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Abstract

The metabasalts occurring within the gneisses of the eastern part of the Géry Sowie gneiss block, have either enriched
or depleted LREE patterns. However, these two types of metabasic rock are indistinguishable in terms of their major
elements and many trace elements. Their intimate association indicates that their parent magmas erupted nearly con-
temporaneously. They originated through the decompressional, two-stage incremental melting of a mantle diapir
source. The LRRE enriched variety of the basalts was formed from a spinel/garnet peridotite melt mixture which was
followed by spinel peridotite melts. From the latter melts, cumulate gabbros crystallized and extracted portions of these
melts provided the LRRE depleted variety of basalts. This strongly suggests that the metabasalts are compatible in age

with the gabbros.

Both of the metabasalts varieties developed mainly by AFC processes involving mantle source melts and lower con-
tinental crust components. From a comparison of these metabasalts with those in adjacent areas, it is possible to draw
the conclusion that volcanic activity in the whole region had the same time-span.

The metabasalts were metamorphosed to LP hornblende granulites, synchronously with the surrounding amphi-
bolite facies gneisses of the margins of the Géry Sowie Block, which were metamorphosed to LP-HT cordierite gneis-
ses. They originated due to the transition from high-grade amphibolite to granulite facies conditions associated with a
near-isothermal decompression, during the time of the late Variscan (Carboniferous).

Manuscript received 27 April 2000, accepted 28 November 2000.

INTRODUCTION

In the north-eastern part of the Bohemian Massif, the
amphibolite and greenschist facies metamorphic com-
plexes consist of abundant metabasalts and, less common
plutonic basic and ultrabasic assemblages. A similar situa-
tion can be found in the Fore-Sudetic Block, where meta-
basalts, gabbros and ultrabasites occur in close vicinity
(Fig. 1), concentrating in the submeridionally oriented
fracture zone near the eastern margin of the Goéry Sowie
gneiss block and in the Niemcza Dislocation Zone. This
may be a key area for the investigation of the genetic rela-
tionships between the metabasalt and gabbro suites.

This paper considers the metabasalts intercalated with

the gneisses at the eastern margin of the Goéry Sowie
Block near Bielawa and the gabbros of the Braszowice
Massif, both located in the south-eastern part of the Fore-
Sudetic Block. The origin of the metabasalt diversity, the
genetic and temporal relationships of the metabasalt and
gabbroic suites, and the tectonic regime which existed at
the time of the magmatic activity in this area were studied
using microscopic and microprobe analyses and trace ele-
ment modelling. Additionally, the probable linkage of
these metabasalts with those in adjacent areas, and a possi-
ble geotectonic setting and timing for the mafic magma-
tism in the whole region are discussed.

GEOLOGICAL OUTLINE

The Gory Sowie complex of the Fore-Sudetic Block
mainly contains the garnet-sillimanite paragneisses, which

lie along the eastern margin of the complex, overprinted
by LP-HT cordierite-sillimanite-andalusite assemblages.
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Fig. 1. Schematic geological maps and localization of the magmatic complexes (filled triangles and numbers). A - the metabasalt (I) and
gabbro (II) rocks discussed in the text; their position in the Bohemian Massif (BM) is indicated by a star. B - the metabasalts used for
comparison refer to: Il - Niemcza Zone; IV - Strzelin crystalline complex; V-VI - Sleza and Nowa Ruda Massifs; VII - Snieznik Dome;
VIII - Stare Mésto Crystalline Unit (SMCU); IX - Rudawy Janowickie Range. C - a plan view of the right-lateral displacement of the
crustal segments (cs), containing the Palacozoic depressions, along the transform fault zone. Abbreviation: CzR = Czech Republic.

Mafic and felsic granulites, garnet- or garnet-free amphi-
bolites, hornblende gneisses and minor marbles, gabbro-
amphibolites, serpentinites, alaskites, and subordinate
fine-grained dioritoid and tonalites, belonging to the
Variscan granitoids suite of the adjacent Niemcza Zone,
occur as intercalations in the paragneisses (Dziedzic, 1985,
1994; Zelazniewicz, 1995).

The Niemcza Dislocation Zone strikes meridionally
and is bordered by subvertical discontinuities on both its
west and east sides (Fig. 1a). The Niemcza Zone rock com-
plexes are represented by three main lithologies: a me-
tasedimentary rock series, an ultrabasic/basic complex
and granitoids.

At the base, the rock series consists of quartzites and
graphitic metasiliceous rocks, overlain by fine-grained

metapsammites and, in the NW part of the Zone, by dis-
covered Carboniferous (uppermost Visean/lowermost
Namurian) metasiltstones with small lenses of calc-silicate
metamudstones (Dziedzic 8& Goérecka, 1965; Dziedzic,
1979, 1987). In late Variscan times, the sedimentary rocks
were metamorphosed under LP-HT cordierite-andalusite
facies conditions (Dziedzic, 1963, 1980), together with the
cordierite paragneisses of the eastern margin of the Géry
Sowie Block (Dziedzic, 1985). The calc-silicate rocks
weakly recrystallized with LP-LT assemblages (Dziedzic,
1987).

