesses though the par ent con ti nent is dif fi cult to 
iden tify un am big u ously (¯elaŸniewicz and Fan ning, 2020).

Tectonothermal evo lu tion of the Rzeszotary gneiss es and
am phi bo lites ter mi nated with the in tru sion of the 2.0 Ga
post-tec tonic K-gran ite de rived from melt ing of older crust at
tem per a tures of 735–835°C. This as sem blage may be con sid -
ered as part of a larger con ti nen tal en tirety to which a
Neoarchean (~2.7–2.6 Ga) ju ve nile arc was accreted at
~2.0 Ga to form part of the then global orogenic ed i fice (Zhao et
al., 2002, 2011). Search ing for the cra dle of the Rzeszotary
com plex strongly de pends on the avail able knowl edge con -
cern ing the geo log i cal evo lu tion of the po ten tial sus pect par ent
ter rains. Var i ous de tails of this com plex, given in this and a
com pan ion pa per (¯elaŸniewicz and Fan ning, 2020), have
been pro vided with the in ten tion to help such fur ther cor re la -
tions. The 2.0 Ga events may be part of the 2.1–1.8 Ga nar ra -
tive of as sem bling of the then con ti nen tal masses into the
supercontinent of Co lum bia (Zhao et al., 2002, 2011), with the
Rzeszotary base ment likely be ing a part of this. In the
Rzeszotary Terrane, the 2.0 Ga gra nitic magma was formed at
the end of a collisional orogenic event. A sus pect granulite com -
po nent may have come from the col lid ing craton. The TDM(Nd)
age of 2.8 Ga would then re late to the cratonic crust.

In the Brunovistulia superterrane, the Rzeszotary Horst rep -
re sents its east ern most and ev i dently the old est, Neo -
archean–Paleoproterozoic, com po nent that formed (part of the) 
base ment to the Cadomian fore land in the Up per Silesian part
of this orogenic belt (¯elaŸniewicz et al., 2009). The Rzeszotary 
Terrane be came in volved in the Cadomian belt dur ing the
Tonian–Ediacaran re-as sem bly of con ti nen tal frag ments that
re sulted from the break-up of Rodinia (Nawrocki et al., 2004;
¯elaŸniewicz et al., 2009, 2020). The Cadomian fore land suc -
ces sion is known from the north ern and east ern Up per Silesia
Block (Fig. 1). It was folded and anchimetamorphosed with the
for ma tion of a con spic u ous cleav age oblique to well-pre served
bed ding (¯elaŸniewicz et al., 2009). The Rzeszotary base ment
was not in volved in the fore land de for ma tion, prob a bly ex cept
through fault ing and joint ing, though it may have been af fected
by a very low-grade over print ob served as chloritization of gar -
net and am phi bole in the gneiss es and am phi bo lites. The
Rzeszotary horst, in which the Cadomian fore land base ment
was en coun tered by drill ing is part of the Up per Silesia Block
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whose cen tral and west ern frag ments un der went in ten sive arc
magmatism be tween 620–540 Ma and rep re sent the Cadomian 
internides. As the Cadomian hin ter land and fore land base ment
dif fer dra mat i cally, the Rzeszotary com plex is in ter preted as the 
Rzeszotary Terrane, one more con stit u ent of the Brunovistulia
superterrane (Kalvoda, 2008; ¯elaŸniewicz et al., 2009, 2020;
Kalvoda and Bábek, 2010). Con se quently, the Rzeszotary
Terrane has to be con sid ered as an im por tant com po nent of the 
Cadomian orogenic belt and taken into ac count in re con struc -
tions of the evo lu tion and geotectonic po si tion of Brunovistulia.

SUMMARY AND CONCLUSIONS

Closer char ac ter iza tion of the Rzeszotary rocks com bined
with the data pre sented in the ear lier com pan ion pa per
(¯elaŸniewicz and Fan ning, 2020) shed more light on the com -
po si tion, prov e nance and evo lu tion of the Pre cam brian base -
ment pen e trated by the Rz 2 bore hole, in the Up per Silesia
Block of the Brunovistulia superterrane, which may be ten ta -
tively high lighted as fol lows be low.

