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New petrographic and geo chem i cal data show some dif fer ences be tween Variscan Bt-Ms gran ites oc cur ring ei ther as small
plutons or dykes in the Strzelin Mas sif (SW Po land). The gran ites of the Gromnik and Górka Sobocka plutons are rich in
micas and crys tal lised from “wet” mag mas; the gran ites of the dykes and the Gêbczyce Pluton are mica-poorer and cor di er -
ite-bear ing rocks de rived from “dryer” mag mas. The lower ini tial eNd = –5.4 to –5.9 val ues in the Bt-Ms gran ites of the dykes,
com pared with those in the plutons (eNd = –4.5 to –4.9), re flect a more “crustal” sig na ture of the for mer, pos si bly due to lo cal
crustal as sim i la tion, via AFC, shortly be fore em place ment. Much more ra dio genic ini tial 87Sr/86Sr ra tios in the dykes, up to
0.726, fur ther sug gest the in volve ment of ex tra ne ous, hy drous crustal flu ids en riched in 87Sr dur ing the evo lu tion of
late-stage magma de riv a tives. The new U-Pb SHRIMP zir con age of 296 ± 6 Ma for the Gêbczyce Bt-Ms gran ite shows that
this body be longs to the third stage of magmatism in the Strzelin Mas sif. The U-Pb SHRIMP zir con data for the Bt-Ms gran ite
dykes pro vide ages sim i lar to those of their host rocks: c. 295 Ma for the Gêsiniec tonalite and the en closed Bt-Ms gran ite,
and c. 285 Ma for the Strzelin bi o tite gran ite and its Bt-Ms gran ite dykes. These new data from peraluminous rock-types com -
ple ment our pre vi ous stud ies fo cused on the tonalites, granodiorites and bi o tite gran ites, and shed light on the late-stage ig -
ne ous evo lu tion of the Strzelin Mas sif.
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INTRODUCTION

The Sudetes (Fig. 1A), lo cated in the north east ern ter mi na -
tion of the Variscan Orogen in Eu rope, are com posed of frag -
ments of two crustal blocks: the West and Cental Sudetes that
be long to the Bo he mian Mas sif, and the East Sudetes be ing a
part of the Brunovistulicum seg ment. The Sudetes abound in
granitoids which dif fer in age and com po si tion.

The old est granitoids, c. 350–330 Ma in age, oc cur in the
Cen tral Sudetes. They are rep re sented by shear zones-re lated
hornblende-bear ing granodiorites, tonalites, diorites and gran -
ites. Sim i lar granitoids oc cur in the Mid dle Odra Fault Zone,
north of the Sudetes (Oberc-Dziedzic et al., 2015 and ref er -
ences therein).

The granitoids of the West Sudetes are, in gen eral, youn ger 
than those of the Cen tral Sudetes. They form two large gran ite
plutons: the Karkonosze Pluton and the Strzegom–Sobótka
Pluton. The granitoids of the Karkonosze Pluton were dated by
the ID-TIMS method at 312 Ma (Kryza et al., 2014a); the ear lier
re ported SIMS (SHRIMP) zir con data are scat tered mainly be -

tween c. 322 and 302 (e.g., Kryza et al., 2012, 2014b). Sim i lar
dates of 320–317 Ma were ob tained by Žák et al. (2013) by the
LA-ICP-MS method. The granitoids of the Strzegom–Sobótka
were emplaced in the 305–295 Ma time span (SHRIMP U-Pb
zir con data; Turniak et al., 2014).

Granitoids of the East Sudetes do main crop out in the
Strzelin Mas sif (Fig. 1), but also oc cur east of this mas sif, be -
neath a cover of Ce no zoic sed i ments. They form small in tru -
sions of gran ites, tonalites and quartz diorites. These granitoids
were dated by var i ous tech niques at 324–283 Ma (Turniak et
al., 2006; Pietranik and Waight, 2008; Oberc-Dziedzic et al.,
2010a, 2013; Oberc-Dziedzic and Kryza, 2012). South of the
Strzelin Mas sif, the Variscan granitoids form the rel a tively large
Žulová Pluton (c. 292 Ma, LA-ICP-MS U-Pb zir con age; Laurent 
et al., 2014).

Two-mica (Bt-Ms) gran ites are rel a tively scarce in the West
and Cen tral Sudetes, where they form the old est, sub or di nate 
parts of the Karkonosze and the Strzegom–Sobótka plutons.
The Bt-Ms Tanvald gran ite in the Karkonosze Pluton was dated
at 317 ± 2 Ma (Žák et al., 2013), while the two-mica gran ite in
the Strzegom–Sobótka Pluton crys tal lised at 305 ± 3 Ma
(SHRIMP U-Pb zir con data; Turniak et al., 2014). In the Cen tral
Sudetes, the Bt-Ms gran ites are rep re sented by a va ri ety of the
Jawornik granitoids dated at 336 ± 2 Ma (SHRIMP U-Pb zir con
data; Bia³ek, 2014).

In com par i son with the West and Cen tral Sudetes, the
Bt-Ms gran ites are rel a tively com mon in the Strzelin Mas sif, in
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Fig. 1. Geological position of the Strzelin Massif

A – granitoids of the Sudetes, Fore-Sudetic Block and Odra Fault Zone; Odra Fault Zone: GG – Gubin, SrG – Œroda Œl¹ska, SzG –
Szprotawa, WrG – Wroc³aw; Fore-Sudetic Block: NG – Niemcza, SSG – Strzegom–Sobótka, StG – Strzelin, ZG – Žulova; Sudetes: KdG –
Kudowa, KG – Karkonosze, KZG – K³odzko–Z³oty Stok; faults: MIF – Main Intra-Sudetic Fault, SBF – Sudetic Bound ary Fault, SOF – South -
ern Odra Fault, NOF – North ern Odra Fault; thrusts: NT – Nyznerov Thrust, ST – Strzelin Thrust (sep a rat ing the Stachów and Strzelin com -
plexes); rect an gle shows the po si tion of the Strzelin Mas sif; B – geo log i cal map of the Strzelin Mas sif (com piled by Oberc-Dziedzic and
Madej, 2002; based on Wójcik, 1968; Wroñski, 1973; Badura, 1979; Oberc et al., 1988); in let – sketch map of the Bo he mian Mas sif (MNST –
Moldanubian–Nyznerov–Strzelin Thrust sep a rat ing the Bo he mian Mas sif from Brunovistulicum); grey rect an gle shows the po si tion of the
Strzelin Mas sif



the north ern pro lon ga tion of the East Sudetes, where they form
small plutons and dykes. In this con tri bu tion, we pres ent
petrographic, geo chem i cal and new SHRIMP age data, and
dis cuss the or i gin of their peraluminous par ent mag mas.

GEOLOGICAL SETTING

The Strzelin Mas sif is lo cated in the east ern part of the
Fore-Sudetic Block, about 40 km south of Wroc³aw. The rocks
of the mas sif crop out in the Lipowe Hills and in the Strzelin Hills
be tween faults par al lel to the val leys of two small rivers: the
Ma³a Œlê¿a on the west and the Krynka on the east (Fig. 1B).
The Strzelin Mas sif is com posed of two tec tonic units.

The lower unit com prises rocks of the Strzelin Com plex,
spe cif i cally, the Strzelin and Nowolesie gneiss es (600–570 Ma,
Oberc-Dziedzic et al., 2003; Klimas, 2008; Klimas et al., 2009;
Mazur et al., 2010), the older schist se ries of mica schists, am -
phi bo lites, calc-sil i cate rocks and mar bles of un known age, and
the youn ger schist se ries (prob a bly Early De vo nian in age,
Oberc, 1966), rep re sented by quartzites, quartz-seri cite schists 
and metaconglomerates of the Jeg³owa Beds. The rocks of the
lower unit be long to Brunovistulicum (Oberc-Dziedzic and
Madej, 2002; Oberc-Dziedzic et al., 2003, 2005, 2010).

The up per unit com prises rocks of the Stachów Com plex:
orthogneisses (c. 500 Ma, Ol i ver et al., 1993; Klimas, 2008;
Mazur et al., 2010), paragneisses, bi o tite-am phi bo lite schists
and am phi bo lites. The Stachów Com plex was in ter preted as a
part of Moldanubicum, based on the pres ence of c. 500 Ma old
orthogneisses that are also com mon in the Moldanubian Zone
(Oberc-Dziedzic and Madej, 2002; Turniak et al., 2000). In the
Strzelin Mas sif, the rocks of the Moldanubicum-re lated
Stachów Com plex were thrust over the Brunovistulicum-re lated 
Strzelin Com plex along the Strzelin Thrust (Oberc-Dziedzic and 
Madej, 2002) which is re garded as the north ern con tin u a tion of
the Moldanubian Thrust (Suess, 1926) in the Fore-Sudetic

Block. The rocks of the Strzelin Com plex are ex posed mainly in
the east ern part of the Strzelin Mas sif (the Strzelin Hills),
whereas the rocks of the Stachów Com plex crop out in its west -
ern part (the Lipowe Hills) and as klippes in the Strzelin Hills
(Fig. 1B).

The meta mor phic rocks of both Strzelin and Stachów com -
plexes were in truded by Variscan granitoids rep re sented by
quartz diorite, tonalite, granodiorite, bi o tite gran ite and Bt-Ms
gran ite. These granitoids were emplaced in three stages: (1)
tonalitic I – at c. 325 Ma, (2) granodioritic – at c. 305 Ma and (3)
tonalitic II/gra nitic – at c. 295 Ma (Oberc-Dziedzic et al., 2010;
Oberc-Dziedzic and Kryza, 2012). SHRIMP zir con age data
(206Pb/238U ages) avail able for the bi o tite gran ites of the Strzelin
in tru sion (303 ± 2 Ma for the me dium-grained gran ite, and
283 ± 8 Ma for the fine-grained gran ite) in di cate that they rep re -
sent, re spec tively, the sec ond and third mag matic stages
(Oberc-Dziedzic et al., 2013). The Bt-Ms gran ites also be long to 
the third stage of magmatism in the Strzelin Mas sif.

The Bt-Ms gran ites form ei ther (1) broadly iso met ric or ir reg -
u lar bod ies, in this pa per re ferred to as small plutons (the
Gromnik, Gêbczyce and Górka Sobocka in tru sions), or (2)
dykes cut ting across meta mor phic rocks, tonalites and bi o tite
gran ites (Figs. 2 and 3). The Gromnik and Gêbczyce bod ies are 
sit u ated along a fault that sep a rates the Strzelin and Nowolesie
gneiss es in the Strzelin Hills. Based on field data and ob ser va -
tions from two bore holes, the shape of the Gromnik Pluton was
de fined as stock-type, with a 150–200 m thick, flat apophysis
(Fig. 3; Oberc-Dziedzic, 1991 and ref er ence therein). The
Gêbczyce gran ite body is prob a bly of sim i lar shape. The ex -
posed part of this in tru sion cor re sponds to a stock, as sug -
gested by a steep, nearly ver ti cal con tact of the gran ite with the
coun try rocks and by a higher dip of the coun try rock fo li a tion
near the con tact with the gran ite. The gran ites with dark nod ules 
char ac ter is tic of the Gêbczyce in tru sion, which were drilled c. 2
and 3 km to the north of the ex posed part of the in tru sion, prob a -
bly build apophyses, 18 and 28 m thick, re spec tively, branch ing
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Fig. 2. Dykes of the biotite-muscovite granite cutting

A – tonalite in the Gêsiniec Quarry; B – fine-grained biotite granite in the Strzelin I Quarry
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off the main body. The shape of the Górka Sobocka Pluton is
un known.