The ultrabasic/basic complex of the Niemcza Zone is
represented by fault-bounded slivers of serpentinite, lay-
ered and unlayered gabbro, and amphibolites. These rocks
form the serpentinite-gabbroic Braszowice-Brzeznica
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Fig. 2. Relation between the AlY" and Si of the low pressure
hornblendes (<5 kb) and middle pressure hornblendes (> 5 kb)
after Raase (1974).The diagonal solid line indicates the maximum
possible Al" contents (after Leake, 1965). 1 - hbl in sample 4A, 2
— hbl in sample 3A and 3C, 3 - hbl from the Quairading district
granulites of Western Australia after Davidson (1971).

massif in the south-west, and the Szklary serpentinite mas-
sif in the east (Fig. 1a). The latter continues northward
into the amphibolite (metabasalt) bodies of KoZmice-Si-
enice (Dziedzic, 1979; Bialek et al., 1994). The gabbro of
Braszowice disappears to the west beneath serpentinites
along a NE-SW striking boundary. There is evidence
from boreholes in the Braszowice area, that over a large
area the gabbro is overlain by serpentinites, containing
numerous gabbroic bodies. In the profile of one borehole,
three intercalations of recrystallized amphibolites were

found.

The trace element chemistry of the gabbro suggests
normal MORB. The whole rock isochron Sm-Nd age was
obtained for the gabbro of Braszowice and Sleza (Fig. 1b)
of 357 +12 Ma (Pin et al., 1988). Oliver et al. (1993) ob-
tained a U-Pb zircon age of 420+20 Ma for the Sleza gab-
bro. The U-Pb age of single zircons from rodingized pla-
giogranite within the serpentinite of the Sleza complex is
400+4/-3 Ma (Zelazniewicz et al., 1998).

Late-tectonic hornblende biotite granitoids occur in
the Niemcza Zone and the adjacent gneisses. They also
underline the eastern fault zone bordering the Niemcza
Zone to the east (Fig.1a). The granitoids are relatively
small sheet-like bodies, subparallel to the trends of sur-
rounding rocks (Dziedzic, 1963). On the basis of the
chemical composition of the hornblende, the crystalliza-
tion depth of the granitoids was calculated. It varies from
about 17 km to 10 km respectively for the granitoids of
Ko$min and Kozmice. The U-Pb zircon age of the grani-
toids is about 338 Ma (Oliver et al., 1993; Kroner & Heg-
ner, 1998). The Rb-Sr data for individual bodies of the
granitoids do not allow a well-constrained age to be calcu-
lated (Lorenc, 1998; Kennan et al., 1999).

The discontinuities bordering the Niemcza Zone on
both its west and east sides, dip steeply toward its centre.
These shear zones are marked by controversially inter-
preted mylonitisation (Dziedzic 1979; Mazur &
Puziewicz, 1995; Zelazniewicz, 1995). Shearing is evident
in the Braszowice gabbro, which also displays regionally
developed foliations (S1 and S:) and a subhorizontal linea-
tion (Dziedzic, 1988).

The occurrence of large ultrabasite bodies near the
western and on the eastern boundaries of the Niemcza
Zone demonstrates the geotectonic importance of this
unit in the structural evolution of the Sudetes. It was
probably already active as a right-lateral offset transform
fault (Fig.1a, 1c) at the time of the generation of the ultra-
basic/basic complex (Dziedzic, 1979, 1985).

THE PETROGENETIC CHARACTERISTICS OF THE METABASALTS AND GABBROS

The metabasalts of Bielawa. In the neighbourhood
of Bielawa and Giléw (Fig.1a), in a few places within the
sillimanite-biotite gneisses, there are sill-like bodies of LP
hornblende granulites and garnet amphibolites (Dziedzic,
H., 1996). All these rocks have tholeiitic affinity, and the
hornblende granulites also show N-MORB and E-MORB
geochemical signatures (Dziedzic, 1995a). The surround-
ing gneisses were metamorphosed at pressures of 3-5 kb
and temperatures from 600 to 630°C (ZelaZniewicz 1995).

The metabasalts are isotropic and undeformed, fine-
grained rocks with porphyroblasts of garnet. They can be
divided into pyroxene-bearing hornblende granulites and
pyroxene-free garnet amphibolites. The former (4A, 3A
and 3C) are quartz-poor (~ 1%), whereas the latter (6A
and B) contain about 5% quartz. In both, ilmenite and
apatite are present as accessory phases. Orthopyroxene ap-

pears as a minor phase only in granulites 4A and 3C. Am-
phibole is mainly represented by pargasite hornblende in
the hornblende granulites and mainly by tschermakite
hornblende in the garnet amphibolites (Dziedzic, H.,
1996, Fig. 5).

