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This pa per re ports on the abun dance of pri mor dial radionuclides (40K, 232Th and 238U) in char ac ter is tic lithologies from the
Sowie Moun tains (SW Po land). In situ gamma-ray mea sure ments were con ducted at 12 lo cal i ties host ing ex posed augen
gneiss, flaser gneiss, granulite, homophanized gneiss, hornblendite, lay ered gneiss, lay ered migmatite, migmatic gneiss,
mylonitic gneiss and mylonitic granulite. The ac tiv ity con cen tra tion of 40K var ied from 180 Bq kg–1 (mylonitic granulite) to 845
Bq kg–1 (lay ered gneiss). The ac tiv ity con cen tra tions as so ci ated with 228Ac (232Th) var ied from 10 Bq kg–1 (mylonitic granulite) 
to 53 Bq kg–1 (homophanized gneiss), while ac tiv ity as so ci ated with 226Ra (238U) var ied from 9 Bq kg–1 (mylonitic granulite) to
43 Bq kg–1 (lay ered gneiss). An augen gneiss ad ja cent to the Intra-Sudetic Fault showed the high est com bined Th + U ac tiv -
ity (89 Bq kg–1). The av er age Th/U ra tio (3.6) cal cu lated for gneiss out crops of the Sowie Moun tains falls within the range re -
ported for bi o tite gneiss (3.5–4). Subsurface out crops from the Walim–Rzeczka un der ground com plex did not give
no tice ably higher 238U ac tiv i ties. The re sults ob tained for the Sowie lithologies are com pared with those ob tained by sim i lar
meth ods for sim i lar rocks as re ported in lit er a ture sources.
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INTRODUCTION

The Sowie Moun tains (Sowie means “owl” in Eng lish) are
lo cated in south west ern Po land (Fig. 1) and con sti tute a part of
the Sowie Moun tain block (Sowie Moun tains gneiss mas sif, af -
ter ¯elaŸniewicz et al., 2011). The block con sti tutes a ma jor
geo log i cal unit in the West ern Sudetes, which lie along the
north east mar gin of the Bo he mian Mas sif and rep re sent an in -
ter nal part of the Variscan Orogen. Cwojdziñski (1980) in ter -
preted the Sowie Moun tain block as rep re sent ing a mi cro-con ti -
nent. Quenardel et al. (1988), Matte et al. (1990), Cymerman et
al. (1997) and Aleksandrowski and Mazur (2002) sug gest that it
rep re sents a terrane or a terrane frag ment. Aleksandrowski and 
Mazur (2002) as signed the area to the Sowie Moun -
tains–K³odzko tectonostratigraphic terrane.

The Sowie Moun tains them selves are sur rounded by faults
and span two geo log i cally dis tinct prov inces or sec tors sep a -
rated by the Sudetic Mar ginal Fault. The east ern unit of the
Sowie Moun tains re sides within the Fore-Sudetic Block, while a

horst or up lifted west ern unit lies within the Sudetic Block
(Fig. 1). To the north of the moun tains lies the Œwiebodzice Fold 
Struc ture, and to the south and south–west lie the Bardo Fold
Struc ture and Intra-Sudetic Synclinorium, re spec tively. How -
ever, the Intra-Sudetic Fault sep a rates the Sowie Moun tains
from these struc tures (Fig. 1). The Fore-Sudetic Block, which
runs along the Sudetic Mar ginal Fault, forms the Sowie’s north -
east ern bor der (Fig. 1).

The Sowie Moun tains (Fig. 2) con sist pri mar ily of gneiss ex -
hib it ing con sid er able vari a tion in fab ric and min er al ogy (e.g.,
Polañski, 1955; Grocholski, 1968; Kryza, 1981; ¯elaŸniewicz,
1987). Lam i nated gneiss, scaly (flaky) gneiss, lay ered gneiss,
flaser (streaky) gneiss and augen gneiss com prise the most
com mon va ri et ies (Fig. 1). The lithologies fre quently ex hibit
gradational min er al ogy and fab ric. The less com mon aplitoid
gneiss, mas sive gneiss, veined gneiss, coarse-lensoid gneiss
and nod u lar gneiss (Kryza, 1981; ̄ elaŸniewicz, 1987) oc cur lo -
cally in cer tain ar eas.

This study con ducted in situ mea sure ments of 40K, 232Th
and 238U ac tiv ity con cen tra tions in the Sowie Moun tain units.
The data rep re sent novel mea sure ments for the study area and 
were com pared with sim i lar data re ported in lit er a ture sources
from other lo ca tions. Our dis cus sion and in ter pre ta tions ex plore 
the pos si bil ity and po ten tial con straints of us ing gamma-ray
mea sure ments to de ter mine protoliths and de tect other geo log -
i cal pro cesses that may in flu ence K, Th and U con cen tra tions.
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GEOLOGICAL SETTING

Homophanized gneiss oc curs through out the Sowie Moun -
tains (Grocholski, 1967; ̄ elaŸniewicz, 1987). It gen er ally forms
from ad vanced static recrystallization of dif fer ent tex tural types
of gneiss, namely flaser (streaky), lay ered and lam i nated va ri et -
ies. The de gree of homophanization (blur ring of older di rec -
tional struc tures) var ies sig nif i cantly. Gneiss from the Sowie

Moun tains that ex pe ri enced the great est de gree of
homophanization (Mehnert, 1971) re sem bles gran ite.

Other types of gneiss ap pear highly migmatized. Migmatic
gneiss and migmatite oc cur through out the study area, es pe -
cially in the north ern part of the Sowie Moun tains. In spite of
their migmatitic char ac ter, orig i nal gneissic fab rics re main in ev -
i dence, mak ing it pos si ble to iden tify par ent ma te rial.
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Fig. 1. Geo log i cal map of the Sowie Moun tains show ing mea sure ment lo cal i ties 
(mod i fied and sup ple mented af ter Polañski, 1955; Grocholski, 1967, 1968; ¯elaŸniewicz, 1987; Oberc et al., 1994)



Nearly all the tex tural va ri et ies of migmatite pro posed by
Mehnert (1968) oc cur in the Sowie Moun tains. Mehnert dif fer -
en ti ated the fol low ing migmatite tex tures based on the dis tri bu -
tion of melanosome and leucosome ma te rial: agmatic,
diktyonitic, schollen (reft), phlebitic (rein), stromatic (lay ered),
surreitic, ptygmatic folded, oph thal mic (augen), stictolithic
(fleck), schlieren, and nebulic (Grocholski, 1967; Kryza, 1981).
To sim plify the clas si fi ca tion, Kryza (1981) sug gested that the
migmatite from the Sowie Moun tains con sists of two ma jor
groups: phlebites rep re sented by lay ered and veined
migmatite, and nebulites rep re sented by highly homophanous
migmatite, which in clude abun dant, ap par ently leucocratic ma -
te rial. Mi nor melanosome ap pears only in the form of streaks,
schlieren, loafy rafts or faint ghost struc tures. Migmatite gen er -
ally con sists of quartz and plagioclase (An30-40) with sub sid iary
bi o tite and lo cal microcline, gar net and mus co vite.