The meta mor phic en ve lopes of the Gromnik and Gêbczyce
in tru sions are com posed of the older schist se ries of the Strzelin
Com plex. The Górka Sobocka and the Strzelin in tru sions
(Fig. 1B), host ing dykes of the Bt-Ms gran ites (Oberc-Dziedzic et
al., 2013), are en vel oped by the Stachów Com plex rocks. The
Gêsiniec small pluton (Fig. 1B), com posed of tonalite-diorite and
com pris ing dykes of the Bt-Ms gran ite (Oberc and Kryza, 2012),
is sur rounded by the Strzelin gneiss es.

MATERIALS AND METHODS

The sam ples se lected for petrographic and geo chem i cal in -
ves ti ga tions were col lected in the Gêbczyce, Strzelin I,
Gêsiniec and Górka Sobocka quar ries. Sam ples of the
Gromnik gran ite were taken from blocks near the top of the hill.
Fresh ma te rial valu able for in ves ti ga tions was ob tained from
bore holes drilled by the Przedsiêbiorstwo Geologiczne (Geo -
log i cal Com pany), Wroc³aw, in the early 1980’s: the
Gromnik gran ite – GR-1 and GR-2 bore holes, and the
Gêbczyce gran ite – GW-1a, GW-1, D-1 and KL-2 bore -
holes.

The petrographic study of the Bt-Ms gran ites is
based on 37 thin sec tions ex am ined un der the po lar iz -
ing mi cro scope. The chem i cal com po si tions of the
rock-form ing min er als, i.e. micas and feld spars, in six
rep re sen ta tive spec i mens of the Bt-Ms gran ites, have
been de ter mined with the CAMECA SX 100 in stru ment
in the Elec tron Microprobe Lab o ra tory Joint-In sti tute
An a lyt i cal Com plex for Min er als and Syn thetic Sub -
stances, Fac ulty of Ge ol ogy, the Uni ver sity of War saw.
The an a lyt i cal con di tions were: ac cel er a tion volt age
15 kV, beam cur rent 10 nA for plagioclase and mica,
and 20 nA for the other min er als, and count ing time 20
s. The raw data were pro cessed with the PAP soft ware
sup plied by CAMECA. Min eral ab bre vi a tions used in
this study are from Whit ney and Ev ans (2010).

Five bulk-rock sam ples were ana lysed for
ma jor, trace and rare earth el e ments in the
ACME An a lyt i cal Lab o ra to ries Ltd, Can ada, and
in the ALS Can ada, us ing com bined ICP-OES
and ICP-MS tech niques (see web site:
acmelab.com). Three pub lished anal y ses of the
Bt-Ms gran ites from the Strzelin I Quarry
(Oberc-Dziedzic et al., 2013) were also taken into 
con sid er ation. Three sam ples of the Bt-Ms gran -
ites (GB 1 – Gêbczyce, GOR – Górka Sobocka
and 210 – Gêsiniec) were ana lysed by one of the
au thors (CP) for Sm-Nd iso topes, fol low ing the
pro ce dure de scribed by Pin and Santos
Zalduegui (1997). The ini tial 143Nd/144Nd ra tios
are ex pressed as eNdi val ues, cor rected for in
situ de cay of 147Sm, as sum ing an age of 295 Ma
for the gran ites, and model ages are cal cu lated
rel a tive to the de pleted man tle model of De Paolo 
(1981a, b). The new Sm-Nd iso tope data of the
Bt-Ms gran ites are com pared with pub lished data 
for the bi o tite and Bt-Ms gran ites from the Strzelin 
I Quarry (Oberc-Dziedzic et al., 2013) and un -
pub lished data for the Gêsiniec tonalites. The
eNdi val ues were cor rected for in situ de cay of
147Sm, as sum ing an age of 286 Ma for the Bt-Ms
gran ites and 295 Ma for the tonalites.

Two sam ples of the Bt-Ms gran ite, one from Gêbczyce and
one from the Strzelin I Quarry, have been se lected for SHRIMP
zir con dat ing. De tails of the SHRIMP an a lyt i cal pro ce dures are
given in the geo chron ol ogy sec tion be low. The pub lished
SHRIMP data for the Bt-Ms gran ite from Gêsiniec
(Oberc-Dziedzic and Kryza, 2012) have also been taken into
con sid er ation in our dis cus sion of the gran ite age.

PETROGRAPHY

The Bt-Ms gran ites, form ing both small plutons and dykes,
are white to yel low ish or light grey, fine-grained rocks com -
posed of quartz, plagioclase, K-feld spar, bi o tite and mus co vite.
The min eral com po nents are ran domly dis trib uted; ex cep tion -
ally, in the gran ites form ing dykes in the Strzelin I Quarry, they
de fine a pla nar fab ric. The rel a tive abun dances of the ma jor
rock-form ing min er als vary from in tru sion to in tru sion (Ta ble 1),
as do the shapes of min er als and their chem i cal com po si tions.
The Bt-Ms gran ites of the dykes cut ting the Gêsiniec tonalite
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Fig. 3. Cross-sections through the Gromnik intrusion
 (Oberc-Dziedzic, 1991 and references therein)

 Gromnik1 Gêbczyce1 Górka
Sobocka2 Gêsiniec3 Strzelin I

Quarry4

Quartz 32.0 35.8 35.9 34.8 34.2

K-feld spar 26.1 32.2 24.9 26.3 31.0

Plagioclase 36.1 28.3 30.0 36.9 29.1

Bi o tite   4.6   1.2   5.7   1.2   2.2

Mus co vite   1.0   0.8   3.1   0.8   2.7

Chlorite  –   1.7   0.1  –  –

Ac ces sory
min er als   0.2  –   0.3  –   0.8

1Bereœ (1969); 2Wojnar (1977), av er age of 9 anal y ses (Oberc-Dziedzic and
Pin, 2000); 3Oberc-Dziedzic and Kryza (2012); 4Morawski and Koœciówko
(1975)

T a  b l e  1

Min eral com po si tion of the Bt-Ms gran ites from the Strzelin Mas sif
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and the Strzelin gran ite con tain sparse, 0.5–1 cm in size, pinite
pseudo morphs af ter cor di er ite (Fig. 4A). A typ i cal fea ture of the
Gêbczyce gran ite is the pres ence of dark, oval nod ules, 1–3 cm 
across, sur rounded by 2–5 mm wide, white-col oured rims
(Fig. 4B).

K-feld spar (Ap pen dix 1*). In all Bt-Ms gran ites, K-feld spar
forms anhedral grains with cross-hatched pat terns. Usu ally, it
con tains in clu sions of rounded quartz grains, rare euhedral in -
clu sions of plagioclase (in Gêbczce) or tiny plates of bi o tite (in
Gromnik). In the Górka Sobocka gran ite, nu mer ous rounded
quartz in clu sions are pres ent, both in microcline and in

plagioclase en closed in microcline, and they cross-cut the
bound ary be tween these feld spars (Fig. 5A).

In all Bt-Ms gran ites, the K-feld spar con tains: Or
86–98 mol.%, An 0–0.6%, and Ab 2–14% of Ab. The celsian
(Cls) com po nent is usu ally be tween 0.1–1.2%. Sig nif i cantly
higher Cls, 2.3–2.5%, is found in in ter nal parts of microcline
grains in the Gromnik and Górka Sobocka gran ites. 

Plagioclase (Ap pen dix 2). Plagioclase dif fers in var i ous
Bt-Ms gran ites. In the Gromnik gran ite, plagioclase forms two
types of grains. The first is rep re sented by nar row tab u lar crys -
tals, c. 1.0 ´ 0.25 mm in size (Fig. 5B), or roughly iso met ric
forms, 1.0–1.2 mm in di am e ter (Fig. 5C). From the cen tre to the
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* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1248

Fig. 4. Pinite in the biotite-muscovite granites

A – pinite clus ters (ar rows in di cate lo ca tion of clus ters) in the gran ite from the dyke in the Gêsiniec Quarry; B – the
Gêbczyce gran ite with dark nod ules sur rounded by white rims; C – pinite recrystallised into green bi o tite (Bt) and mus co -
vite (Ms) with jag ged mar gin as so ci ated by zoned plagioclase (Pl) and quartz (Qz) grains, crossed polars; D – pinite from
dark nod ules in the Gêbczyce gran ite recrystallised into green bi o tite (Bt) and mus co vite (Ms); on the left, rect an gu lar bi -
o tite pseudomorph af ter cor di er ite; bi o tite plates are ar ranged into tri an gu lar forms; plagioclase (Pl) with cloudy in te ri ors
and rounded quartz (Qz) grains are con cealed be tween pinite; plane-po lar ized light; min eral ab bre vi a tions from Whit ney
and Ev ans (2010)
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Fig. 5. Mineralogy and textures of the biotite-muscovite granites from the Strzelin Massif

A – K-feld spar (Kfs) in the Górka Sobocka gran ite with in clu sion of plagioclase (Pl); nu mer ous rounded quartz (Qz) in clu sions are pres ent
both in microcline and plagioclase; B – nar row tab u lar plagioclases (Pl) con tain ing mus co vite in clu sions and K-feld spar (Kfs) in the Gromnik
gran ite; C – roughly iso met ric plagioclase (Pl) in the Gromnik gran ite show ing etched ex ter nal ring and etched cen ter; D – rounded grain of
plagioclase (Pl) in the Gêbczyce gran ite; the grain con tains in clu sions of drop-like quartz (Qz) form ing a ring par al lel to the grain bor der, and
in clu sions of mus co vite (Ms) in sin gu lar plates and small con cen tra tions; in the ma trix, mus co vite is ar ranged into stripes ac com pa nied by bi -
o tite (Bt + Ms); E – cross-like clus ter of plagioclase (glomerocrystals) sur rounded by a com mon rim of plagioclase (Pl), K-feld spar (Kfs) and
quartz (Qz) in the Gêsiniec Bt-Ms gran ite; F – mus co vite (Ms) and bi o tite (Bt) plates in the Górka Sobocka gran ite; crossed polars



mar gin of the grains, they dis play an in ner part with 16–19% An, 
fol lowed by an etched ring con tain ing 26–40% An, and, fi nally, a 
clear ex ter nal zoned rim of 22–12% An. In some grains, the in -
ner part has an etched cen ter with 27% An. The plagioclase
grains of the sec ond type have rect an gu lar out lines and the al -
bite twinning, and show nor mal zon ing of 24–14% An (Fig. 5C).