The content of the metamorphic minerals of the
hornblende granulites (Table 1) is compatible with the
whole rock chemistry (Table 2), in particular as regards
the Mg : Fe ratio of the garnet, orthopyroxene, clinopy-
roxene and also of the hornblende. The low Al contents
in both the pyroxenes and amphiboles point to their crys-
tallization at pressures less than 5 kb, presumably 3-4 kb
(Fig. 2).

The occurrence of orthopyroxene+ plagioclase sym-
plectites or clinopyroxene+ orthopyroxene+ plagioclase
coronas, which are characteristic for the hornblende
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Table 1
Microprobe analysis of garnets, orthopyroxenes, clinopyroxenes and hornblendes in the metabasalts of Bielawa
garnet orthopyroxene clinopyroxene hornblende
4A 3C 6A 4A 3C 4A 3C 4A 3c 6A

Si0: 39.793 38.234 37.337 53.160 50.593 |SiO: 53.013 51.092 43.158 42.557 42.601

ALOs 22.220 20.848 21.066 0.754 0.345 | ALO:s 0.712 1.476 14.037 11.760 10.601

TiO: 0.068 0.182 0.047 0.034 0.067 |TiO: 0.121 0.253 2.224 2.040 2.212

Cr20s 0.015 0.090 0.000 0.025 0.039 [CrOs 0.050 0.000 0.298 0.087 0.057

FeO 18.539 25.389 29.904 21.819 31974 |FeO 7.230 11.615 10.818 16.970 19.372

MnO 0.491 0.798 1.095 0.494 0.264 |MnO 0.216 0.155 0.140 0.065 0.205

MgO 11.538 4.473 4,439 23.057 15705 |MgO 14.518 11.952 12.884 10.063 8.857

CaO 6.988 9.775 6.443 0.569 0.766 |CaO 24.086 22272 12.377 11.728 11.760

Na:O 0.084 0.226 0.030 0.000 0.000 |NaO 0.212 0.266 1.942 1.792 1.211

KO 0.000 0.029 0.007 0.000 0.000 |K:O 0.034 0.009 0.848 0.511 1.026

Total 99.738 99.943 100.169 99.913 99.754 | Total 100.192 99.091 98.728 97.573 98.019

crystallochemical formulae based on
12 oxygens 6 oxygens 6 oxygens 23 oxygens

Si 2.990 3.000 2961 1.976 1.982 |[Si 1.969 1.953 6.256 6.347 6411

AlY 0.010 0.000 0.039 0.024 0.016 |AI"Y 0.031 0.047 1.744 1.653 1.589

73.000 3.000 3.000 T2.000 1.998 T2.000 2.000 T8.000 8.000 8.000

ALY 1.958 1.928 1.930 0.009 0.000 |AlIV 0.012 0.020 0.654 0.412 0.312

Ti 0.004 0.011 0.003 0.001 0.002 |Ti 0.004 0.007 0.242 0.229 0.250

Cr 0.001 0.006 0.000 0.001 0.002 |Fe" 0.021 0.033 0.040 0.410 0.408

Fe* 0.043 0.044 0.103 0.012 0.011 |Fe** 0.162 0.338 1.271 1.707 2.030

Y2.006 1.989 2.036 Mn 0.003 0.005 0.017 0.008 0.025

Mg 0.813 0.681 2.783 2,237 1.896

Fe’* 1.122 1.616 1.867 0.666 1.037 C5.007 5.003 5.012
Mn 0.031 0.053 0.073 0.016 0.009

Mg 1.293 0.523 0.525 1.278 0917 |Ca 0.978 0912 1.922 1.874 1.896

Ca 0.563 0.822 0.525 0.023 0.032 |Na 0.014 0.020 0.078 0.123 0.104

Na 0.012 0.034 0.004 0.000 0.000 B2.000 2.000 2.000
K 0.000 0.003 0.000 0.000 0.000

X3.021 3.051 3.008  M2.006 2009 |Na 0.468 0.395 0.249

K 0.002 0.000 0.157 0.097 0.198

M2.008 2.016 AQ.625 0.492 0.459

Fe'* calculated by considering charge balance constraints.

granulites of Bielawa, indicates the (M:) near-isothermal
decompression stage (Dziedzic, H., 1996). The horn-
blende+ plagioclase symplectites possibly formed during
the MG stage, as a result of isobaric cooling and retrograde
metamorphism (Zhao et al., 2000). During the older MP
high amphibolite facies metamorphism, about 380 Ma
(Van Breemen et al., 1988; Brocker et al., 1998; Timmer-
mann et al., 2000), the pressure could have been higher,
perhaps 8-9 kb, as was recently evaluated for typical high
amphi- bolite-facies assemblages of Bielawa rocks by Win-
chester et al. (1998).

The temperatures of the hornblende granulites calcu-
lated using the grt-cpx-hbl geothermometer (Nasir & Al-
jarayesh, 1992) and using grt-opx (Harley, 1984) are high-
est for sample 4A: 829 to 737°C, and 848-686°C , respec-
tively, whereas sample 3C gave 730-715°C and 776-

694°C. The temperatures of the garnet amphibolites cal-
culated using grt-hbl (Graham & Powell, 1984) are from
704 to 644°C in sample 6A and from 670 to 569°C in sam-
ple B.