Prior to or around 3.2–3.0 Ga, pre cur sors of the Rzeszotary
com plex were sep a rated from de pleted man tle and con trib uted
to oce anic litho sphere. At 2.75–2.6 Ga, oce anic subduction led
to the for ma tion of a ju ve nile mag matic arc ed i fice (eNd(T) of +
1.53). Back-arc ex ten sion pro moted upwelling and de com pres -
sion melt ing of the de pleted man tle, which brought about
tholeiite mag mas of IAT/MORB com po si tion with LILE ad di -
tions ow ing to the flu ids re leased from the subducting slab.
Such magma underplated the arc and con trib uted as a
gabbroic/ba saltic (neg a tive eNd) com po nent to its lower crust.
Tonalite was formed at that time due to par tial melt ing of the
man tle-de rived wet bas alts (~740°C) at the base of the is land
arc. Dur ing on go ing upwelling and decompresssion, man tle
also melted at shal lower depths, which re sulted in HFSE-en -
riched Fe-tholeiite magma, more abun dant in HREE. A
trondhjemitic pre cur sor of Ep-gneiss es, that pen e trated and in -
truded the tholeiites, may have orig i nated by par tial melt ing
(~850°C) of meta mor phosed wet bas alts of the subducted slab.

Around 2.0 Ga, the arc col lided with an un spec i fied cratonic
mass and yielded to orogenic de for ma tion, meta mor phism and
migmatization. The en tire arc ed i fice was then strongly short -
ened and the ear lier back-arc crust/man tle prod ucts were

forced down to ~6–12 kbar depths where they un der went
contractional de for ma tion and meta mor phism (700–500°C)
that over printed and strongly oblit er ated older ef fects of a
2.75–2.6 Ga event. The tonalites and trondhjemites were meta -
mor phosed to Pl-Ms-gneiss es and Ep-gneiss es, and the gab -
bros and bas alts to epidote-am phi bo lites and gar net-am phi bo -
lites. Synmetamorphic short en ing of the rock pile led to fold ing
doc u mented by vari a tions in the fo li a tion at ti tude and het er o ge -
neous de vel op ment of shear zones with thrust ki ne mat ics.

The am phi bo lite fa cies meta mor phism graded to migmati -
zation, con spic u ous in the metabasites, and the pro cess of seg -
re ga tion/dif fer en ti a tion was as sisted by fluid pen e tra tion, fa cil i -
tated by the shear-pro moted chan nels, and by par tial melt ing.
This event was ter mi nated by in tru sions of al ka line
peraluminous magma that so lid i fied to K-gran ites (eNd(T) of –9) 
at 2.0 Ga and mi nor Hbl-granodiorite (un dated). Gran ite in tru -
sions were in some places ac com pa nied by hy drau lic frac tur ing
and syn-in tru sive brecciation dur ing nor mal fault ing. The
phengitic mica K-gran ite re tained some Mg-rich gar net relicts,
prob a bly in dic a tive of older HP rocks (granu lites?), at the ex -
pense of which it de vel oped at tem per a tures of >735°C.

These meta mor phic-migmatitic phe nom ena seem to have
oc curred al most co evally at ~2.0 Ga, pre sum ably in di rect con -
nec tion with the 2.1–1.8 Ga global event and the amal gam ation
of the Paleoproterozoic supercontinent of Co lum bia. We sug -
gest that the Neorchean–Paleoproterozoic rocks drilled by the
Rz 2 bore hole rep re sent a small part of a large orogenic ed i fice
as sem bled within Co lum bia. A frag ment of that ed i fice, now the
Rzeszotary Terrane, was then de tached from the main land,
re-as sem bled and even tu ally in the Neoproterozoic be came
part of the fore land of the Cadomian Orogen in Cen tral Eu rope,
spe cif i cally a part of the com pos ite terrane of Brunovistulia
(¯elaŸniewicz et al., 2020).
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