De for ma tion trans formed the gneiss from the Sowie Moun -
tains into mylonitic gneiss and my lon ite. My lon ite ap pears in
ma jor fault zones (Fig. 1) in clud ing the Intra-Sudetic Fault
(Grocholski, 1968; ¯elaŸniewicz, 1987; Aleksandrowski et al.,
1997) where it oc curs in great est abun dance. Fault zones typ i -
cally host multi-stage gneissic tec tonic brec cia (Grocholski,
1968; Pacholska, 1978; ̄ elaŸniewicz, 1987; Oberc et al., 1994) 
as well as cataclasite and gneiss cataclized to vary ing de grees.
Tec tonic brec cias cover large por tions of the south ern Sowie
Moun tains block (Fig. 1).

The gneiss ex hib its two pre dom i nant min eral as sem blages:
bi o tite-oligoclase-quartz and two-mica-oligoclase-quartz (Kry -
za, 1981). Some gneiss and the migmatite from the Sowie
Moun tains also in clude sig nif i cant pro por tions of microcline,
sillimanite or cor di er ite mak ing it pos si ble to dis tin guish cer tain
lithologies such as microcline gneiss and migmatite, sillimanite
(mostly fib ro lite) gneiss and migmatite or cor di er ite gneiss and
migmatite. Many va ri et ies of Sowie gneiss and migmatite con -
tain a tiny amount of gar net. Other ac ces sory min er als in clude
ap a tite, monazite, zir con and Fe-ox ides.

Granu lites and basites rep re sent sub or di nate lithologies
among the Sowie gneiss and migmatite. These lithologies also
in clude rel a tively mi nor oc cur rences of ultrabasites, crys tal line

lime stones, calc-sil i cate rocks, small fel sic in tru sive bod ies,
peg ma tite dikes and por phy ries.

Granulite oc curs to a very lim ited ex tent in sev eral north erly
lo ca tions in the Sowie Moun tains, in clud ing the vi cin ity of
Bystrzyca Górna and Zagórze Œl¹skie (Fig. 1). This granulite
ex hib its light col oured, fine-grained tex tures com posed of
quartz, oligoclase, al kali feld spar, gar net and kyan ite with ac -
ces sory rutile, ap a tite, zir con and opaque min er als. Units show
ei ther no fo li a tion or per fect fo li a tion, the lat ter be ing mainly due
to the oc cur rence of banded quartz grains and di rec tional ori en -
ta tion of darker min er als, es pe cially bi o tite (Polañski, 1955;
Kryza, 1981; ¯elaŸniewicz, 1985, 1987; Kryza et al., 1996;
O’Brien et al., 1997, Kryza and Fan ning, 2007). The units in the
vi cin ity of Bystrzyca Górna host piribolites, an un usual li thol ogy
that con sists of green hornblende, di op side, gar net and
plagioclase. This li thol ogy formed from re gional meta mor phism
of granulite fa cies.

Basites con sist of am phi bo lites and hyperites (Fig. 1). Am -
phi bo lites ap pear as di verse lithologies in clud ing para-am phi -
bo lites with crys tal line lime stone in ter ca la tions and ortho -
amphibolites, which still con tain rel ics of pri mary ig ne ous rocks.
Am phi bo lites con sist mostly of hornblende and plagioclase with 
vary ing pro por tions of quartz and gar net. They may also con -
tain sub or di nate bi o tite, pyroxene, car bon ate, ti tan ite, ap a tite
and ore-type min er als (Polañski, 1955; Grocholski, 1967;
Kryza, 1981). Hyperite from the Sowie Moun tains oc curs as in -
tru sive bod ies (veins and stems) that dis cor dantly cut through
gneiss and migmatite in the vi cin ity of Dieæmorowice, Walim
and Roœciszów (Grocholski, 1967).

Ultrabasite oc curs mainly in the north erly ar eas of the Sowie 
Moun tains, near Bystrzyca Górna and Zagórze Œl¹skie (Fig. 1)
where it in trudes gneiss and granulite (¯elaŸniewicz, 1985).
Ultrabasite in cludes peridotite, pyroxenite, ap a tite-bear ing
horn blendite, hornblendite with ol iv ine, lherzolite, websterite,
harzburgite and du nite, along with saxonite and ser pen tin ite
formed in situ (Sachanbiñski, 1973; Bakun-Czubarow, 1981;
Narêbski et al., 1982; Janeczek et al., 1994; Gunia, 1997;
Winchester et al., 1998; Kryza and Pin, 2002).
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Fig. 2. A view of the Sowie Moun tains from the north



Crys tal line lime stone is gen er ally scarce in the Sowie
Moun tains but it does oc cur as small len tic u lar in ter ca la tions
(up to ~40 cm thick) within am phi bo lite and gneiss near Bielawa 
and Zagórze Œl¹skie (Grocholski, 1967; Kryza, 1981). In tru sive
granitoids form small bod ies (up to 1 m across) emplaced along 
the fo li a tion planes of ad ja cent gneiss. In tru sions ex hibit me -
dium-grained tex tures con sist ing of quartz, oligoclase and
microcline with sub or di nate mus co vite and sillimanite plus rare
bi o tite.

The crys tal line base ment of the Sowie Moun tains noncon -
formably un der lies mid dle (Fig. 1) and Up per Visean sed i men -
tary units with abun dant ma rine fos sils (¯akowa, 1966). These
units in clude sed i men tary brec cia, con glom er ate, shale,
greywacke shale and sand stone. Lower Namurian (Grocholski,
1967) con glom er ates and sand stones oc cur lo cally within
grabens. These graben struc tures also pre serve other iso lated
oc cur rences of Pa leo zoic de pos its. Car bon if er ous units cov -
ered the area prior to the Mio cene up lift of the Sowie Moun tain
block.