The above calculated temperatures and low pressure
stages indicate the transition from older high-grade am-
phibolite to late Variscan hornblende granulite facies, as-
sociated with near-isothermal decompression. A similar
conclusion can be drawn from the large distribution of Ti
in hornblende (Fig. 3).

Evidence for a Variscan amphibolite to LP granulite
facies transition for MORB-derived amphibolites was also
found in SW Spain (Castro et al., 1996).

The gabbro of Braszowice. The plutonic member of
the Braszowice-Brzeznica ultrabasic/basic massif is
coarse-grained, or, as in the boreholes, medium and fine-
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Fig. 3. Histogram of the Ticontents of the hornblende (on basis
of 23 oxygens) after Raase (1974) from samples 4A, 3A, 3C, 6A
and B. The distances between the metamorphic facies on the ab-

scissa are aranged so that the maximum Ti contents give a straight
line, drawn as a broken line in the diagram.

grained. These rocks have an olivine-free hornblende-rich
gabbroic assemblage. On the PI-Hbl-Px diagram their rep-
resentative points lie in the pyroxene-hornblende and
hornblende gabbro fields (Dziedzic, H., 1989). Micro-
probe analyses of the plagioclase, clinopyroxene and
hornblende of the gabbro are listed in Dziedzic (1995b,
Tab. 1-3).

On the basis of the method of Lindsley and Anderson
(Lindsley 1983; Lindsley & Anderson, 1983) and on the
basis of the method of Kretz (1982) temperatures between
1120 and 500°C, and 1097 and 515°C, respectively, have
been estimated as the crystallization temperatures of the
Braszowice gabbro clinopyroxenes. There is a positive de-
pendence of temperature on pressure: the Al:Os content
diminished synchronically with the temperature reduc-
tion; therefore there was also a reduction in pressure
(Dziedzic, 1995b).

The hornblende is rich in magnesium. The Al" versus
(Na+K)a diagram (Leake, 1978) shows a trend controlled
by crystallization temperatures from edenite hornblende
to common and actinolite hornblende (Dziedzic, 1995b).
Their crystallization began under pressures of about 5 kb
(Fig. 4). The main crystallization stage took place at 5-4
kb, limiting the lower pressure boundary for the Braszo-
wice gabbro at around 4 kb.

The crystallization of the hornblende depended on an
increase in H:O activity which simultaneously condi-

AlV'
14

12

10 4
0,8
0,6 -

04

0,2

T T T T L]

6.0 65 7.0 75 8,0
Fig. 4. The relationship between the Al and Si of the low pres-
sure hornblendes (<5 kb) and middle pressure hornblendes (> 5
kb) after Raase (1974). The diagonal solid line indicates the maxi-
mum possible Al"' contents (after Leake, 1965). 1 - green horn-

blende, 2 - green hornblende in fissures of pyroxene, 3 - brown
hornblende.
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Fig. 5. The temperature variations of pyroxenes and pairs
hornblende-plagioclase versus the Mg# (Mg/Mg+Fe®) of
pyroxenes and hornblendes (after Blundy & Holland, 1990,
modified). Symbols are: circles - clinopyroxenes, filled triangles -
pairs: brown hornblende-plagioclase, filled squares - pairs: green
hornblende-plagioclase.
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tioned the crystallization of more basic plagioclases, and
the reverse zoning of the plagioclases (Dziedzic, 1995b).
The equilibrium temperatures for the pair of hornblende-
plagioclase (Blundy & Holland, 1990) were calculated as
858-526°C. Hornblende crystallization began at signifi-
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cantly lower temperatures than that of the pyroxenes
(Fig. 5).

The chemical compositions of the higher-temperature
pyroxenes and the edenite hornblende indicate that the
minerals crystallized under pressures of 10-5 kb. The

Table 2
Major, trace, and rare earth element analysis of metabasalts and gabbro
Metabasalts Gabbro A