In the Gêbczyce gran ite, plagioclase is usu ally subhedral or
anhedral. The subhedral crys tals show an etched in te rior sur -
rounded by a rather in dis tinct etched ring. Such crys tals have
up to 27.5% An in the in ter nal part and 12–16 % An in the rim.
Small tab u lar plagioclase grains, with etched in ter nal part,
found as in clu sions in K-feld spar, con tain 13–15% An. The sec -
ond type of plagioclase in this gran ite is rep re sented by “dusty”
grains, 2 mm in di am e ter, with a ring rich in rounded quartz in -
clu sions in the ex ter nal part. These grains con tain small clus -
ters of mus co vite and bi o tite in clu sions. An or thite con tent is in
the range of 6–14% (Fig. 5D). 

In the Górka Sobocka gran ite, plagioclase forms also two
types of grains. The first subhedral va ri ety is com posed of a
“dusty” in ter nal part and sur round ing clean rim. The chem i cal
zonation in this type is poorly ex pressed. Larger grains (up to
1.5 mm) have 13–16.5% An in the cen ter, 18–22% An in the in -
ter me di ate zone, and 11–16% An in the rim. Such a zonal se -
quence is sim i lar to that in the Gromnik gran ite, but the An con -
tent in each zone is lower. Smaller grains of type I have 19% An
in the cen ter 14% An in the rim. The sec ond va ri ety of
plagioclase com prises small un zoned grains, con tain ing only
3.5% An and anhedral grains hav ing 9.5–12.3% An, with
rounded quartz in clu sions.

In the Gêsiniec gran ite, plagioclase forms euhedral to
subhedral grains with etched/al tered in te ri ors or well-vis i ble
etched rings, sim i larly as in the Gromnik and Górka Sobocka
gran ites. Oc ca sion ally, clus ters of grains (glomerocrystals,
19–24% An) are sur rounded by a com mon rim (8.5% An;
Fig. 5E). 

In the Bt-Ms gran ite from the Strzelin I Quarry, plagioclase
has euhedral tab u lar forms, with etched dusty cores (18–21%
An) and wide clear rims, nor mally (16.5–4.5% An) or os cil la tory
(7.5–4.5% An) zoned.

Sum ming up, plagioclases in the stud ied Bt-Ms gran ites
show sim i lar fea tures, such as the pres ence of etched in ter nal
rings with el e vated An con tent, sur rounded by clear in te ri ors,
with lower An con tents in one type of plagioclase, and with the
al bite twinning and lack of zon ing in the other type. How ever,
plagioclase in gran ites from par tic u lar in tru sions, in spite of
some sim i lar i ties, have dif fer ent An con tents (Fig. 6). The nar -
row, tab u lar forms of plagioclase from the Gromnik gran ite, typ i -
cal rather of tonalite than of gran ite, and the glomerocrystals
from the Gêsiniec gran ite, are fairly un usual fea tures as for
plagioclase in gran ite.

Bi o tite (Ap pen dix 3) is rel a tively abun dant in the Gromnik
and Górka Sobocka gran ites (4.6 and 5.7%, re spec tively), but
rarer in the Gêbczyce, Gêsiniec (1.2%) and Bt-Ms Strzelin
gran ite (2.2%; Ta ble 1). It forms small plates (Gromnik,
Gêbczyce, Strzelin), clus ters of or in di vid ual large plates (Górka 
Sobocka, Gêsiniec), or small in clu sions in plagioclase
(Gêsiniec). It shows brown or red dish-brown (Górka Sobocka),
to yel low pleochroism. In clu sions of zir con and monazite are
scarce. In all Bt-Ms gran ites, bi o tite is slightly chloritised. The
chloritisation is ac com pa nied by the for ma tion of il men ite along
the cleav age.

All the biotites from the Bt-Ms gran ites are clas si fied as
annite, ex cept for the Bt-Ms gran ites from the Strzelin I Quarry,
where it is siderophyllite (Fig. 7A). In the Gromnik and Gêsiniec
gran ites, the Mg-num ber of bi o tite is about 0.3, slightly higher
than in the Gêbczyce, Górka Sobocka and Strzelin gran ites

(0.24–0.2, 0.22–0.19, 0.24–0.14, re spec tively; Fig. 7A, B). Only
a sin gle, small, rounded bi o tite in clu sion in plagioclase in the
Gêsiniec gran ite has a higher Mg-num ber of 0.56. In al most all
Bt-Ms gran ites, the AlVI con tent in bi o tite is 0.7–1.0, only in the
Strzelin gran ite, it is >1.0 (Fig. 7A). The TiO2 con tents in bi o tite
are be tween 2.3–4.8 wt.% and may change in dif fer ent parts of
the same bi o tite plate (Fig. 7B, C).

Mus co vite (Ap pen dix 4). In the Gromnik gran ite, mus co vite 
forms in clu sions in plagioclase (Fig. 5B), usu ally rect an gu lar in
shape or, ex cep tion ally, elon gated plates out side plagioclase.
The chem i cal com po si tion of mus co vite is very con stant
(Fig. 8). The paragonite com po nent is <10 mol.%. Only one of
17 anal y ses re vealed the pres ence of the margarite com po nent 
(0.53 wt.% of CaO). In var i ous plates, the TiO2 con cen tra tion
var ies ir reg u larly from 0.61–0.78 wt.% to 0.38–0.47 wt.%, ex -
cep tion ally to 0.22 wt.% (Fig. 9).

In the Gêbczyce gran ite, mus co vite forms in clu sions in
plagioclase, small con cen tra tions or sin gu lar plates in the ma -
trix, and stripes of flakes (Fig. 5D). Some mus co vite crys tals are 
intergrown with bi o tite. The chem i cal com po si tion of mus co vite
does not vary with the tex tural po si tion in the rock and does not
de pend on grain size (Fig. 8). Paragonite con tents are
8–4 mol.%, TiO2 0.41–0.66 wt.%, rarely less (0.02–0.32 wt.%)
(Fig. 9).

In the Górka Sobocka gran ite, mus co vite forms three va ri et -
ies: (a) large in di vid ual plates, (b) mus co vite plates over grown
with bi o tite (Fig. 5F), and (c) small in clu sions in plagioclase. All
mea sured large plates and plates over grown with bi o tite show
very sim i lar com po si tion (Fig. 8) and sim i lar con tents of TiO2

(0.64–0.83 wt.%; Fig. 9). The tiny mus co vite in clu sions in
plagioclase have dif fer ent com po si tion, con tain ing less TiO2

(0.01–0.32 wt.%) and more SiO2 (about 6.3 apfu) than the large
plates (6.1 apfu).

In the Gêsiniec gran ite, mus co vite is rare. It forms very
small flakes be tween quartz and plagioclase, and very small in -
clu sions in plagioclase. The TiO2 con tent in the in clu sions is
very low: 0.02–0.15 wt.% (Fig. 9). The in clu sions are prob a bly
prod ucts of plagioclase al ter ation. Only one mus co vite plate,
over grown with bi o tite, has a higher TiO2 con tent of 0.6 wt.%.
The plates con tain ing 0.02–0.03 wt.% TiO2 have over 38 wt.%
Al2O3, whereas the other plates are lower in alu mina
(33–36 wt.%). Most of the mus co vites in this gran ite have about
6.2 apfu of Si.
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Fig. 6. Composition of plagioclase from biotite-muscovite
granites of the Strzelin Massif 
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In the Bt-Ms gran ite from the Strzelin I Quarry, mus co vite
forms: (a) plates over grown with bi o tite, (b) in clu sions in
plagioclase, and (c) small flakes in pinite pseudo morphs af ter
cor di er ite. The TiO2 con tent is, re spec tively: 0.23–0.47 wt.%,
0.02 wt.% and c. 0.01 wt.% (Fig. 9). All three types of mus co vite 
have about 6.05 apfu of Si.

On the dis crim i na tion di a gram of Miller et al. (1981)
(Fig. 10), the ma jor ity of the mus co vite anal y ses fall into the pri -
mary mus co vite (PM) field, i.e. all mus co vites from the Gromnik
gran ite (those form ing both in clu sions in plagioclase and plates
in the ma trix), most mus co vites from the Gêbczyce and Górka
Sobocka gran ites, and some anal y ses of mus co vite from the
Gêsiniec and Strzelin gran ites. Anal y ses of the mus co vite in
small in clu sions in plagioclase from the Gêbczyce, Górka
Sobocka and Gêsiniec gran ites, as well as those of the af -
ter-cor di er ite mus co vites, fall into the sec ond ary mus co vite
(SM) field. A few anal y ses of the mus co vite in clu sions in
plagioclase from the Gêsiniec and Strzelin gran ites, and one
anal y sis of the af ter-cor di er ite mus co vite from the Strzelin gran -
ite plot out side the PM and SM fields, near the Na-cor ner of the
di a gram (Fig. 10).

Cor di er ite (pinite). The Bt-Ms gran ites from the dykes in
the Strzelin I Quarry and in the tonalite quarry in Gêsiniec con -
tain rare small clus ters, about 0.5 cm in size, com posed of
green plates of bi o tite intergrown with mus co vite (Fig. 4A), and
of fan-like mus co vite ag gre gates (Fig. 4C). Some clus ters show 
rect an gu lar forms (Oberc-Dziedzic et al., 2013). Oc ca sion ally,
these clus ters are sur rounded by thin white rims. Al though the
clus ters never con tain fresh cor di er ite, they were in ter preted as
prod ucts of cor di er ite al ter ation, be cause of their sim i lar ity to
recrystallised pinite pseudo morphs (Fig. 4C). It is worth men -
tion ing that green bi o tite, char ac ter is tic for the clus ters, does
not oc cur in the gran ite ma trix. The clus ters are ac com pa nied
by subhedral, zoned plagioclase and rounded quartz grains.

A char ac ter is tic fea ture of the Gêbczyce gran ite are dark
nod ules, a few mm to 3 cm across and sub-spher i cal in shape.
They are man tled by 1–3 mm wide white rims (Fig. 4B). The
nod ules are com posed of green bi o tite and mus co vite, of ten
intergrown, sim i lar to those in the clus ters de scribed from dykes 
of the Bt-Ms gran ite. Bi o tite plates form ei ther rare rect an gu lar
pseudo morphs af ter cor di er ite or, more of ten, they are ar -
ranged in tri an gles, en clos ing rounded quartz (Fig. 4D). Such
bi o tite tri an gles may be in ter preted as pseudo morphs af ter cor -
di er ite twins, sim i lar to those de scribed by Vernon (2004). Apart
from mus co vite and green bi o tite, the nod ules con tain
subhedral plagioclase with cloudy in te ri ors, and rounded quartz
grains. They do not con tain K-feld spar. The white rims around
the nod ules show the same struc ture and min eral com po si tion
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Fig. 8. Composition of muscovite from biotite-muscovite
granites of the Strzelin Massif

Fig. 7. Composition of biotite from biotite-muscovite granites
of the Strzelin Massif plotted on diagrams

A – AlVI–Mg/(Mg+Fe+Mn); B – Ti4+–Mg/(Mg+Fe+Mn); C – Ti4+–Altot

https://gq.pgi.gov.pl/article/view/7901


as the host gran ite, but they do not con tain bi o tite. In the ex ter -
nal part of the nod ule rims, Bereœ (1969) found an da lu site. 