Gneiss and migmatite rep re sent ~95% of the Sowie mas sif
out crops. Their chem is try and min er al ogy, along with in ter ca la -
tions of crys tal line lime stone and calc-sil i cate rocks, un equiv o -
cally dem on strate a sed i men tary or i gin for most of the gneissic
and am phi bo lite lithologies from the Sowie Moun tains
(Polañski, 1955; Kryza, 1981; ¯elaŸniewicz, 1987). Some
lithologies, such as the augen gneiss, may rep re sent de formed
gra nitic ig ne ous protoliths (e.g., Polañski, 1955). How ever,
Grocholski (1967) in ter preted these units as paragneiss. Augen 
gneiss typ i cally forms nar row elon gate bod ies run ning par al lel
to the Intra-Sudetic Fault along the south west ern mar gin of the
Sowie Moun tains (Fig. 1). Some am phi bo lites may have been
de rived from mag matic protoliths. Sowie Moun tain protoliths,
how ever, con sist mostly of psam mit ic to pelitic sources in ter -
preted to have con sisted of fine to me dium-grained sandy to
muddy greywackes lo cally en riched with clay ma te rial
(Polañski, 1955; Kryza, 1981; Gunia, 1999). These formed
within a Neoproterozoic-Cam brian ba sin in truded by gra nitic
plutons be tween 490 and 480 Ma (¯elaŸniewicz et al., 2011).
Meta mor phism of these units reached up per am phi bo lite grade
and oc curred from 385–370 Ma (Van Breemen et al., 1988;
Bröcker et al., 1998). From the Late Si lu rian to Early De vo nian,
a granulite slab formed ear lier, prob a bly from Cadomian con ti -
nen tal crust, subducted be neath the Variscan Belt to man tle
depths (Pin and Vielzeuf, 1983; Vielzeuf and Pin, 1989). This
con ver gent tectonism, as so ci ated with Mid dle to Late De vo nian 
col li sion (Aleksandrowski and Mazur, 2002), caused high pres -
sure, high tem per a ture meta mor phism (Kryza et al., 1996;
Kryza and Fan ning, 2007). The up lift of the Sowie Moun tains
gneissic com plex, which may have formed as early as
370–360 Ma, shifted the com plex from up per am phi bo lite fa cies 
tem per a tures into greenschist zone con di tions. Ex hu ma tion
was rel a tively rapid and oc curred due to a tec tonic in ver sion to -
wards the end of the De vo nian at 360 Ma (Van Breemen et al.,
1988; Kryza and Fan ning, 2007).

The Sowie Moun tain struc tures sug gest mul ti ple phases of
tectonism (e.g., Grocholski, 1967; ¯elaŸniewicz, 1987). Five
tec tonic ep i sodes ac com pa nied by me dium and high grade
meta mor phism oc curred prior to the Late De vo nian. De for ma -
tion ep i sodes in clude mainly Barrovian-type meta mor phism
(¯elaŸniewicz, 1987; Van Breemen et al., 1988). Ac cord ingly,
Sowie Moun tain gneiss shows five gen er a tions of folds and ac -
com pa ny ing struc tures formed un der dif fer ent deformational
con di tions. Multi-stage fault sys tems form a fine net across the
Sowie Moun tains, ac com pa nied by tec tonic brec cias of var i ous
ages, cataclasite and my lon ite. Most faults trend in a NW–SE or 
NE–SW di rec tion. The NE–SW faults show sig nif i cant dis per -

sion of di rec tions from WSW–ENE to NNE–SSW. A sig nif i cant
pro por tion of the young faults formed dur ing the Mio cene up lift
of the Sowie Moun tains, which re sulted in the for ma tion of nu -
mer ous horst and graben struc tures that were sub se quently
filled with clastic sed i ments de rived from Lower Car bon if er ous
units (Fig. 1).

METHODS, MATERIALS, AND SITE LOCATIONS
 OF IN SITU MEASUREMENTS

We mea sured in situ gamma-ray emis sions at 12 sites
through out the study area.

Site 1 was a road-cut lo cated north-east of the Bystrzyca
Górna rail way sta tion (Fig. 1, point 1; Fig. 3A) ex ca vated for the
rail way line (Janeczek et al., 1994). This site in cludes granulite
ex posed along the north west ern slope of the ex ca va tion where
it spans a few tens of metres in length and reaches 4 m in
height. The granulite ex hib its per fectly de vel oped fo li a tion. Pin
and Vieizeuf (1983) re fer to these units as “type I granulite” and
in ter pret them as de rived from con ti nen tal crust subducted in
the Variscan Belt to man tle depths at ~400 Ma (Vielzeuf and
Pin, 1989; Kryza and Fan ning, 2007). The unit ex hib its
fine-grained tex tures con sist ing pri mar ily of quartz, oligoclase,
po tas sium feld spar, gar net and di rec tion ally ori ented sheets of
sec ond ary bi o tite, and there are signs of duc tile shear ing.

Site 2 was lo cated in Bystrzyca Górna a few tens of metres
north-east of site 1 (Fig. 1, point 2; Fig 3B). A north west ern
slope of the ex ca va tion west of the Bystrzyca Górna rail way sta -
tion ex poses a cha ot i cally struc tured ultramafite rep re sented by 
an ap a tite-bear ing hornblendite (Janeczek et al., 1994). The
out crop oc curs be neath a bridge along the Œwidnica–Zagórze
Œl¹skie road and runs for a few hun dred metres with heights of
2 to 3 m. The hornblendite con sists of idiomorphic crys tals of
hastingsitic hornblende that reach lengths of up to 20 cm, along
with abun dant in ter sti tial ap a tite (up to 5 cm in di am e ter). Due to 
its coarse-grained tex ture, this unit has of ten been re ferred to
as a hornblende peg ma tite (Sachanbiñski, 1973). The tex tural
fea tures of the rock, how ever, tech ni cally cat e go rize it as an
adcumulate. Nu mer ous zones of brecciation and mylonitization
ap pear within the hornblendite, out lin ing at least two stages of
brit tle de for ma tion (Janeczek et al., 1994). Sec ond ary bi o tite,
formed as a re sult of hornblende biotization, oc curs lo cally in
hornblendite near shear zones. These do mains lo cally con tain
small amounts of quartz (Janeczek et al., 1994). Hornblendite
and other ultrabasites from the Sowie Moun tains and sur round -
ing ar eas com prise a ma jor com po nent of a Late De vo nian
ophiolitic com plex (e.g., Narêbski et al., 1982; ¯elaŸniewicz,
1987).

Site 3 was also lo cated in Bystrzyca Górna less than 20 m
north-east of site 2 (Fig. 1, point 3; Fig. 3C). It oc curs along the
south-east slope of the rail way ex ca va tion and con sists of an
out crop  a dozen metres in length and up to 3 m high. Mylonitic
granulite forms around the mar gins of a granulite body con tain -
ing granulite in ter ca la tions (ultramafites). The rocks of this out -
crop formed in a duc tile shear zone that ex hib its overthrust
char ac ter is tics prob a bly re lated to tec tonic em place ment of a
granulitic slab within the neigh bor ing Sowie gneiss. Mylonitic
granulite is char ac ter ized by a dis tinc tive fo li ated tex ture mak -
ing it sim i lar to lay ered-lam i nated gneiss.

Site 4 was lo cated near the cen ter of Roœciszów vil lage
along the left bank of the K³omnica River at the foot of G³odówka 
Moun tain (Fig. 1, point 4; Fig. 3D). Mea sure ments were per -
formed on the lower part of a large boul der sev eral metres high
and ~40 m long. The boul der con sists of strongly folded
migmatitic lay ered gneiss ex hib it ing oc ca sional homopha -
nization fea tures that caused lo cal, ir reg u lar blur ring of the orig i -
nal di rec tional struc ture. This ex am ple of float cor re sponds to
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bi o tite-oligoclase-quartz gneiss ob served in the out crop. The
gneiss in ves ti gated forms a nar row zone within dis persed scaly
(flaky) gneiss.