4A 4B 3A  3C  3F 2 5 SE - 6A | 14 9 12 6 18 15
$10: 50.36 4894  49.64 4991 49.65 50.26 51.52 4694 4599 | 50.27 5074 51.07 5131 51.89 5212
TiO:2 112 0.92 1.70 1.76 2.52 221 1.45 2.11 4.32 0.62 0.54 0.56 0.55 0.57 0.34
ALO: 17.52 17.41 14.66 14.01 14.69 14.68 15.64 14.61 14.49 | 11.85 17.40 15.18 15.33 1719 2051
Fe:0s 1.06 1.01 1.65 1.51 231 1.83 1.51 1.80 2,29 1.22 0.85 0.91 0.87 0.75 0.69
FeO 7.04 6.74 10.98 11.21 14.04 12.17 10.01 11.99 15.25 8.08 5.69 6.07 5.77 4,98 4.63
MnO 0.15 0.14 0.19 0.20 0.25 0.23 0.21 0.22 0.27 0.18 0.12 0.13 0.13 0.11 0.09
MgO 9.06 9.57 6.35 6.81 6.94 6.64 7.59 7.26 5.53 13.11 9.62 1070  10.03 8.26 6.11
Ca0 11.42 12.69 12,37 12.26 8.83 9.89 10.54 11.45 9.07 13.02 12.34 1296 14.21 13.54 12.38
Na:O 1.92 2,13 2.29 2.21 0.65 1.27 1.15 297 2.01 1.45 2.49 2.22 1.62 2,51 293
K:0 0.31 0.40 0.13 0.05 0.20 0.66 0.31 0.51 0.41 0.20 0.20 0.20 0.17 0.20 0.20
P:0s 0.05 0.05 0.06 0.06 0.12 0.17 0.08 0.12 0.36 0.0 0.0 0.0 0.0 0.0 0.0
Mg# 70 72 51 52 47 49 57 52 39 74 75 76 76 75 70

trace elements in ppm

Cr 560 170 154 92 310 258 275 180 210 180 250 540 230
Hf 21 4.1 3.7 4.3 5.6 3.1 3.0 0.47 0.48 0.50 0.71 0.56 0.45
Nb 3 2 2 6 7 4 7 1.1 0.3 0.3 1.2 1.0 1.0
Ni 97 62 62 52 73 42 115 145 146 114 139 153 112
Rb 9 <5 <5 5 18 10 5 na na na na na na
Sr 247 208 147 55 199 95 250 82 169 147 355 149 137
Ta 0.4 <0.3 <0.3 0.6 0.6 0.4 0.5 0.03 0.03 0.03 0.11 0.17 0.26
Th 0.7 <0.1 0.3 0.3 1.6 1.6 0.4 0.13 0.21 0.10 1.0 0.10 0.16
v na na na na na na na 231 195 210 170 96 222
Y 12.7 346 325 45.5 39.8 334 26.1 10.2 10.1 9.6 8.6 5.1 11.0
Zr 55 101 105 147 170 99 109 6 5.6 5.6 7.3 5.0 6.6
La 4.6 21 29 3.2 14.3 7.6 16.0 1.11 1.31 1.18 3.58 1.16 1.14
Ce 11.8 9.4 12.0 12.8 334 20.4 19.5 9.6 9.5 10.0 12.9 9.2 9.7
Pr 1.4 1.4 1.5 1.4 4.4 24 3.l 0.34 0.35 0.32 0.72 0.27 0.36
Nd 7.6 10 10 8.0 21 11 10.5 2.48 2.46 235 3.64 1.66 270
Sm 25 4.2 4.6 3.1 6.0 3.5 3.3 1.12 0.96 1.07 1.31 1.04 1.14
Eu 0.8 1.4 1.5 1.2 1.7 1.1 1.4 0.55 0.54 0.58 0.66 0.40 0.57
Gd 2.4 4.2 4.5 4.8 5.9 4.4 35 1.3 1.2 1.1 1.1 0.7 1.3
Th 0.4 0.9 1.0 1.1 1.1 0.7 0.7 0.20 0.17 0.19 0.18 0.10 0.20
Dy 28 5.0 51 6.7 6.6 4.8 4.3 2.0 1.7 1.8 1.5 0.9 2.0
Ho 0.6 13 1.4 1.8 4 1P 1:1 0.9 0.42 0.34 0.38 0.31 0.17 0.40
Er 1.5 3.3 32 5.0 4.0 32 22 1.3 12 1.2 1.1 0.6 1.3
Tm 0.2 0.6 0.6 0.8 0.7 0.5 0.5 0.21 0.18 0.20 0.17 0.09 0.20
Yb 1.5 3.2 3.2 4.6 39 3.1 2.3 112 0.95 1.0 0.88 0.46 1.13
Lu 0.2 0.56 0.56 0.74 0.68 0.45 0.4 0.19 0.15 0.16 0.13 0.07 0.16
Eu/Eu* 0.98 1.00 1.00 0.95 0.86 0.86 1.19 1.39 1.54 1.62 1.63 1.35 1.43
(La/Yb)~ 2.20 0.47 0.65 0.50 2.63 1.76 4.10 0.71 0.99 0.85 2,92 1.80 0.72
g]l:;: 1.85 1.46 1.60 0.75 1.71 1.25 L.31 1.11 1.12 1.19 1.65 2,51 1.12

Major elements in wt%, volatile free, Mg# = 100 Mg/Mg+Fe’*; Fex03/FeO = 0.15; na = not analysed
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Fig. 6. Chondrite-normalized (Sun & Mc Donough, 1989) REE
content plots for the enriched (a) and depleted (b) metabasalts as
well as for gabbros (c). In (a) calculated parental melt concentra-
tions (empty circles) are shown relative to those of sample 4B.