The dif fer ence be tween pinite clus ters in the Bt-Ms gran ite
dykes and the nod ules in the Gêbczyce gran ite is mainly quan ti -
ta tive: the clus ters are small, the nod ules sev eral times larger.
Ac cord ing to Clarke’s (1995) clas si fi ca tion, the cor di er ite be -
longs to Type 2c (Cotectic Mag matic), ex cep tion ally to Type 2d
(Fluido-Mag matic). It does not show fea tures of Type 1a
(Xenocrystic) and Type 1b (Restitic).

The nod ules were in ter preted as prod ucts of cor di er ite de -
com po si tion (Lorenc, 1987). Such a sim ple in ter pre ta tion of the
nod ules does not ex plain their char ac ter is tic fea tures, e.g. the
per fect spher i cal shape, the pres ence of rounded quartz grains
and of plagioclase of the same com po si tion as the plagioclase
in the ma trix, the ab sence of K-feld spar, and the fact that the
nod ules do not rep re sent a sin gle pinitised grain of cor di er ite
but con tain many small grains of this min eral, en closed be -
tween quartz and plagioclase. These fea tures, be sides the min -
eral com po si tion, are sim i lar as in microgranitoid en claves de -
scribed by Flood and Shaw (2014). Those en claves were in ter -
preted as crys tal cumulates formed dur ing pres sure quench
events caused by sud den loss of wa ter from wa ter sat u rated
melts. In this model, the nod ules could be crys tal ac cu mu la tions 
formed by het er o ge neous nu cle ation of the quenched magma,
prob a bly around quartz pheno crysts, slightly resorbed at the
on set of the quench event.

The white rims around the nod ules might have formed due
to the de com po si tion of bi o tite. K, Fe and Mg from bi o tite mi -
grated into the nod ule, where they re acted with cor di er ite pro -
duc ing green bi o tite and mus co vite. An da lu site could have
been formed from Al2O3 and SiO2 left af ter the de com po si tion of 

bi o tite. These re ac tions were prob a bly stim u lated by flu ids cir -
cu lat ing in the gran ite af ter the crystallisation of the magma.

BULK-ROCK CHEMISTRY

MAJOR ELEMENTS

In gen eral, the fine-grained Bt-Ms gran ites, oc cur ring as
small plutons and dykes in the Strzelin Mas sif, show sim i lar
chem i cal com po si tion. How ever, sub tle but con se quent dif fer -
ences in most ma jor el e ment con cen tra tions are ob served (Ta -
ble 2). Spe cif i cally, the Bt-Ms gran ites of the small plutons con -
tain, on av er age, 0.5–1 wt.% less SiO2, K2O and Na2O than the
gran ites from the dykes, while they are two to three times richer
in Fe2O3, MgO, CaO and TiO2. Sim i lar chem i cal dif fer ences are
ob served be tween the Górka Sobocka Bt-Ms gran ite and the
Bt-Ms gran ites drilled across sev eral metres thick dykes in the
Lipowe Hills (Oberc-Dziedzic and Pin, 2000). Ac cord ing to the
clas si fi ca tion of Frost et al. (2001), the Bt-Ms gran ites of the
small plutons and dykes are ferroan (Fig. 11A) and al kali-calcic
(Fig. 11B). All gran ites are po tas sium-rich and peraluminous,
with A/CNK of 1.0–1.1 (Ta ble 2) and with nor ma tive co run dum
(Wojnar, 1977; Oberc-Dziedzic and Pin, 2000).

TRACE ELEMENTS

The Bt-Ms gran ites of the small plutons are richer in Ba
(588–685 ppm), Sr (78–117 ppm) and Zr (113–181 ppm) but
con tain less U (2.7–7.4 ppm) than their dyke equiv a lents (Ba:
96–286, Sr: 21–63, Zr: 60–64, U: 3.2–14.5 ppm; Ta ble 2). The
multi-el e ment di a gram of trace el e ment con cen tra tions, nor -
mal ized to chondrite, for the Bt-Ms gran ites of the plutons is
char ac ter ized by strong Nb, Sr, P and Ti neg a tive anom a lies
(Fig. 12A). Sim i lar, but even deeper anom a lies are vis i ble on
the multi-el e ment di a gram for the Bt-Ms gran ites of the dykes
(Fig. 12C), which also dis plays a dis tinct, pos i tive Ta anom aly.

In the Bt-Ms gran ites of the small plutons, the to tal REE con -
tents (195–230 ppm) are higher than in the Bt-Ms gran ites of
the dykes (66–111 ppm; Ta ble 2). The chondrite-nor mal ized
REE pat terns for the plutons (Fig. 12B) dis play dis tinct, steeply
de creas ing LREE and HREE branches, and neg a tive anom aly
of Eu/Eu*, be tween 0.22–0.42 (Ta ble 2). The (La/Yb)N ra tios
range from 9 to 15. The chondrite-nor mal ized REE pat terns of
the Bt-Ms gran ites of the dykes are char ac ter ized by dis tinct,
steeply de creas ing LREE and flat HREE pat terns, and even
deeper neg a tive anom a lies of Eu/Eu*, be tween 0.18–0.3 (Ta -
ble 2). The (La/Yb)N ra tios in these dyke gran ites are be tween
2.7 and 7.3, much lower than in the plutons. Both types of the
Bt-Ms gran ites show a slight tetrad ef fect (Fig. 12B, D; Irber,
1999).

The trace-el e ment di a gram for the Bt-Ms gran ites of the
small plutons, nor mal ized to to tal crust (Fig. 13A), is gen er ally
sim i lar to the di a gram for the rocks of the dykes (Fig. 13C).
How ever, the Sr and Ti neg a tive anom a lies and Rb and Ta pos -
i tive anom a lies are much more pro nounced in the rocks of the
dykes than those of the plutons, and the P anom aly, well-vis i ble
in gran ites of the plutons, is hardly no tice able in the dykes. The
REE pat terns nor mal ized to to tal crust for the gran ites of the
plutons broadly cor re spond to the av er age to tal crust com po si -
tion but they dis play pro nounced Eu anom a lies (Fig. 13B). The
REE pat terns for the gran ites of the dykes are char ac ter ized by
de ple tion in LREE, a strong Eu neg a tive anom aly, and slight en -
rich ment in HREE rel a tive to LREE (Fig. 13D).
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Fig. 10. Discrimination diagram of primary (PM) and secondary
(SM) muscovites from biotite-muscovite granites of the Strzelin 

Massif (fields of muscovites after Miller et al., 1981)

Fig. 9. TiO2 contents in muscovite from biotite-muscovite
granites of the Strzelin Massif
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Gromnik Gêbczyce Górka Strzelin I Quarry Gêsiniec

GR-2 272 GW-1 88 GK GOR 300 II-1* STIN 1* STIN 2* 210

[wt.%]

SiO2 74.75 74.98 75.50 74.42 76.46 76.00 76.30 75.67

TiO2   0.24   0.12   0.13   0.12   0.04   0.04   0.04   0.05

Al2O3 12.86 12.49 13.45 13.72 12.36 13.4  13.50 13.61

Fe2O3   1.46   0.96   1.39   1.27   0.71   0.46   0.49   0.69

MnO   0.03   0.03   0.03   0.03   0.04   0.01   0.02   0.01

MgO   0.36   0.14   0.18   0.19   0.09   0.08   0.08   0.13

CaO   1.98   1.35   0.94   1.03   1.01   0.62   0.55   0.66

Na2O   2.35   2.34   3.29   3.07   2.82   3.49   3.94   3.85

K2O   4.62   5.20   5.04   5.10   4.51   5.76   5.24   4.73

P2O5   0.09   0.32   0.05   0.03   0.07   0.07   0.04   0.05

LOI   0.77   0.66   0.52   0.80   0.30   0.51   0.51   0.40

To tal 99.51 98.57 100.52 99.8 98.42 100.44 100.71 99.85

A/CNK 1.0 1.0 1.1 1.1 1.1 1.0 1.0 1.1

A/NK 1.4 1.3 1.2 1.3 1.3 1.1 1.1 1.2

[ppm]

Co 23 17 2 78 20 50 47 85

V 11 5.3 9 <8 6 <5 <5 <8

Pb 14 13 27 4 21 31 25 5.5

Zn 36  37 23 66 13 16 9

Sn 5 3.6 7 6 4 3 4 2

Rb 220 224 215 216 302 237 253 186

Cs 6.7 3.1 6.68 3.8 3.6 4.07 4.67 3.2

Ba 588 599 685 672 172 115 95.9 286

Sr 117 78 95 80 35 29.2 21 63.3

Tl 1.1 1 0.9 0.2 1.4 0.8 0.9 <0.1

Ga 20 18 18.8 18 20 17.6 19.7 16.4

Ta 7.9 6.4 1.6 1.6 7.5 3.4 8.8 2

Nb 20.5 19.4 14.5 15 20.8 10.7 22.6 13.1

Hf 5.3 3.8 3.9 4.1 2.6 2.4 2.6 2.6

Zr 181 117 137 112.7 63 58 60 63.9

Y 26 38 30.7 32.6 26 25.5 23 25.2

Th 21 20 19.95 21.3 13 10.55 10.9 13.6

U 3.7 4 7.37 2.7 14.5 12.15 9.42 3.2

La 55.6 53 42.7 42.4 20.4 12 12.6 22.8

Ce 96 96.5 83.8 89.8 37.5 24 25.4 47.4

Pr 10.3 10.2 8.96 10.23 3.9 2.66 2.75 5.52

Nd 35.2 37 32.2 34.6 12.8 9.3 9.4 17.3

Sm 6.5 7.6 6.37 6.81 3.3 2.68 2.73 3.82

Eu 0.8 0.6 0.62 0.45 0.2 0.21 0.18 0.36

Gd 5.4 6.9 6.27 5.67 3.4 3.11 2.99 3.52

Tb 0.9 1.2 0.93 0.98 0.7 0.64 0.6 0.67

Dy 4.8 7 5.55 5.29 4.4 4.24 4.08 3.9

Ho 0.9 1.3 1.08 1.06 0.9 0.85 0.76 0.79

Er 2.5 3.8 3.24 2.89 2.5 2.65 2.34 2.27

Tm 0.4 0.6 0.45 0.48 0.4 0.4 0.38 0.37

Yb 2.5 3.8 2.96 3.01 2.8 2.95 2.58 2.1

Lu 0.4 0.6 0.43 0.44 0.4 0.42 0.39 0.32

S REE 222.2 230.1 195.56 204.11 93.6 66.11 67.18 111.14

LaN/YbN 14.87 9.33 9.65 9.42 4.87 2.72 3.27 7.26

Eu/Eu* 0.42 0.25 0.3 0.22 0.18 0.22 0.19 0.3

A/CNK: A = mol Al2O3, C = mol CaO, N = mol Na2O, K = mol K2O; CNK = C + N + K; NK = N + K;
*Oberc-Dziedzic et al. (2013)