Site 5 was lo cated in the east ern part of Potoczek vil lage at
the foot of Maria Moun tain, along the left bank of the K³omnica
River (Fig. 1, point 5; Fig. 3E). Mea sure ments were con ducted
on the up per sec tions of the out crop that con sist en tirely of
homophanized gneiss. The out crop an a lyzed showed nu mer -
ous folds with lo cal orig i nal di rec tional fab rics. The min eral com -
po si tion cor re sponds to bi o tite-oligoclase-quartz gneiss con -
tain ing abun dant and size able bi o tite en claves, which lo cally
form bi o tite gneiss.

Site 6 was lo cated in the south ern part of the town of Walim
be tween the town cen ter and Rzeczka vil lage (Fig. 1, point 6;
Fig. 3F). Mea sure ments were per formed on a boul der found on

the left bank of the Walimka River along the north east ern slope
of Góra Ostra (Ostra Moun tain). The sam ple lo cal ity was sit u -
ated a few metres from the en trance to the No. 2 tun nel of the
Walim–Rzeczka un der ground com plex that was ex ca vated by
forced la bor un der the Na zis dur ing World War II as part of Pro -
ject Riese. The boul der is ~9 m high, and 10 m wide and it hosts 
migmatitic lay ered gneiss. These rocks show homophanization
fea tures, cor re spond ing to bi o tite-oligoclase-quartz gneiss, that 
ob scure di rec tional fab rics. Some parts of the boul der con tain a
large amount of bi o tite, des ig nat ing them as bi o tite gneiss. The
boul der is cut by me dium-grained, phaneritic veins of gran ite
reach ing up to 1 m in thick ness. The veins are aligned with the
steeply in clined fo li a tion of the gneiss.

Site 7 oc curred within tun nel No. 2 of the Walim–Rzeczka
un der ground com plex, ~90 m from the en trance in a large un -
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Fig. 3. Pho tos of site lo ca tions and de tec tor set-up

A – lo ca tion 1 (Bystrzyca Górna, granulite); B – lo ca tion 2 (Bystrzyca Górna, hornblendite); C – lo ca tion 3 (Bystrzyca Górna, mylonitic
granulite); D – lo ca tion 4 (Rosciszów, migmatic lay ered gneiss); E – lo ca tion 5 (Potoczek, homophanized gneiss); F – lo ca tion 6
(Walim–Rzeczka com plex, migmatic lay ered gneiss); G – lo ca tion 7 (Walim–Rzeczka com plex, lay ered gneiss); H – lo ca tion 8
(Walim–Rzeczka com plex, lay ered gneiss); I – lo ca tion 9 (Zagórze Œl¹skie, lay ered migmatite); J – lo ca tion 10 (Sokolec, augen gneiss); K –
lo ca tion 11 (Jugów, flaser gneiss); L – lo ca tion 12 (Srebrna Góra, mylonitic gneiss)



der ground hall that is 10 m wide and over a dozen metres high
(Fig. 1, point 7; Fig. 3G). This tun nel and hall ex pose strongly
folded gneiss and the hall con tains a large de bris fall formed
from the col lapse of a ven ti la tion shaft ex ca vated in a fault zone. 
The No. 2 tun nel spe cif i cally in ter sects a sinistral strike-slip fault 
dis plac ing a mus co vite-bear ing peg ma tite vein of sev eral
centimetreswidth. The site in cludes typ i cal lay ered bi o tite-oligo -
clase-quartz gneiss with sig nif i cant amounts of bi o tite and bi o -
tite schist in ter ca la tions. Bod ies of me dium-grained, phaneritic
fel sic ma te rial in trude the gneiss in the hall.

Site 8 was the Walim–Rzeczka com plex out crop at the
No. 2 tun nel face, 125 m from the tun nel en trance (Fig. 1, point
8; Fig. 3H). The tun nel ends in a huge, 110 ´ 10 ´ 15 m hall lo -
cated deep within the mas sif. Rock de bris cov ers the south -
west ern side of the hall. The face of tun nel No. 2 con sists of typ -
i cal folded, lay ered, bi o tite-oligoclase-quartz gneiss.

Site 9 was lo cated in Zagórze Œl¹skie along the south ern
shore of the Bystrzyca res er voir (Jezioro Bystrzyckie) near
Micha³kowa vil lage (Fig. 1, point 9; Fig. 3I). A lo cal road runs
along out crops reach ing 4 m high and 35 m long. The out crop
con sists of lay ered migmatite of stromatite char ac ter (af ter
Mehnert’s clas si fi ca tion, 1968). The sim pli fied clas si fi ca tion
scheme sug gested by Kryza (1981) de fines these lithologies as 
phlebite. The units formed as a re sult of migmatization of the
lay ered bi o tite-oligoclase-quartz gneiss com monly oc cur ring in
the area.

Site 10 was lo cated in Sokolec vil lage along the left bank of
the Sowie Potok (Fig. 1, point 10; Fig. 3J). Out crops here host
units char ac ter is tic of the west ern slope of Grabina Moun tain
(so called Czarny Stok) above the road from Rzeczka to
Sokolec. The out crop in ves ti gated was 5.5 m high and ~10 m
long con sist ing of augen gneiss transitioning into flaser
(streaky) gneiss. This gneiss oc curs in a nar row NE–SW
trending zone run ning par al lel to the Intra-Sudetic Fault (Fig. 1). 
The min eral com po si tion of this gneiss dif fers no ta bly from that
of other Sowie gneiss. The for mer is typ i cally a strongly
cataclized two mica-microcline gneiss that in cludes
plagioclase, quartz, bi o tite, abun dant mus co vite and microcline
form ing augens up to sev eral centi metres in di am e ter. The ma -
jor ity of the out crop that was ana lysed con sists of fine augen
gneiss ex hib it ing signs of sinistral shear ing. The ap pear ance of
S-C type fea tures, sigma-type augens and oc ca sional
delta-type augens in di cates some de gree of de for ma tion un der
duc tile con di tions. Polañski, (1955) orig i nally in ter preted these
units as orthogneiss but later re search ers iden ti fied ev i dence of 
sed i men tary protoliths (Grocholski, 1967; Kryza, 1981). The
augen gneiss is cut by nu mer ous small veins of peg ma tite con -
tain ing col umns and nee dles of black tour ma line.

Site 11 was near Jugów vil lage, be neath Polana Jugowska
(Jugów Glade) where the vast Grabina–Kozio³ki–Kozia
Równina mas sif hosts flaser (streaky) gneiss show ing dif fer ing
de grees of homophanization (Fig. 1, point 11, Fig. 3K). Mea -
sure ments were per formed on a 4.5 m high out crop ex tend ing
~13 m in length above the lo cal road run ning through Prze³êcz
Jugowska (Jugów Pass) and con nect ing Sokolec to Kamionki.
This lo cal ity hosts two types of mica-oligoclase-quartz gneiss
that ap pear light in col our and ex hib its well de vel oped flat-par al -
lel fo li a tion. Vary ing de grees of homophanization ob scure
pre-ex ist ing di rec tional struc tures.