crystallization pressure in the gabbro was 10-4 kb, with
two maxima: at 8-7 kb and 5 kb (Dziedzic, H., 1989). Sup-
posing the pressure under which the studied gabbros crys-
tallized was 8 kb, their solidus temperature should have
been 765°C, because such a solidus temperature was ex-
perimentally determined for basic tholeiitic magmas at a
pressure of 8 kb (Holloway & Burnham, 1972). Therefore
the temperatures estimated using the clinopyroxene and
hornblende-plagioclase pair geothermometer of the
Braszowice gabbro below 765°C are the subsolidus tem-
peratures at which the re-equilibration of the chemical
compositions of the minerals occurred under subsolidus
conditions, pressure decreased to 5-4 kb. This is con-
firmed by the AlY'/Si ratio (Fig. 4) of the lower-tempe-
rature hornblendes. The re-equilibration ended, in lower

Fe+Ti

TH & KB

Al Mg

Fig. 7. Metabasalts and gabbros on an (Fe + Ti)-Al-Mg plot
(Jensen, 1976). Fields: TH - tholeiitic, CA - calc-alkaline, KB -
komatiitic basalt. Symbols as in Fig. 6.

amphibolite facies conditions, and the pressure did not fall
below 4 kb, which suggests a depth of about 13 km. How-
ever, the beginning of the gabbro crystallization could
have taken place at a depth of about 30 km.

During the uplift to shallow crustal levels of the crys-
tallizing Braszowice gabbros, acompanied by mantle up-
welling, narrow shear zones, marked by dynamic recrys-
tallization of plagioclase, diallage and hornblende formed
in the gabbros (Dziedzic, 1988). These zones probably
started forming under conditions close to the gabbro soli-
dus. Dynamic deformation is also manifested by planar
structures (S1 and S2) and subhorizontal lineation, due to
strike-slip movements along a transform fault. The defor-
mation continued until the rocks reached amphibolite fa-
cies conditions, when the gabbro locally became amphi-
bolitized (up to 1m thick strips) along the margins of the
shear planes. This ductile deformation must have taken
place at depths below 10 km.

ANALYTICAL DATA

The investigated rock complexes consist of metaba-
salts occurring within the Goéry Sowie gneisses and the
gabbros of the Braszowice massif, both situated at eastern
margin of Géry Sowie gneiss block. Chemical analyses of
the metabasalts and the REE, Th, Hf, Nb, Ta and Y of the
metabasalts and gabbros (except Y) were carried out in Ac-
tivation Laboratories, Ltd., Ancaster, Canada. The trace
contents of Rb, Sr, Zr, Cr and Ni in the metabasalts were
determined by XRF in the Inst. Geowiss. u. Litho-
sphirenforschung, Justus-Liebig Univ. Giessen, Ger-

many.

The major element data for the gabbros were deter-
mined by wet method in the Chemical Laboratory of PG,
Katowice, Poland, whereas Sr, P, Zr, T1, Y, V, Cr and Ni
assays were carried out by ICP in the Chemical Labora-
tory of GFZ, Potsdam, Germany. Selected geochemical
data are listed in Table 2.

The metabasalt samples were collected from outcrops
in the Goéry Sowie Block near Bielawa and Giléw,
whereas the gabbroic ones were taken from a borehole at
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Braszowice.

Selected samples of “unaltered” rocks were chosen for
further analysis.These were rocks unaffected by simple
secondary processes and, with the exception of the gab-

bros, not cumulate varieties. Although this procedure re-
duced the material to be analyzed (> 35% was elimi-
nated), it gives more accurate results.

WHOLE ROCK GEOCHEMISTRY AND MAGMATIC AFFINITY

The chemical compositions of the metabasalts, con-
sidered volatile-free and with FexO3/FeO = 0.15, do not
differ significantly in terms of silica (46-51.5% S10z), alu-
minum (14-17% AlOs) and magnesium contents (5.53-
9.57% MgO). Their Mg# values (Mg# = 100 Mg/(Mg +
FeO?) in atomic proportions with Fe203/FeO = 0.15),
range from 39 to 57 if the highest Mg# (= 72) of sample
4B, most likely related to magnetite fractionation, is omit-
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Fig. 8. Chondrite-normalized Ce/Yb versus Yb plots of the en-
riched (a) and depleted (b) metabasalts from the Bielawa vicinity.
Assimilation-fractional crystallization (AFC) and fractional crys-
tallization (FC) models relate to parental melt (PAM) or ex-
tracted melt (EXM) (see text). Tick-marks along the curves repre-
sent 20% increments of fractionation. Inset: distribution of the
metabasalts relative to the spinel peridotite melting path (solid
line with percentages of melting), and the trace element content
of depleted mantle (DM). The metabasalts used for comparison
were taken from an adjacent areas numbered as in Fig. 1b: III -
Niemcza Zone (Kozmice, Wilkéw Wlk. - Biatek et al.,1994); TV -
Strzelin crystalline complex (GD-2 - Szczepanski & Oberc-
Dziedzic, 1998); V-VI - Sleza (IV21) and Nowa Ruda (NR13)
massifs, respectively, - Pin et al., 1988); VII - Snieznik Dome
(S-20, S-67 - Floyd et al., 1996); VIII - Stare Mésto Crystalline
Unit (33 - Poubova & Sokol, 1992), and IX - Rudawy Jano-
wickie Range (FR30, FR34 - Kryza et al., 1995; OK2 - Winches-
ter et al., 1995).

ted.