T a  b l e  2

Chem i cal anal y ses of the Bt-Ms gran ites from the Strzelin Mas sif
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Rb-Sr ISOTOPES

The Sr iso tope data of the Bt-Ms gran ites from
Oberc-Dziedzic et al. (1996) and Oberc-Dziedzic and Pin
(2000) were cor rected for in situ de cay of 87Rb by us ing the new
age data (Oberc-Dziedzic et al., 2013). The age-cor rected Sr
iso tope sig na tures for the Bt-Ms gran ites range as fol lows:
87Sr/86Sri = 295 Ma from 0.7088 and 0.7086 for sam ples GB1
and GB 2 (Gêbczyce gran ite, Ta ble 3), to 0.7104 for sam ple
GOR (Górka Sobocka gran ite), and 87Sr/86Sri = 286 Ma up to
0.7191, and even a higher value of 0.7260 for dyke sam ples
STIN 1 and STIN 2 (Bt-Ms gran ite, Strzelin I Quarry), re spec -
tively.

Sm-Nd ISOTOPES

The Bt-Ms gran ites from the Gêbczyce and Górka Sobocka
plutons dis play 147Sm/144Nd ra tios of 0.1144 and 0.1183, in ter -
me di ate be tween the value of 0.1067 mea sured in the
fine-grained bi o tite gran ite from the Strzelin I Quarry

(Oberc-Dziedzic et al., 2013) and that of 0.1256 mea sured in
the Bt-Ms gran ite dyke cut ting the Gêsiniec tonalite (Ta ble 4).
The an oma lously high 147Sm/144Nd ra tios mea sured in the
Bt-Ms gran ite dykes from the Strzelin I Quarry (0.1715–0.1804)
were in ter preted to re flect the frac tion ation of one or sev eral
LREE-rich ac ces sory phase(s), e.g., monazite and/or ap a tite,
as sug gested by the low bulk-rock con tents of P2O5

(Oberc-Dziedzic et al., 2013).
The Bt-Ms gran ites from the Gêbczyce and Górka Sobocka

quar ries show eNd295 val ues of –4.5 and –4.9, re spec tively,
while the two sam ples of Bt-Ms gran ite dykes from the Strzelin I
Quarry have an even less ra dio genic Nd iso tope sig na ture
(eNd286 –5.4 and –5.7), as does the Bt-Ms gran ite from the dyke
in the Gêsiniec Quarry (eNd295 –5.9; Ta ble 4). All these data
doc u ment geochemically evolved crustal sources for the pa ren -
tal mag mas, dom i nated by an an cient LREE-en riched com po -
nent, and point to a higher con tri bu tion of such a com po nent in
the late-stage, peraluminous dykes. The eNd300 of the
fine-grained bi o tite gran ite (–3.8) and the eNd295 of the diorite
from the Gêsiniec Quarry (–4.0, –2.8; Ta ble 4) are higher com -
pared with those from the Bt-Ms gran ites, re flect ing sources
that were some what less en riched in LREE on a time-in te grated 
ba sis, pos si bly as a re sult of sub or di nate con tri bu tion of mafic
(man tle-de rived?) ma te rial.

ZIRCON SATURATION THERMOMETRY

The Bt-Ms gran ites in small plutons (Gromnik, Gêbczyce and
Górka Sobocka gran ites) and of the dykes dif fer in their Zr con cen -
tra tions: 113–181 ppm and 58–64 ppm, re spec tively (Ta ble 2). To
es ti mate the tem per a ture of crystallisation of both types of Bt-Ms
gran ites, we have ap plied the zir con sat u ra tion ther mom e try (Wat -
son and Har ri son, 1983; Miller et al., 2003). The sam ples of the
Gêbczyce and Górka Sobocka Bt-Ms gran ites yield nearly the
same zir con-crystallisation tem per a tures, TZr of 765–779°C and
765°C, re spec tively, whereas the Gromnik Bt-Ms gran ite shows a
sig nif i cantly higher TZr of 801°C. The cal cu lated TZr of the Bt-Ms
gran ites from the dykes cut ting the bi o tite gran ites in the Strzelin I
Quarry and the tonalites in the Gêsiniec Quarry, are very sim i lar
(706–720°C and 718°C, re spec tively) and dis tinctly lower (by c.
40–80°C) than the TZr of the Bt-Ms gran ites of the small plutons
(Ap pen dix 5 and Fig. 14A). For com par i son, we have also cal cu -
lated the TZr for the Strzelin bi o tite gran ites (Oberc-Dziedzic et al.,
2013; 792–830°C) and for the Gêsiniec tonalite-diorite: the dated
sam ple of tonalite from Gêsiniec GT9, (Oberc-Dziedzic and Kryza, 
2012) – 756°C, and two sam ples of diorite (un pub lished data) –
747°C and 867°C. The last tem per a ture value is con tained within
the range of TZr 864–907°C, cal cu lated for the Gêsiniec
granodiorite, based on the anal y ses pub lished by Pietranik and
Koepke (2009). Sum ming up, the TZr of the Bt-Ms gran ite in the
dykes is about 100°C lower than in the host Bt gran ite, and
30–150°C lower than in the host tonalite and diorite, re spec tively
(Ap pen dix 5 and Fig. 14B).

SHRIMP ZIRCON STUDY

SAMPLING AND METHODS

Two sam ples of the bi o tite-mus co vite gran ites, one (GEB)
from the Gêbczyce Quarry and one (300 III) from the dyke in the 
Strzelin I Quarry, have been se lected for SHRIMP zir con in ves -
ti ga tions. The sam ples rep re sent typ i cal gran ites de scribed in
sec tion Pe trog ra phy.
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Fig. 11. Classification diagrams (Frost et al., 2001) for
biotite-muscovite granites of the Strzelin Massif

A – FeO/(FeO+MgO) vs. SiO2; B – Na2O+K2O-CaO vs. SiO2
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Fig. 12. Chondrite normalized

A, C – multi-element diagrams (normalization values of Thompson, 1982); B, D – REE plots
(normalization values of Nakamura, 1974, with additions from Haskin et al., 1968) for biotite-muscovite

granites from the Strzelin Massif: A, B diagrams for small plutons, C, D diagrams for dykes

Fig. 13. Total-crust normalized (normalization values of Rudnick and Gao, 2005)

A, C – multi-element diagrams; B, D – REE plots for biotite-muscovite granites from the Strzelin Massif;
A, B – diagrams were constructed for small plutons; C, D – diagrams for dykes



The sam ples se lected for SHRIMP anal y sis, each c. 3–5 kg
in weight, were crushed and the heavy min eral frac tion
(0.06–0.25 mm) was sep a rated us ing a stan dard pro ce dure
with heavy liq uids and mag netic sep a ra tion. Zir cons were
hand-picked un der a mi cro scope, mounted in ep oxy and pol -
ished. Trans mit ted and re flected light pho to mi cro graphs were
made, along with CL im ages, in or der to se lect grains and
choose sites for anal y sis. The Sen si tive High Res o lu tion Ion
Microprobe (SHRIMP II) was used in the Beijing SHRIMP Cen -
ter, Chi nese Acad emy of Geo log i cal Sci ences.

The U-Pb anal y ses were per formed us ing a sec ond ary
elec tron mul ti plier in peak-jump ing mode, fol low ing the pro ce -
dure de scribed in Wil liams (1998) or Larionov et al. (2004). A
pri mary beam of mo lec u lar ox y gen was em ployed to bom bard
zir con in or der to sput ter sec ond ary ions. The el lip ti cal an a lyt i cal 
spots had a size of c. 25 ´ 30 mm, and the cor re spond ing ion
cur rent was c. 4 nA. The sput tered sec ond ary ions were ex -
tracted at 10 kV. The 80 mm wide slit of the sec ond ary ion
source, in com bi na tion with a 100 mm mul ti plier slit, al lowed
mass-res o lu tion of M/DM ³ 5000 (1% val ley) so that all the pos -
si ble iso baric in ter fer ences were re solved. Two-min ute
rastering was em ployed be fore each anal y sis in or der to re -
move the gold coat ing and any pos si ble sur face com mon Pb
con tam i na tion.

The fol low ing ion spe cies were mea sured in se quence:
196(Zr2O)–204Pb–back ground (c. 204 AMU)–206Pb–207Pb–
208Pb–238U–248ThO–254UO with in te gra tion time rang ing from 2
to 20 sec onds. Four cy cles for each spot ana lysed were ac -
quired. Each fifth mea sure ment was car ried out on the zir con
Pb/U stan dard TEMORA 1 (Black et al., 2003) with an ac cepted 
206Pb/238U age of 416.75 ± 0.24 Ma. The 91500 zir con with a U
con cen tra tion of 81.2 ppm and a 206Pb/238U age of 1062.4
± 0.4 Ma (Wiedenbeck et al., 1995) was ap plied as a “U-con -
cen tra tion” stan dard.
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 Type Rb Sr 87Rb/86Sr 87Sr/86Sr 87Sr/86Sr(t) (t)

GB 1 Gêbczyce* 220 90.1  7.09 0.73857 0.7088 (t = 295 Ma)

GB 2 Gêbczyce* 212 85.2  7.24 0.73901 0.7086 (t = 295 Ma)

GOR Górka Sobocka** 219 78.0 8.15 0.74457 0,7104 (t = 295 Ma)

STIN 1 Strzelin Quarry* 239 30.6 22.80 0.81191 0.7191 (t = 286 Ma)

STIN 2 Strzelin Quarry* 255 20.3 32.60 0.85863 0.7260 (t = 286 Ma)

*Oberc-Dziedzic et al. (1996); **Oberc-Dziedzic and Pin (2000)

T a  b l e  3

Rb-Sr re sults for the Bt-Ms gran ites of the Strzelin Mas sif

Sam ple Type Sm Nd 147Sm/144Nd 143Nd/144Nd eNd0 eNd(t) t [Ma] TCHUR TDM [Ga]

GB 1 Bt-Ms gran ite Gêbczyce 6.23 33.0 0.1144 0.512250 (8) –7.6 –4.5 295 0.72 1.22

GOR Bt-Ms gran ite Górka Sobocka 7.02 35.8 0.1183 0.512240 (3) –7.8 –4.9 295 0.78 1.29