Site 12 sam pled a zone of mylonitic gneiss and my lon ite
within the up per Warowna Góra in Srebrna Góra vil lage (Fig. 1,
point 12; Fig 3L). Mea sure ments were per formed on an out crop 
along the north ern em bank ment of an old moat be neath Fort
Wysoka Ska³a (also known as Fort Rogowy which is a part of

the 18th cen tury Prus sian for tress “Twierdza Srebrnogórska”).
The out crop reaches 10 m high and 7 m long and it hosts
migmatic gneiss and migmatite. Fab rics in these units show
close cor re spon dence with the multiphase ac tiv ity of the
Intra-Sudetic Fault, which runs along the foot of Warowna
Moun tain near Prze³êcz Srebrna (Srebrna Pass). The lo cal ity
also in cludes brec cias, formed by sev eral stages of tec tonic ac -
tiv ity, and cataclasite. Along with the gneiss and migmatite,
these units were de vel oped on the pre vi ously formed lay ered
and flaser (streaky) gneiss.

In situ gamma-ray mea sure ments were per formed us ing a
por ta ble GX3020 gamma-ray spec trom e try work sta tion (Fig. 3)
dur ing the fall of 2009 and spring of 2010. The GX3020 sys tem
(Can berra In dus tries) con sists of a co ax ial HPGe de tec tor (32% 
ef fi ciency) with a cryostat mounted on a tri pod, a mul ti chan nel
buffer (In Spec tor 2000 DSP), and a lap top. The de tec tor bias
was 4000 V and the en ergy res o lu tion was 0.86 keV at 122 keV
and 1.7 keV at 1.33 MeV. The de tec tor was mounted in both
hor i zon tal and ver ti cal (site 5) ori en ta tions 0.2–1 m from the out -
crops sur face at 0.5-1.2 m height above the ground. These ge -
om e tries cap ture a ma jor ity of emit ted gamma-rays from a
2–10 m ra dius area (Helfer and Miller, 1988). The de tec tor sam -
ples emis sion depths of sev eral tens of cm de pend ing on li thol -
ogy and pho ton en ergy. The to tal du ra tion of a sin gle mea sure -
ment con ducted at each lo ca tion was two hours and in situ ob -
ject count ing soft ware (ISOCS) was used for cal i bra tion ef fi -
ciency. The ISOCS pro ce dure re quires the use of the Ge om e try 
Com poser in Ge nie 2000 v.4. The Ge om e try Com poser pa ram -
e ters that must be spec i fied in clude out crop di men sions, the
rock type, and the dis tance be tween the rock out crop and the
de tec tor. The fi nal out put from the ISOCS soft ware is the full en -
ergy ef fi ciency for a given rock-de tec tor ge om e try. The “Well“
tem plate from the Ge om e try Com poser pack age was used to
per form the ef fi ciency cal i bra tion and ac tiv ity de ter mi na tion for
sam ples from sites 7 and 8. Di men sions of height, width, and
length of the tun nels along with the de tec tor po si tion were spec -
i fied as re quired by the tem plate.

The ap pa ra tus and soft ware quan ti fied the fol low ing
radionuclides and cor re spond ing gamma tran si tions: 40K
(1460.8 keV), 208Tl (583.2, 860.6 and 2614.5 keV), 212Pb (238.6
keV), 214Pb (242, 295.2 and 351.9 keV), 214Bi (609.3, 1120.3
and 1764.5 keV) and 228Ac (338.3, 911.6 and 969.1 keV). Fig -
ure 4 shows typ i cal gamma-ray spec tra from sites 2 and 8. The
cal cu lated av er age min i mum de tect able ac tiv ity (MDA) for 40K
was 2 Bq kg–1, whereas the value for 214Pb, 214Bi, and 228Ac was
about 0.5 Bq kg–1 (Malczewski et al., 2013).

The con sis tency of ac tiv i ties cal cu lated for gamma-ray tran -
si tions from a given multiline radionuclide (e.g., 208Tl, 214Bi,
214Pb, 228Ac) were checked us ing a line ac tiv ity con sis tency
eval u a tor (LACE) anal y sis. For all mea sure ments ob tained un -
der in situ meth ods, the ac tiv ity ra tios for the multiline
radionuclides were close to unity. We in ter pret the ac tiv i ties as
in dic a tive of meta mor phic pro cesses and other pet ro log i cal fac -
tors. The spec trom e ter en ergy was cal i brated us ing a mixed
source 155Eu and 22Na  model ISOXSRCE pro vided by Can -
berra In dus tries and ho mo ge neously dis persed 241Am, 109Cd,
139Ce, 57Co, 60Co, 137Cs, 113Sn, 85Sr, 88Y, and 203Hg ra dio iso -
topes in a sil i cone resin [cer tif i cate source type Marinelli Beaker
Stan dard Source (MBSS) sup plied by the Czech Metrological
In sti tute]. Re sults from in situ mea sure ments were com pared
with those ob tained un der lab o ra tory con di tions. No sig nif i cant
dif fer ences were found be tween the in situ and lab o ra tory mea -
sure ments.

498 Dariusz Malczewski and Jerzy ¯aba



RESULTS

Ta ble 1 pro vides in situ ac tiv ity con cen tra tions for 40K, 208Tl,
212Pb, 228Ac, 214Pb, 214Bi, 226Ra from all 12 mea sure ment sites.

40K

As shown in Fig ure 5, the sam pled sites gave an av er age
40K ac tiv ity value of 588 ± 197 Bq kg–1. The arith me tic mean cal -
cu lated for “pure gneiss” (ex clud ing sites 1, 2 and 3) was 673 ±
121 Bq kg–1. The low est 40K ac tiv ity (180 Bq kg–1) was re corded
in mylonitic granulite (site 3). This value prob a bly re sults from
ultramafite in clu sions within the out crop. A rel a tively low 40K ac -
tiv ity value of 297 Bq kg–1 was noted in hornblendite (site 2).
How ever, the ac tiv ity still ex ceeds the 1–7 Bq kg–1 range ex -
pected for ultra mafic rocks (Van Schmus, 1995).

Po tas sium in hornblende (1–2 wt.% K2O) and/or that aris ing 
from biotization of hornblendite near shear zones may con trib -
ute to the ob served 40K en rich ment. The rel a tively high granulite
40K ac tiv ity value (614 Bq kg–1, site 1) con firms the abun dance
of po tas sium feld spar in these rocks.