The metabasalts display moderate range in their com-
patible trace element contents, with Ni and Cr concentra-
tions ranging from 42 to 115 ppm and 92 to 560 ppm, re-
spectively, although the latter value of Cr may be cumu-
late. Their rare earth element (REE) concentrations range
from 8 to 60 x chondritic values.

The chondrite-normalized (Sun & Mc Donough,
1989) REE patterns of the metabasalts are shown in Fig.6.
To allow for better data presentation, these samples were
plotted in two groups, according to their element concen-
trations. The metabasalts of the first group (Fig. 6a) are
light rare earth element (LREE) and middle rare earth ele-
ment (MREE) enriched [(La/Yb)x >1.8; (Sm/Yb)n >
1.25] (subscript N denotes chondrite normalized), and
may or may not show small negative Eu anomalies. The
ratios of high field strength elements (HFSE) relative to
MREE oscillate around unity [(Zr/Sm)x ~ 1.1]. The me-
tabasalts of the second group (Fig. 6b) are LREE(MREE)/
HREE depleted (<0. 65 and >0.75, respectively) and
have no Eu anomalies. Their HFSE/MREE ratios (~ 1.2)
are similar to those of the first group of metabasalts.

Compared to the metabasalts, the gabbros have gener-
ally higher MgO (6.11-13.11) and Mg# (70-76) contents,
while their FeO and TiO: contents are, in general, much
lower (cf. Table 2). Their Ni and Cr contents are in the
range 112-153 ppm and 180-250 ppm, respectively,
whereas their REE concentrations range from 3 to 21 x
chondritic values. Most of the gabbro samples are charac-
terized by LREE depletion, moderate positive Eu anoma-
lies (Eu/Eu* =1.35-1.63) and flattening in the heavy rare
earth elements (HREE) on the chondrite-normalized plot
(Fig. 6¢). Their relatively low ratios of (La/Sm)x (av. 0.89),
Nb/Zr (av. 0.10) and their positive correlation between V
and Zr are typical of tholeiitic suites. Most the gabbro
samples plot in the tholeiitic basalt field (Fig. 7) and shift
into the calc-alkaline or komatiitic basalt fields, which
may be due to plagioclase accumulation or an admixture
of picritic material, respectively. In general, the lower po-
sition on the diagram of the gabbro relative to the tholei-
itic metabasalts may be due to an early fractionation of
magnetite as a result of high oxygen fugacity.

MODELLING OF TRACE ELEMENT
CONTENTS

From the presented data, it follows that, in general,
the metabasalts belong to two groups. One group of the
metabasalts (4B, 2, 5, 5E) has higher LREE(MREE)/
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Fig. 9. Gd/Yb versus Nd/Sm ratios for the gabbros and de-
pleted metabasalts. Gabbros of Nowa Ruda (NR04, NR08) and
Sleza (7G, 18G - Pin et al., 1988).

HREE ratios than the other group (3A, 3C, 3F). Accord-
ingly, the first group of metabasalts has been compared to
enriched mid ocean ridge basalts (E-MORB) and the sec-
ond one to normal MORB (N-MORB) rocks (Dziedzic,
1995a).

The differences between these metabasalts are clearly
demonstrated on the (Ce/Yb)~ versus Ybx plot (Fig. 8, In-
set). The calculated non modal batch melting path of the
spinel peridotite was also included on this plot.

The distribution of the enriched varieties relative to
the melting path may suggest the influence of garnet in the
source. For example, the most primitive rock of this
group, plotted to the left of the melting path, and also re-
lated to the more evolved samples, could not have been
produced by a fusion of the spinel peridotite alone. On
the other hand, the depleted metabasalts, which occur in
proximity to the enriched forms and witchin the same
structural setting, could have originated from the melting
of spinel-bearing peridotite alone.

As derivation of the lavas from two separate and unre-
lated sources is rather inprobable, it is likely that both of
the groups of metabasalts could have been derived from a
source which changed slightly during the melting pro-
cesses. Given that fractional melting is a more likely pro-
cess than batch melting (Johnson et al.,1990; Sobolev &
Shimizu, 1993), then this magma diversity can be ex-
plained by two-stage melting. The first stage started with a
melt derived from a spinel/garnet peridotite source and
provided the enriched variety of basalts, whereas the sec-
ond stage, after the transformation of the garnet remain-
ing in the residue (Johnson et al., 1990), ended with spinel
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Fig. 10. a) Distribution of the basic rock assemblages in the
Zr/Nb vs. Zr plot. Note the linear trend for the depleted metaba-
salts and gabbro. b) Nd versus Yb abundances in the gabbros and
depleted-type metabasalts. A regression line (dashed, r = 0.95)
through both the rock series is nearly collinear with the origin
suggesting that their Nd/Yb ratios are the same as that of their
parental source (PS). The chondritic Nd/Yb ratio is also shown
(solid line).

peridotite derived melts, which, in combination with the
plutonic member, produced the depleted basalts.