210 Bt-Ms gran ite Gêsiniec 4.05 19.5 0.1256 0.512200 (2) –8.6 –5.9 295 0.94 1.46

STIN 1 Bt-Ms gran ite Strzelin Quarry* 2.64 8.84 0.1804 0.512334 (6) –6.0 –5.4 286 (2.86)** (3.44)**

STIN 2 Bt-Ms gran ite Strzelin Quarry* 2.79 9.84 0.1715 0.512299 (7) –6.6 –5.7 286 (2.06)** (2.75)**

STIN 3 Bt gran ite Strzelin Quarry* 4.25 24.0 0.1067 0.512270 (9) –7.2 –3.8 300 0.63 1.11

4GT tonalite Gêsiniec 5.68 33.4 0.1028 0.512252 (8) –7.6 –4.0 295 0.63 1.09

5GT tonalite Gêsiniec 6.38 31.8 0.1213 0.512349 (10) –5.7 –2.8 295 0.59 1.15

*Oberc-Dziedzic et al. (2013); ** age spu ri ous be cause of late-stage frac tion ation of Sm/Nd ra tio

T a  b l e  4

Sm-Nd iso tope data for the Bt-Ms gran ites, bi o tite gran ite and tonalite of the Strzelin Mas sif

Fig. 14. Zircon saturation temperatures

A – for the bi o tite-mus co vite gran ites from the Strzelin Mas sif (or -
ange – plutons, yel low – dykes); B – for the Strzelin bi o tite gran ites
(red) and the Gêsiniec tonalite-diorites (green) com pared with bi o -
tite-mus co vite gran ites of the dykes (yellow)

https://gq.pgi.gov.pl/article/view/7901


The col lected re sults were then pro cessed with the SQUID
v1.12 (Lud wig, 2005a) and ISOPLOT/Ex 3.22 (Lud wig, 2005b)
soft ware, us ing the de cay con stants of Steiger and Jäger
(1977). The com mon lead cor rec tion was done us ing mea sured 
204Pb ac cord ing to the model of Stacey and Kramers (1975).
The re sults of the zir con anal y ses are shown in Ap pen di ces 6, 7 
and Fig ures 15–17. Con ven tion ally, the ages given in the text, if 
not ad di tion ally spec i fied, are 207Pb/206Pb ages for zir cons older
than 650 Ma, and 206Pb/238U ages for zir cons youn ger than 650
Ma. The er rors in the text and ta bles are given at the 1-s level
for in di vid ual points, and at 2-s level in Con cordia di a grams and 
for av er age Con cordia ages.

SAMPLE GEB

The zir cons of sam ple GEB (Fig. 15A) are rel a tively large,
with long axes be tween ~100–200 µm, nor mal-pris matic and
euhedral. Many of them are bro ken. In some of the grains, dis -
tinct cores are ob served (e.g., grains 2, 6, 15 and 17). Typ i cally,
the euhedral habit of the crys tals im i tates the fine “mag -
matic-type” in ter nal zon ing. In a few grains, the in ter nal part is
CL dark (3.1). No dis tinct overgrowths are vis i ble.

Over all, 20 points in 17 zir con grains were ana lysed (Ap -
pen dix 6). The SHRIMP re sults ob tained on this sam ple are not
easy to in ter pret, partly be cause of ap par ent in sta bil ity of the in -

Last stage of Variscan granitoid magmatism in the Strzelin Massif (SW Poland): petrology and age... 731

Fig. 15. CL images of zircons

A – from the Gêbczyce Bt-Ms granite, sample GEB; B – from the Bt-Ms granite dyke in the Strzelin I Quarry, sample 300 III

https://gq.pgi.gov.pl/article/downloadSuppFile/23850/2557
https://gq.pgi.gov.pl/article/downloadSuppFile/23850/2558
https://gq.pgi.gov.pl/article/downloadSuppFile/23850/2557


stru ment dur ing the an a lyt i cal ses sion (rel a tively large an a lyt i -
cal er rors), and partly be cause of var i ous discordances of many 
an a lyt i cal points. The lat ter is ev i denced by many strongly re -
versely dis cor dant data points (D val ues that vary widely be -
tween +645 and –4000%, Ap pen dix 6), though the 2-sigma er -
ror point el lip ses over lap the Con cordia line (Fig. 16A, B). In
spite of the rather poor qual ity of the re sults from this sam ple,
the SHRIMP data are pre sented on di a grams (Fig. 16A, B) and
a ten ta tive in ter pre ta tion is pro posed be low.

The U and Th con tents in the analysed zir cons are mod er -
ate to high: U 170 – 1155 ppm, Th 58 – 818 ppm. The 232Th/238U 
ra tios are mod er ate, be tween 0.23 and 0.73. Pbc var ies within
the range of 0.17–2.3, with one high value of 9.11 in point 4.2.

Four points rep re sent in her ited zir cons: Cl-bright core –
1193 ± 30 Ma (17.1), CL-dark in te ri ors of two crys tals – 497 ± 13 
(3.1) and 448 ± 12 (2.1), zoned in te rior of euhedral crys tal (1.1)
– 446 ± 14 Ma. In con trast, one point (4.2) is un re al is ti cally
young, 123 ± 4, in di cat ing strong de grees of ra dio genic lead
loss.

The main age group of 13 zir cons yielded 206Pb/238U ages
within the range of 283–307 Ma, with a mean of 296 ± 5 Ma
(Fig. 16A). How ever, the cal cu lated Con cordia age of this group 
has rather high MSWD val ues, even when ex clud ing four points 
with rel a tively large er ror el lip ses (Fig. 16B, all nine points se -
lected): 296 ± 6 Ma, MSWD 6.0, prob a bil ity of con cor dance
(PoC) 0.015. Within this group of 9 points, it is pos si ble to dis tin -
guish two sub groups:

– older zir cons (4 grains shown in red), with Con cordia

age of 304 ± 9 Ma and high MSWD 7.8 and PoC 0.005;

– youn ger zir cons (5 points shown in blue), with Con cordia 
age of 290 ± 7 Ma, MSWD 0.53 and PoC 0.47.

The 2-sigma point el lip ses be long ing to the two sub groups
over lap, thus, we may in ter pret the Con cordia age of
296 ± 6 Ma as the ap prox i mate age of mag matic zir con crys tal li -
sa tion in this gran ite. How ever, we can not ex clude that the
youn ger zir cons of c. 290 (or even 283?) Ma rep re sent the fi nal
mag matic stage in this gran ite, or merely re flect ra dio genic lead
loss. This di lemma is un re solv able def i nitely based on the avail -
able SHRIMP data from the study sam ple.

SAMPLE 300 III

The zir cons of this sam ple (Fig. 15B) vary in size, with the
long axes be tween c. 80 and 300 µm. They are nor mal-pris -
matic (com bi na tion of the prism and one pyr a mid) and usu ally
euhedral. In some grains, the in ter nal zonal struc ture is asym -
met ri cally cut by ex ter nal faces of the crys tals. Many grains are
bro ken.

Most of the zir cons show fine “mag matic-type” zonation,
and in some of them, dis tinct ir reg u lar cores are vis i ble (e.g., in
grains 1.1, 4.1). A few other grains show only a faint in ter nal
struc ture, be ing both CL-bright (13.1, 15.1) and CL-dark (8.1,
16.1). Based on the data ob tained, it is dif fi cult to cor re late the
dif fer ent ages with par tic u lar zir con types.

In this sam ple, 19 points in 18 grains have been ana lysed
(Ap pen dix 7). The U and Th con tents vary from ex cep tion ally
low val ues in one Pro tero zoic grain 13.1 (U 14 ppm,
Th 21 ppm), through mod er ate con cen tra tions (U 122–640 and
Th 32 – 283 ppm) in most of the grains, to very high (U 1009 –
6640 and Th 85 – 746 ppm) in five other an a lyt i cal points. The
232Th/238U ra tios range be tween 0.05 and 0.62 (ex cept for the
un usu ally high value of 1.62 in point 13.1). Com mon lead (Pbc)
is low, mostly be low 1%, but in six points, it is sig nif i cantly
higher, up to 5% in point 16.1.

The SHRIMP re sults from all the ana lysed points (ex cept for 
the Pro tero zoic grain 13.1) are shown in the Con cordia di a gram 
(Fig. 17A). The cal cu lated dis cor dance (D = [(age
207Pb/206Pb)/(age 206Pb/238U) – 1]*100) is usu ally small to mod -
er ate, be tween –37 to +21, with three higher val ues, up to –297
(in 15.1).

Nine points show clearly older ages which can be sub di -
vided into the fol low ing four sub groups:

– 1,480 ± 53 Ma (dis tinct core in grain 13.1);

– be tween 587 ± 10 Ma and 597 ± 10 Ma (3 points 1.1, 4.1
and 17.1, two of which in cores);

– be tween 490 ± 11 Ma and 507 ± 9 Ma (2 subhedral
grains, 11.1 and 16.1);

– be tween 430 ± 7 Ma and 448 ± 10 Ma (7.1, 12.1, 14.1, all 
sim i larly zoned).

The main age pop u la tion of 10 zir cons fall be tween 278 ± 5
and 297 ± 5 Ma (Fig. 17B). Their Con cordia age is 287 ± 3 Ma
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Fig. 16A – Concordia diagram for zircons from the Gêbczyce
Bt-Ms granite, sample GEB; B – average Concordia age for a

group of 9 points is 295.6 ± 5.6 Ma

Two Concordia ages for older (303.7 ± 8.8 Ma, n = 4) and younger 
(290.3 ± 7.2 Ma, n = 5) subgroups are shown
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(2-sigma), with some what el e vated MSWD of 3.1 and a very
low prob a bil ity of con cor dance (PoC) 0.078. Ex clud ing three re -
versely dis cor dant data points of this group, the Con cordia age
for seven points is 286 ± 3 Ma, with better MSWD of 0.97 and
PoC 0.33. This Con cordia age, which is also close to the mean
206Pb/238U age of 287 ± 9 Ma for the en tire pop u la tion of 10
points, is con sid ered to re flect the mag matic zir con
crystallisation age of this two-mica gran ite (sam ple 300 III) from
the dyke in the Strzelin I Quarry.

DISCUSSION

ZIRCON AGES

The Con cordia age of 296 ± 6 Ma is in ter preted as the mag -
matic zir con crystallisation age in the Gêbczyce Bt-Ms gran ite.