Among the gneiss out crops the low est 40K ac tiv ity con cen -
tra tions were re corded in homophanized gneiss (508 Bq kg–1,
site 5) and lay ered migmatite (528 Bq kg–1, site 9). The other
two migmatic gneiss types gave no tice ably higher val ues of 562 

Bq kg–1 (site 4) and 686 Bq kg–1 (site 6). The sub sti tu tion of po -
tas sium feld spar by so dium feld spar should lead to lower 40K
ac tiv ity val ues in homophanized and migmatized gneiss rel a -
tive to other gneiss. Rocks from sites 5 and 9 show ev i dence of
this ef fect. The higher 40K ac tiv ity at site 6 likely re flects the
abun dant bi o tite and gran ite veins pres ent in the out crop.

The high est 40K ac tiv ity con cen tra tions in this study were
ob served in lay ered gneiss at sites 7 and 8 (Walim–Rzeczka
com plex) where the out crops emit ted con cen tra tions of 826
and 863 Bq kg–1, re spec tively (mean of 845 Bq kg–1). The out -
crops at this lo cal ity in cluded typ i cal folded lay ered gneiss and
showed no signs of homophanization. The pres ence of gran ite
bod ies in these out crops may ex plain the el e vated 40K ac tiv ity
val ues. Augen gneiss near the Intra-Sudetic Fault is char ac ter -
ized by sim i lar el e vated 40K ac tiv ity (822 Bq kg–1, site 10). Flaser 
gneiss hav ing a var ied de gree of homophanization showed 40K
ac tiv ity con cen tra tion of 698 Bq kg–1 (site 11) and re sem bled
the value ob served from migmatic lay ered gneiss (site 6). Rel a -
tively high 40K ac tiv ity was noted in mylonitic gneiss
(733 Bq kg–1, site 12). The el e vated value in di cates that
mylonitization of pre-ex ist ing lay ered and flaser gneiss did not
cause po tas sium mi gra tion.

232Th SERIES (228Ac, 212Pb, 208Tl)

As seen in Ta ble 1 ra dio ac tive equi lib rium is achieved for
each rock be tween prog e nies in the 232Th se ries. Since 228Ac is
the sec ond radionuclide in the tho rium se ries, the ac tiv ity of
232Th is as sumed to be equal to the 228Ac ac tiv ity.

The 232Th ac tiv ity av er aged over all sites was 33 ±
12 Bq kg–1, while the av er age value as so ci ated with gneiss (ex -
clud ing sites 1, 2 and 3) was 39 ± 7 Bq kg–1 (Fig. 6).
Homophanized and augen gneiss gave the high est 232Th se ries 
ac tiv ity (53 Bq kg–1 at site 5 and 48 Bq kg–1 at site 10, re spec -
tively). Most of the 232Th ac tiv ity val ues from the gneiss fell
within a nar row range of 32 Bq kg–1 (site 6) to 39 Bq kg–1 (site 4)
(Fig. 6). The homophanization pro cess af fect ing gneiss at sites
4 and 5 ap pears to have caused 232Th en rich ment.

Mylonitic granulite (site 3), hornblendite (site 2) and
granulite (site 1) gave the low est ob served 232Th ac tiv ity (10, 13
and 24 Bq kg–1, re spec tively; Fig. 6). The av er age value of 32
Bq kg–1 cal cu lated for all the sites con sid er ably ex ceeded these
val ues. For hornblendite, the 232Th ac tiv ity value of 13 Bq kg–1
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Fig. 4. In situ gamma-ray spec tra for hornblendite (site 2)
 and lay ered gneiss (site 8)

Peaks are la beled to in di cate char ac ter is tic gamma-ray emit ters

Fig. 5. Ac tiv ity con cen tra tions for 40K

The thicker black line in di cates the av er age 40K value from all
sites, whereas the thin ner line shows the av er age 40K ac tiv ity

value only for gneiss es (ex clud ing sites 1, 2 and 3)



ex ceeded the av er age value of ~10–2 Bq kg–1 ob served from
other ex am ples of ultra mafic rocks (Van Schmus, 1995).

238U SERIES (214Pb, 214Bi, 226Ra)

Ac tiv ity con cen tra tions for 238U were es ti mated by as sum ing 
ra dio ac tive equil i bra tion of the 238U ® 226Ra ® 222Rn ® 214Pb ®
214Bi de cay chain, an as sump tion that holds for the great ma jor -
ity of rocks and min er als (Eisenbud and Gesell, 1997;
Malczewski and Dziurowicz, 2015). The over lap ping of the
186.2 keV (226Ra) and 185.7 keV (235U) gamma peaks along
with el e vated back ground noise around this en ergy range con -
trib utes to larger cu mu la tive un cer tain ties rel a tive to those cal -
cu lated from av er aged 214Pb and 214Bi mea sure ments (Justo et
al., 2006; Malczewski and ¯aba, 2012). There fore, in our work
we es ti mated 226Ra (238U) from 214Pb and 214Bi ac tiv i ties.

Fig ure 7 shows an av er age 238U ac tiv ity value of 28 ± 11
Bq kg–1 for all sites. Gneiss, (ex clud ing sites 1, 2 and 3) gives an 
av er age ac tiv ity of 34 ± 6 Bq kg–1. An av er age 238U ac tiv ity of 32
Bq kg-1 with a stan dard de vi a tion of 12 Bq kg–1 for the four rock
sam ples from the Sowie Moun tains was re ported by Przylibski
(2004). The low est 238U ac tiv i ties were re corded in mylonitic
granulite (9 Bq kg–1, site 3), granulite (14 Bq kg–1, site 1) and
hornblendite (14 Bq kg–1, site 2). The 238U ac tiv ity value in
hornblendite prob a bly re flects the pres ence of ap a tite. As with
232Th ob ser va tions, five 238U ac tiv ity val ues fell within a very nar -
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Ac tiv ity (Bq kg–1)

Mea sure ment lo ca tion 40K 208Tl* 212Pb 228Ac 214Pb 214Bi 226Ra#

1
Granulite

N = 57o47.007’, 
E = 016o27.542’, 288 a.s.l.

614 ± 14 8.7 ± 0.5 23.6 ± 1.0 23.7 ± 1.0 13.8 ± 1.1 13.5 ± 0.6 13.7 ± 1.3

2
Hornblendite

N = 57o47.026’, 
E = 016o27.555’, 290 a.s.l.

297 ± 7 5.3 ± 0.3 13.4 ± 0.7 13.5 ± 0.8 14.2 ± 1.0 14.6 ± 0.9 14.4 ± 1.4

3
Mylonitic granulite

N = 57o47.027’, 
E = 016o27.578’, 290 a.s.l.

180 ± 5 3.4 ± 0.3 9.1 ± 0.8 10.0 ± 1.0 8.9 ± 0.8 8.3 ± 0.7 8.6 ± 1.0

4
Migmatic gneiss

N = 50o42.524’, 
E = 016o32.723’, 354 a.s.l.