How ever, the pres ence of youn ger zir cons of c. 290 (or even
283) Ma may in di cate that the fi nal mag matic stage in this gran -
ite took place some what later, al though the pos si bil ity of faint
loss of ra dio genic Pb can not be dis missed. Sim i lar prob lems in
de fin ing the magma crystallisation age have also been met in
the me dium-grained (303 ± 2 Ma) and fine-grained (283 ± 8 Ma) 
bi o tite gran ites from the Strzelin quar ries (Oberc-Dziedzic et al., 
2013), in dif fer ence to the well-es tab lished age of the tonalites
from Gêsiniec (295 ± 3 Ma; Oberc-Dziedzic and Kryza, 2012)
and Kalinka (294 ± 3 Ma; Oberc-Dziedzic et al., 2010). The
296 ± 6 Ma zir con age of the Bt-Ms gran ite from Gêbczyce is
sim i lar to the age of the Gêsiniec and Kalinka tonalites. Al -
though the ages of the Bt-Ms gran ites of the Gromnik and
Górka Sobocka in tru sions have not been de ter mined, their pet -
ro log i cal char ac ter is tics, sim i lar to those of the Gêbczyce gran -
ite, sug gest that they all be long, sim i larly as tonalites, to the
same, third stage of the Variscan mag matic ac tiv ity in the
Strzelin Mas sif.

The SHRIMP zir con stud ies have shown that the Bt-Ms
gran ites from the dykes are, within the an a lyt i cal er rors, of the
same age as the granitoids which were cut by the dykes: c. 295
± 3 Ma in the case of the Gêsiniec tonalite (sam ple GT9) and
the cor re spond ing Bt-Ms gran ite (sam ple 210; Oberc-Dziedzic
and Kryza, 2012), and c. 283 ± 8 Ma in the case of the Strzelin
bi o tite gran ite (Oberc-Dziedzic et al., 2013) and the cor re -
spond ing Bt-Ms gran ite dyke of 286 ± 3 Ma age (sam ple
300 III). There fore, the host granitoids (Gêsiniec tonalite, and
Strzelin bi o tite gran ites) and the Bt-Ms gran ite mag mas of the
dykes were emplaced in a time span shorter than the (lim ited)
pre ci sion of the mea sured SHRIMP zir con ages. This may in di -
cate that the mag mas of dif fer ent chem i cal com po si tion, rep re -
sented by the host granitoids and the Bt-Ms dykes, were gen er -
ated at broadly the same time and in truded in close prox im ity.

The age spec tra of the in her ited zir cons in the Bt-Ms gran -
ites are sim i lar in all mea sured sam ples: GEB, 300 III and 210
(Oberc-Dziedzic and Kryza, 2012). Apart from a few early Pro -
tero zoic ages of c. 1.5, 1.2 and 1.0 Ga), many in her ited ages
are sim i lar to the ages of zir cons from the gneiss es of the
Strzelin Mas sif: Strzelin gneiss – 600 ± 7 Ma, 568 ± 7 Ma
(Oberc-Dziedzic et al., 2003), Nowolesie gneiss – 602 ± 7 Ma,
587 ± 4 Ma, (Klimas, 2008), 576 ± 18 Ma (Mazur et al., 2010)
and Goœciêcice gneiss – 504 ± 3 Ma (Ol i ver et al., 1993),
500 ± 12 Ma (Mazur et al,. 2010). The in her ited zir cons may
rep re sent crustal com po nents of the Bt-Ms gran ite magma and
in di cate that gneiss es sim i lar to those ex posed in the Strzelin
Mas sif may have been the source ma te rial for mag mas of all
stud ied granitoid bod ies.

The Bt-Ms gran ite con tains also zir cons vary ing in age from
430–448 Ma (Gêbczyce and Strzelin Bt-Ms gran ites). A sim i lar
206Pb/238U age of 453 ± 14 Ma was re ported from the
Goœciêcice gneiss (Mazur et al., 2010) and from the
fine-grained gran ite from the Strzelin Quarry (451 ± 9 Ma;
Oberc-Dziedzic et al., 2013). The geo log i cal mean ing of these
ages is un clear, bear ing in mind that they are not based on con -
cor dant data points, but are merely 206Pb/238U ap par ent ages,
that might sim ply re flect ra dio genic lead loss from sig nif i cantly
older grains.

Zir con age of c. 374 Ma is found in the Gêsiniec Bt-Ms gran -
ite (Oberc-Dziedzic and Kryza, 2012). Sim i lar 206Pb/238U zir con
ages of 373–383 Ma were also re ported from the fine-grained
bi o tite gran ite from the Strzelin I Quarry (Oberc-Dziedzic et al.,
2013). Such ages were also found in the Sowie Góry
migmatites (Kryza and Fan ning, 2007) and in xe no lith gneiss
sam pled in the Paszowice ba salt from the crust un der ly ing the
low-grade meta mor phic Kaczawa Unit (Oberc-Dziedzic et al.,
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Fig. 17A – Concordia diagram for zircons from the Bt-Ms
granite dyke in the Strzelin I Quarry, sample 300 III; B – average 

Concordia age for a group of 19 points is 286.7 ± 3 Ma

For 7 points, excluding those with somewhat higher discordance
(D) indicated in red, the Concordia age is 285.0 ± 3.5 Ma
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2009). These ages doc u ment an im por tant meta mor -
phic/anatectic event in the Cen tral Sudetes.

The pres ence of in her ited zir cons in the Bt-Ms gran ite form -
ing dykes, and their lack in the tonalite (Oberc-Dziedzic and
Kryza, 2012) and me dium-grained bi o tite gran ite from the
Strzelin Quarry (Oberc-Dziedzic et al., 2013) sug gest that ei -
ther the bi o tite-mus co vite gran ite magma did not evolve from
the tonalite and bi o tite gran ite magma, but orig i nated from sep -
a rate magma batches, or the magma of the Bt-Ms gran ite
dykes rep re sents a melt evolved from the bi o tite gran ite or
tonalite mag mas which as sim i lated a zir con-bear ing crustal
com po nent.

ORIGIN OF THE BIOTITE-MUSCOVITE GRANITE MAGMAS

The two types of the Bt-Ms gran ites in the Strzelin Mas sif
(i.e. small plutons and dykes) show some dif fer ences in ma jor
and trace el e ments con tents (Figs. 12A, C and 13A, C) which
im ply that the dykes were fed by a more evolved magma than
the small plutons. Spe cif i cally, all these data sug gest that the
dykes were fed by a re sid ual melt left be hind af ter the frac tion -
ation of a crys tal as sem blage of Fe-Mg min er als, plagioclase,
and ac ces sory phases (Fe-Ti ox ides, zir con, LREE-rich phos -
phates). These dif fer ences, how ever, might be, at least in part,
in her ited from the source ma te ri als. In the lat ter case, the gran -
ite magma of the small plutons would have orig i nated from a
slightly more ba sic source than the magma form ing the dykes. It 
is also pos si ble that the sources of the magma in the plutons
and in the dykes were sim i lar, but ei ther the for mer con tained
some man tle-de rived com po nents, or the magma of the dykes
was con tam i nated by crustal ma te ri als.

The gran ites of the small plutons show lower val ues of
87Sr/86Sri = 295 Ma (0.7088–0.7104) and higher val ues of eNd295

(–4.5, –4.8), in com par i son with 87Sr/86Sri = 286 Ma (0.7191–7260)
and the eNd286 Ma (–5.4, –5.7, –5.9) val ues ob tained from the
dykes (Ta bles 3 and 4), sug gest ing their der i va tion from dif fer -
ent sources. The lower eNd val ues in the dykes re flect a slightly
more “crustal” sig na ture, that is to say, a slightly greater con tri -
bu tion of a crustal end-mem ber, pos si bly by lo cal as sim i la tion
shortly be fore ig ne ous em place ment. The low vol ume of mag -
mas such as those of the dykes would, in deed, be more sen si -
tive to such “con tam i na tion” than the bulk of the ig ne ous bod ies
that formed in the lower crust. The dif fer ence be tween eNd val -
ues of the dyke-form ing Bt-Ms gran ites and their host granitoids 
(Gêsiniec tonalite: –5.9 and –4.0, and –2.8, re spec tively;
Strzelin bi o tite gran ite: –5.4 and –5.7, and –3.8, re spec tively) is
even greater than be tween the Bt-Ms gran ites of the dykes and
of the small plutons: –5.4, 5.7, –5.9 and –4.5, –4.9, re spec tively
(Ta ble 4). Be cause the gran ites of the dykes are rel a tively
late-stage com pared to the bulk of the in tru sions, their or i gin
might well have been con nected with the as sim i la tion of an up -
per crustal com po nent, which oc curred dur ing frac tional
crystallisation (AFC). The an oma lously el e vated val ues of
147Sm/144Nd ra tios of the two sam ples from the Strzelin I Quarry
(STIN 1, STIN 2; Ta ble 4) pro vide cir cum stan tial ev i dence for
frac tion ation of a LREE-en riched phase (likely, monazite) and
sup ports an or i gin of these dykes as evolved, frac tion ated re -
sid ual melts hav ing evolved in an open sys tem. The very ra dio -
genic Sr iso tope sig na ture of these two sam ples also re quires
the in tro duc tion of 87Sr-en riched par tial melts or flu ids from the
sur round ing crust. In this sce nario, STIN 2 – with a higher value
of Rb/Sr and higher 87Sr/86Sr286 Ma – would be more “evolved”
than STIN 1, as far as Sr iso topes are con cerned, but the fact
that these two sam ples do not have the same (87Sr/86Sr286 Ma)
shows that they were not iso to pi cally ho mo ge neous at

~286 Ma, that is, as sim i lated vari able amounts of the crustal
com po nent or crustal ma te ri als that were iso to pi cally het er o ge -
neous. More over, for these two sam ples, there is no ob vi ous
cor re la tion be tween Sr iso topes and eNd val ues. This de coup -
ling may be in ter preted to re flect the in volve ment of hy drous flu -
ids de rived from the lo cal up per crust, be cause such flu ids can
be highly en riched in ra dio genic Sr, and very poor in Nd (as a re -
flec tion of the con trast ing sol u bil i ties of these el e ments in H2O).

Some in for ma tion con cern ing the source ma te rial of the
Bt-Ms gran ites is re corded in the zir cons. In con trast to the
Strzelin me dium-grained bi o tite gran ite and the Gêsiniec
tonalite in which older zir con pop u la tions are ab sent, be cause
they were dis solved dur ing the magma-gen er at ing pro cesses
(Oberc-Dziedzic et al., 2013), the Bt-Ms gran ites, sim i larly as
the Strzelin fine-grained bi o tite gran ite, abound in in her ited zir -
cons of var i ous ages, typ i cally ob served in zir cons from gneiss -
es of the Strzelin Mas sif. This strongly sug gests that sim i lar
gneiss es were the source ma te rial for, or at least con trib uted to,
the magma of the Bt and Bt-Ms gran ites. How ever, such
gneiss es were not the unique source ma te rial for gran ites. The
eNd val ues of the 602–568 Ma old gneiss es from the Strzelin
Mas sif cal cu lated as they were 300 Ma old, at the ap prox i mate
time of the late stage of Variscan gran ite em place ment, are
con sid er ably lower (eNd300 Ma from –14 to –16, un pub lished
data) than the Bt-Ms gran ites (–4.5 to –5.9). There fore, the
eNd300 Ma data re in force the con clu sion that these gneiss es
could con trib ute only quite mar gin ally to the pro duc tion of the
Variscan granitoids which dis play much more ra dio genic Nd
iso tope sig na tures. If these gneiss es were in deed in volved, a
ma jor con tri bu tion of rel a tively (iso to pi cally) prim i tive sources is
re quired, such as c. 300 Ma old man tle-de rived mag mas. An -
other pos si bil ity is that the Variscan granitoids were de rived
from more mafic (with higher time-in te grated Sm/Nd ra tios)
lower crustal ma te ri als.