562 ± 13 13.7 ± 0.7 37.4 ± 1.3 38.7 ± 1.6 36.7 ± 1.4 37.5 ± 1.5 37.1 ± 2.0

5
Homophanized gneiss

N = 50o42.226’, 
E = 016o30.512’, 579 a.s.l.

508 ± 12 18.8 ± 1.0 51.8 ± 1.7 52.6 ± 2.0 32.9 ± 1.5 33.2 ± 1.4 33.1 ± 2.1

6
Migmatic lay ered gneiss

N = 50o41.341’, 
E = 016o26.678’, 565 a.s.l.

686 ± 16 11.2 ± 0.6 33.3 ± 1.3 32.3 ± 1.3 36.5 ± 1.4 36.3 ± 1.3 36.4 ± 2.1

7 Lay ered gneiss 826 ± 19 12.7 ± 0.7 35.5 ± 1.5 36.4 ± 1.4 42.9 ± 1.7 43.3 ± 1.4 43.1 ± 2.2

8 Lay ered gneiss 863 ± 20 13.4 ± 0.7 34.9 ± 1.5 35.8 ± 1.3 42.0 ± 1.7 44.2 ± 1.5 43.1 ± 2.3

9
Lay ered migmatite

N = 50o44.897’, 
E = 016o25.332’, 405 a.s.l.

528 ± 12 11.9 ± 0.7 33.0 ± 1.1 32.7 ± 1.3 31.4 ± 1.4 30.8 ± 1.3 31.1 ± 1.9

10
Augen gneiss

N = 50o39.796’, 
E = 016o28.855’, 423 a.s.l.

822 ± 18 18.4 ± 1.0 49.5 ± 2.1 48.2 ± 1.8 40.4 ± 1.5 41.6 ± 1.6 41.0 ± 2.2

11
Flaser gneiss

N = 50o39.201’, 
E = 016o31.121’, 791 a.s.l.

698 ± 16 12.8 ± 0.8 36.5 ± 1.1 35.6 ± 1.4 30.3 ± 1.1 29.9 ± 1.3 30.1 ± 1.6

12
Mylonitic gneiss

N = 50o34.542’, 
E = 016o38.782’, 672 a.s.l.

733 ± 16 13.2 ± 0.7 34.9 ± 1.4 35.4 ± 1.4 21.9 ± 1.3 21.2 ± 1.1 21.6 ± 1.7

* – branch ing ra tio 36%; # – based on 214Pb and 214Bi ac tiv i ties; uncertainties given as 1s

T a  b l e  1

Ac tiv ity con cen tra tions of pri mor dial radionuclides mea sured at sam ple sites

Fig. 6. Mea sured 232Th ac tiv ity val ues

The thicker black line shows the av er age value from all the rocks
whereas the thin ner line shows the av er age ac tiv ity value from

gneiss es only (ex clud ing sites 1, 2 and 3)



row range from 30 Bq kg–1 (flaser gneiss, site 11) to 37 Bq kg–1

(migmatic gneiss, site 4). Slightly el e vated 238U ac tiv i ties of 43
Bq kg–1 were ob served in lay ered gneiss (sites 7 and 8). Among
the gneiss sam ples, the low est 238U ac tiv ity value (22 Bq kg–1)
oc curred in mylonitic gneiss (site 12). In con trast to its ap par ent
ef fects on 40K and 232Th val ues, mylonitization of lay ered and
flaser gneiss ap pears to di min ish ura nium con cen tra tions.

DISCUSSION

COMBINED ACTIVITY OF 232Th AND 238U

The av er age com bined Th + U ac tiv ity for all the rocks in -
ves ti gated was 61 ± 22 Bq kg–1, whereas the av er age ac tiv ity for 
the gneiss only (ex clud ing sites1, 2 and 3) was 73 ± 11 Bq kg–1

(Fig. 8). As ex pected, the low est com bined ac tiv i ties were ob -
served in mylonitic granulite (19 Bq kg–1), hornblendite
(28 Bq kg–1) and granulite (37 Bq kg–1). Kresl and Vankova
(1982) re ported a sim i lar com bined Th + U ac tiv ity value of 39
Bq kg–1 for granulite from the Bo he mian Mas sif (Th and U ac tiv i -
ties of 27 and 12 Bq kg–1, re spec tively).

Among the gneiss sam ples ana lysed here, the low est Th +
U ac tiv i ties are char ac ter is tic for mylonitic gneiss (57 Bq kg–1,
site 12) and lay ered migmatite (64 Bq kg–1, site 9). The high est
com bined ac tiv i ties were ob tained for augen gneiss (89 Bq kg–1, 
site 10) and homophanized gneiss (86 Bq kg–1, site 5). Rel a tive
to typ i cal lay ered migmatite (site 9), homophanization in
migmatic gneiss ap pears to co in cide with higher Th + U ac tiv ity
val ues (sites 4 and 6). Flaser gneiss shows a lower Th + U ac tiv -
ity (66 Bq kg–1, site 11) rel a tive to that ob served in augen
gneiss. As seen in Fig ure 9, av er age ac tiv ity val ues for 40K,
232Th and 238U in gneiss out crops from the Sowie Moun tains re -
sem ble those ob tained by sim i lar meth ods for greywacke and
muddy-clay shale found in the quar ries of the Opava Moun tains
(Sudetes, Po land, ~80 km east of the Sowie Moun tains)
(D¿aluk, 2012). Sim i lar i ties in these val ues may in di cate that
sandy-muddy and muddy-clay shale de pos its (or sandy-muddy
de pos its en riched in clay min er als) com prised the protoliths of
the gneiss out crops an a lyzed here. The re sults re ported here

gen er ally val i date in ter pre ta tions of a sed i men tary or i gin for the
ma jor ity of the Sowie gneiss. For ex am ple, orthogneiss from the 
Savona Unit (found in the bound ary zone be tween the Alps and
Apennines) ex hibit 40K, 232Th and 238U ac tiv ity val ues of 1340 ±
250, 70 ± 9 and 63 ± 13, re spec tively (Pasquale et al., 2001).

ESTIMATES OF K (wt.%) 232Th (ppm) AND 238U (ppm)

Ac tiv ity con cen tra tions of 40K, 228Ac and 226Ra that were
mea sured in out crops of the Sowie Moun tains al lowed us to cal -
cu late K (wt.%), 232Th (ppm) and 238U (ppm) con cen tra tions
(Fig. 10).

The con cen tra tion es ti mates var ied in a man ner sim i lar to
those ob served for the ac tiv ity val ues. A mylonitic granulite and
a hornblendite gave the low est K con tents (0.59 and 0.98 wt.%,
re spec tively), while the high est con tent oc curred in lay ered
gneiss (2.79 wt.%) and augen gneiss (2.71 wt.%). For other lo -
cal i ties, the K con tent ranged from 1.68 wt.% (homophanized
gneiss) to 2.42 wt.% (flaser gneiss). The con cen tra tion av er -
aged over all the rocks is 1.94 ± 0.65 wt.%, whereas the av er -
age for gneiss only is 2.22 ± 0.40 wt.% (Fig. 10). The low est
con cen tra tions of 232Th were cal cu lated for mylonitic granulite
and hornblendite (2.5 and 3.3 ppm, re spec tively). The high est
232Th con cen tra tions were cal cu lated for homophanized gneiss
and augen gneiss (12.9 and 11.8 ppm, re spec tively). For other
gneiss, Th con cen tra tions var ied within a rel a tively nar row
range from 7.9 ppm (migmatic lay ered gneiss) to 9.5 ppm
(migmatic gneiss). The av er age 232Th con cen tra tion es ti mated
over all sites was 8.0 ± 3.0 ppm (Fig. 10), while the av er age
con cen tra tion for gneiss was 9.6 ± 1.7 ppm.

As with the 232Th con cen tra tion es ti mates, the low est 238U
(ppm) con cen tra tions oc curred in mylonitic granulite (0.7 ppm),
granulite (1.11 ppm) and hornblendite (1.17 ppm). The con cen -
tra tions of 238U for gneiss (sites 4–12) ranged from 1.74 ppm
(mylonitic gneiss) to 3.49 ppm (lay ered gneiss). The av er age
238U con cen tra tion es ti mated for all sites was 2.28 ± 0.91 ppm,
whereas the av er age value cal cu lated for gneiss was 2.77 ±
0.52 ppm (Fig. 10).

In the study area, con cen tra tions of K  and 232Th that ranged
from 0.75 to 1.25% and 4 to 9 ppm, re spec tively, were re ported by
pre vi ous re search (Strzelecki et al., 1994, 2000; Strzelecki and
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Fig. 7. Mea sured 238U ac tiv ity val ues

The thicker black line shows the av er age value from all the rocks
while the thin ner line shows the av er age ac tiv ity value from the

gneiss es only (ex clud ing sites 1, 2 and 3)

Fig. 8. Com bined Th and U ac tiv ity val ues

The thicker black line shows the av er age value from all the rocks,
while the thin ner line shows the av er age ac tiv ity value from the

gneiss es only (ex clud ing sites 1, 2 and 3)



Wo³kowicz, 1995). The data were also col lected in situ us ing a
scin til la tion gamma-ray de tec tor. In the same pa pers mea sured
con cen tra tions of 238U ranged from 1 to 3 ppm.

232Th / 238U RATIOS

Fig ure 11 shows 232Th/238U con cen tra tion ra tios for rocks of
the Sowie Moun tains. The high est 232Th/238U ra tios oc curred in
granulite (5.3), homophanized gneiss (4.8) and mylonitic gneiss 
(4.5). For other rocks the ra tio ranged from ~2.6 in lay ered

gneiss (sites 7 and 8) to 3.5 in mylonitic granulite. An arith me tic
mean 232Th/238U value of 3.6 ± 0.9 is the same for gneiss and all
lithologies an a lyzed here. For the gneiss, the av er age Th/U ra -
tio of 3.6 falls within the 3.5–4 range re ported for bi o tite gneiss
(Kresl and Vankova, 1978; Plewa and Plewa, 1992) but is lower
than the 4.3–5.7 range re ported for typ i cal gran ites (Van
Schmus, 1995; Eisenbud and Gesell, 1997).

Com par i son of K (wt.%), 232Th (ppm) and 238U (ppm) con -
cen tra tions with val ues re ported for gneiss from other lo ca tions

Fig ures 12 and 13 com pare K, Th and U val ues re ported
here with those ob tained us ing sim i lar in situ field meth ods for
gneiss from Gebel Me’atiq (Egypt; Abd El Nabi, 2013), gneiss
from the Izera Moun tains (Sudetes, Po land; Malczewski et al.,
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Fig. 9. Av er age A – 40K, B – 232Th and C – 238U ac tiv ity val ues in
gneiss es of the Sowie Moun tains com pared with cor re spond -
ing ac tiv i ties re corded in greywacke and muddy-clay shales of
the Opava Moun tains

Fig. 10. Es ti mated con cen tra tions for K (wt.%, black bars),
232Th (ppm, light bars) and 238U (ppm, grey bars)

 The hor i zon tal line rep re sents the av er age value cal cu lated over all

units ana lysed; the fol low ing con ver sion fac tors were used: K (%) ´

303.16 = 40K (Bq kg–1); 232Th (ppm) ́  4.07 = 232Th (Bq kg–1); and 238U

(ppm) ´ 12.36 = 238U (Bq kg–1) (Plewa and Plewa, 1992)

Fig. 11. Cal cu lated 232Th/238U con cen tra tion ra tios

The hor i zon tal line rep re sents both the av er age ra tio de rived
 from all units and from gneiss es alone



2004, 2005) and from lab o ra tory mea sure ments an a lyz ing bi o -
tite gneiss from the Bo he mian Mas sif (Czech Re pub lic; Kresl
and Vankova, 1978).

Fig ure 12 shows that av er age K con tent in gneiss from the
Sowie Moun tains (2.2 wt.%) co in cides with that from Gebel
Me’atiq (2.9 wt.%). The val ues for K con tent in gneiss from the
Izera Moun tains (3.5 wt.%) and Bo he mian Mas sif (3.4 wt.%) ex -
ceed those ob served in the Sowie Moun tains.

The av er age 232Th con cen tra tion es ti mated for gneiss from the 
Sowie Moun tains (9.6 ppm) also re sem bles those es ti mated for
units in Gebel Me’atiq (8.5 ppm) and the Izera Moun tains
(10.5 ppm). Lab o ra tory mea sure ments for 232Th con cen tra tions in
gneiss from the Bo he mian Mas sif gave an av er age value of
13.2 ppm. The av er age 238U (ppm) con cen tra tion es ti mated for the 
gneiss from the Sowie Moun tains (2.8 ppm) was lower than that
re ported for gneiss from Gebel Me’atiq (3.7 ppm), the Izera Moun -
tains (3.9 ppm) and Bo he mian Mas sif units (3.3 ppm; Fig. 13).

CONCLUSIONS

In situ mea sure ments of 40K, 232Th and 238U ac tiv ity for
gneiss found in the Sowie Moun tains are sim i lar to the val ues
re corded from muddy-clay shale and greywacke. The sim i lar ity
in these val ues in di cates that the gneiss is prob a bly paragneiss. 
Homophanized and augen gneiss sam ples showed no tice ably
higher Th and U ac tiv ity val ues. The el e vated 232Th val ues and
lower 40K val ues in homophanized gneiss ap pear to be as so ci -
ated with Car bon if er ous granitoid magmatism. Augen gneiss
sam ples showed the high est com bined Th + U ac tiv ity and el e -
vated 40K ac tiv ity, in di cat ing a sig nif i cant con tri bu tion from ig ne -
ous ac tiv ity along the Intra-Sudetic Fault.
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