CRYSTALLISATION OF THE BIOTITE-MUSCOVITE GRANITE MAGMAS

The zir co nium con cen tra tions in the Bt-Ms gran ites of the
small plutons (Gêbczyce and Górka Sobocka – 113–137 ppm,
ex clud ing the Gromnik gran ite – 181 ppm) and of the gran ite
dykes (58–64 ppm) are typ i cal of in her i tance-rich granitoids
(80–150 ppm; Miller et al., 2003). The Zr con cen tra tions of the
host bi o tite gran ites, tonalites and diorites (167–597 ppm) are in 
the range of in her i tance-poor in tru sions (200–800 ppm; Ap pen -
dix 5).

The cal cu lated TZr of 765–779°C for the Gêbczyce and
Górka Sobocka gran ites, and 706–720°C for the gran ites of the
dykes may be in ter preted as broadly ap prox i mat ing the ini tial
magma tem per a ture at the source (Miller et al., 2003). TZr val -
ues for in tru sions with lit tle or no in her i tance, such as the
Strzelin bi o tite gran ites, tonalites and diorites (747–867°C, Ap -
pen dix 5), are lower than pre dicted by Miller et al. (2003) for in -
her i tance-poor granitoids (a mean of 837°C). The dis crep ancy
be tween the cal cu lated tem per a ture of magma and the lack of
in her i tance in the granitoid rocks sug gests that the zir con sat u -
ra tion tem per a tures not al ways pro vide proper in for ma tion
about the tem per a tures at which these granitoids formed
(Chappell et al., 2004).

The in her i tance-rich gran ites of the small plutons (Gromnik,
Gêbczyce, Górka Sobocka) may be clas si fied as “cold gran ites” 
(Miller et al., 2003), which were in ter preted as formed at tem -
per a tures too low for de hy dra tion melt ing, and prob a bly re -
quired fluid in flux to trig ger par tial melt ing. The Bt-Ms gran ites
from the dykes are also of the in her i tance-rich cold gran ite type.
How ever, they show close age and spa tial links with their host
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granitoids’ in her i tance-poor “hot” bi o tite gran ites and
tonalite-diorites which may form through de hy dra tion melt ing
and, as pro duced in the crust, re quire a sub stan tial tran sient
heat flux (Miller et al., 2003). Sup pos edly, the Bt-Ms gran ites of
the dykes rep re sent late-stage re sid ual mag mas – the “tail” of
the liq uid line of de scent – which be came peraluminous through 
frac tion ation and as sim i lated crustal ma te ri als con tain ing zir -
cons which were not dis solved be cause of the peraluminous
magma com po si tion and be cause of the rel a tively low tem per a -
ture. In this model, the old zir cons cor re spond to xeno crysts
and not to grains in her ited from the ma jor, lower crustal source
of the bulk of the magma.

The changes of the An con tent in plagioclases, from rel a -
tively low in the clear grains in te rior, fol lowed by the el e vated An 
con tent in the etched ring and, again, lower con tent in the clear
ex ter nal rim show ing nor mal zon ing, in di cate a chang ing chem -
i cal com po si tion of magma in the early stage of crystallisation.
This might doc u ment min gling with rel a tively mafic mag mas at
an ear lier stage. The sec ond gen er a tion of plagioclases is more 
acidic, nor mally zoned or with out zon ing, and con tain usu ally
rounded quartz grains.

Among dif fer ences be tween the stud ied bod ies of the Bt-Ms 
gran ites is the pres ence of the cotectic cor di er ite in gran ites
form ing the dykes, and its lack in the gran ites of the small
plutons (the Gêbczyce Pluton is the ex cep tion). The nu cle ation
of cor di er ite in the mag matic cotectic en vi ron ment is con di -
tioned by T, P and, reach ing an ap pro pri ate chem i cal com po si -
tion, fa voured by high A/CNK, high S (Mg+Fe2+) and gen er ally
low fH2O (Clarke, 1995). The A/CNK ra tio is sim i lar in all gran -
ites, and S (Mg+Fe2+) is con sid er ably higher in the plutons (in -
clud ing the Gêbczyce gran ite) than in the dykes. The pres ence
of cor di er ite in the Gêbczyce gran ite and in the gran ites of the
dykes sug gests that the chem i cal con di tions for crys tal li za tion
of cor di er ite were ful filled in all gran ites stud ied, in spite of the
chem i cal dif fer ences be tween them. If so, the dif fer ent min eral
com po si tion of the Bt-Ms gran ites de pends on the amount of
wa ter: the cor di er ite-bear ing and micas-poor gran ites of the
dykes and of the Gêbczyce Pluton would rep re sent rel a tively
“dry” mag mas, whereas the Gromnik and Górka Sobocka gran -
ites, rich in bi o tite and mus co vite but not con tain ing cor di er ite,
would rep re sent more “wet” mag mas (Ta ble 1).

Cor di er ite, form ing cloths in the gran ite dykes and nod ules
in the Gêbczyce gran ite, is as so ci ated with etched plagioclases
and rounded quartz grains, but not with K-feld spar. Ac cord ing
to Huang and Wyl lie (1973), quartz fol lowed by plagioclase is
the first phase which crystallises un der ini tially H2O-undersa -
turated con di tions. This im plies that cor di er ite, co ex ist ing with
quartz and plagioclase, rep re sents the early stage of gran ite
crystallisation, prior to sat u ra tion in an aque ous vapour phase.
Mag mas be come sat u rated dur ing as cent and a de crease of
pres sure (Johannes and Holtz, 1996) or dur ing crystallisation at 
low pres sure in the magma cham ber. The re sid ual, wa ter sat u -
rated mag mas col lect at the top of the magma cham ber. A fluid
overpressure gen er ated near the roof of the magma cham ber
may cause frac tur ing of the roof and, as a re sult, sud den re duc -
tion in the sol u bil ity of wa ter in the magma, and brings about a
pres sure quench (Flood and Shaw, 2014). The pres -
sure-quench mech a nism is sug gested to be re spon si ble for the
gen e sis of the cor di er ite nod ules in the Gêbczyce gran ite. The
next stage of so lid i fi ca tion com prised crystallisation of micas,
anhedral plagioclase richer in Ab com po nent, K-feld spar and
quartz, the lat ter form ing, apart from in di vid ual grains, also

overgrowths with K-feld spar and rounded in clu sions in feld -
spars. Later, un der subsolidus con di tions, the ac tiv ity of the
K-aque ous flu ids caused the trans for ma tion of cor di er ite into
green bi o tite and mus co vite. The post-mag matic flu ids were re -
spon si ble for the or i gin of the sec ond ary mus co vite,
chloritization of bi o tite, re mov ing part of Ti from bi o tite and a dis -
tur bance of the REE sys tem vis i ble as the tetrad ef fect (Irber,
1999).

CONCLUSIONS

1. In the Strzelin Mas sif, the Bt-Ms gran ites of Gromnik,
Gêbczyce and Górka Sobocka form small plutons, lo cated
along the same fault. The Bt-Ms gran ites form also dykes both
within meta mor phic coun try-rocks, and in tonalites and bi o tite
gran ites of the mas sif.

2. The stud ied Bt-Ms gran ites show some petrographic vari -
a tion, e.g. the pres ence of cotectic cor di er ite and the low con -
tent of micas in the gran ites from the dykes (and in the
Gêbczyce small pluton), when com pared with the gran ites of
the Gromnik and Górka Sobocka plutons. The pres -
sure-quench mech a nism is sug gested as re spon si ble for the
for ma tion of cor di er ite nod ules in the Gêbczyce gran ite. The ob -
served dif fer ences in min eral com po si tion re flect var i ous
amounts of wa ter avail able at the time of magma gen e sis: the
gran ites from the dykes and from the Gêbczyce Pluton cor re -
spond to rel a tively “dry” mag mas, whereas those from Gromnik
and Górka Sobocka de rived from more “wet” mag mas.

3. The TZr cal cu lated for the Bt-Ms gran ites of the plutons
(765–801°C) and of the dykes (706–720°C) can be in ter preted
as the “ini tial magma tem per a ture” at the source or the tem per -
a ture pre vail ing at the time of zir con crys tal li sa tion.

4. The Bt-Ms gran ites of the small plutons show lower val -
ues of 87Sr/ Sr86

i 295 Ma=  (0.7088–0.7104) and higher val ues of
the eNd295 (–4.5, –4.8), in com par i son with the val ues for the
gran ites of the dykes, which sug gests the der i va tion of the for -
mer from an “iso to pi cally less evolved” crustal source (that is, a
source with a lower time-in te grated LREE-en rich ment).

5. The Bt-Ms gran ites from the small plutons (Gêbczyce
gran ite of 296 ± 6 Ma) and the Gêsiniec and Kalinka tonalites
(c. 295 Ma) be long to the same, third stage of mag matic ac tiv ity
in the Strzelin Mas sif. The Bt-Ms gran ites from the dykes are,
within er ror, of very sim i lar ages as their host granitoids, i.e.:
c. 295 Ma in the case of the Gêsiniec tonalite and the en closed
Bt-Ms gran ite, and 283 ± 8 Ma in the case of the Strzelin bi o tite
gran ite and 286 ± 3 Ma of its Bt-Ms gran ite dyke. This strongly
sug gests that the mag mas of dif fer ent chem i cal com po si tion,
rep re sented by the host granitoids and Bt-Ms dykes, were gen -
er ated at broadly the same time and in truded in close prox im ity.

6. In keep ing with their peraluminous com po si tions, the
Bt-Ms gran ites abound in old (in her ited or xenocrystic) zir cons.
Their age spec tra are sim i lar in all mea sured sam ples, and typ i -
cal of the gneiss es of the Strzelin Mas sif. This in di cates that
source ma te ri als sim i lar in age to the gneiss es ex posed in the
Strzelin Mas sif could have con trib uted to the pro duc tion of the
Bt-Ms gran ite pa ren tal mag mas. How ever, Nd iso tope data
clearly re quire an im por tant con tri bu tion of iso to pi cally less ma -
ture com po nents. This pro cess might ei ther have oc curred in
the pre-ex ist ing lower crustal source, or the less ma ture ma te ri -
als have been emplaced as man tle-de rived mafic mag mas at
the time of par tial melt ing, or both.
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