To test that possibility, several models were tested us-
ing non-modal near-fractional melting (Shaw,1970) of spi-
nel and garnet peridotite (Johnson et 4l.,1990) with a de-
pleted mantle source (McKenzie 8& O’Nions, 1991, 1995;
Wood et al., 1979 - of La only) as a starting material. The
percentages of spinel and garnet peridotite undergoing
melting were calculated, and the mineral/melt partition
coefficients were taken from the literature as follows: La,
Ce, Nd, Sm, Eu, Gd, Dy, Er and Yb (Kelemen ez 4.,
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Table 3
Parameters used in modelling of the metabasalts
and gabbros
Metabasalts Gabbros
FC AFC FC
s 5 | 2 PBF sF NRplo1s SL MR
olivine| - 19 7 15 15 6 - -
clino-
pyro- - - 19 7 - 2 4 4 5
xene
plagio- 5 |12 s 2 4
clase
ek g | 3 N -3 3 4
Lte
apatite - 05 | 03 0.3 015
r - - 0.4 0.2 0.15 0.2 - - -
F 0.96 0.495| 048 045 031 023 093 093 091
. ad 035 0.4 012 0.19
Mo
palgio-
clase 20 17 15
cumu-
late

FC - fractional crystallization, AFC - assimilation-fractional
crystallization, F - fraction of magma remaining; SL=7G &
18G; NR=NR04 & NROS.

1993), except Nd for the clinopyroxene of spinel peri-
dotite from Blundy ez al., (1998); Nb, Sr, P, Hf, Ti, Tm,
Lu, and Y (McKenzie & O’Nions, 1991, 1995), except the
last two elements for clinopyroxene from Hart & Dunn
(1993); Zr and Tb (Beard & Johnson, 1997); Cr and Ni
(Wedepohl, 1985).

The results of the modelling indicate that the parental
melt (PAM) of the enriched group of the metabasalts can
be generated by the liquid produced after the melting of
3% (in 1% increments, with one percent of the liquid re-
maining in the residue at each step of melting) of the spi-
nel and garnet peridotite in the proportions of 70% and
30%, respectively. This parental melt approximates the
rare earth element compositions of the least differentiated
sample (4B) relatively well (Fig. 6a). This metabasalt can be
modelled by removing about 4% of the magnetite from
the parental melt. The more evolved varieties require a
higher extent of fractionation and can be satisfactorily
modelled (Fig. 8a), either by fractional crystallization
(FC, sample 5), or by concomitant assimilation-fractional
crystallization (AFC, sample 2) involving the parental
melt and lower continental crust components (Taylor &
McLennan, 1985), and using the algorithm of De Paolo
(1981).

The fractionated mineral assemblages and ratios of
Ma/Mo (the mass assimilated to the original mass of
magma) (Farmer & De Paolo,1983), along with the other
parameters used in the computations are listed in Table 3.
All the fractional crystallization calculations were per-
formed assuming the partition coefficient values of the
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Fig. 11. A variation diagram of Al:Os vs. Na:O and related
Eu/Eu* values in the gabbros. Note the lack of correlation be-
tween the Eu/Eu* values (empty circles) and the positive trends
of the oxides.
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Fig. 12. A comparison of modelled (dashed lines) trace element
contents with observed ones for selected metabasalts (circles) and
gabbros (triangles). The symbols are the same as in Figs. 6 and 9.

REE (except Tm), and Sr as in Luais & Hawkesworth,
1994; Nb, P, Hf, Zr, Y, Tm and Ni as in Honjo & Lee-
man, 1987; Ti and Cr as in Villemant et al., 1981.

The depleted metabasalts have low (La/Yb)n ratios
and nearly flat HREE patterns. It is noteworthy that the
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gabbros in this area also display similar features and ratios
of selected REE (cf. Figs. 6 and 9); these gabbros have been
compared with normal mid ocean ridge basalts (Pin et a/.,
1988: Dziedzic & Kramer, 1994). Although there are some
differences in the trace element concentrations of both the
suites, this did not prevent the treatment of these suites to-
gether when considering the diverse processes which ac-
companied their development. For example, the higher
values of incompatible trace elements and lower values of
compatible ones in the depleted metabasalts indicate that
they crystallized from a more evolved melts than the gab-
bros.

It appears probable that the depleted metabasalts
could be the potential volcanic counterparts of the plu-
tonic members which display a similar distinct linear ar-
rangement on the Zr/Nb vs. Zr plot (Fig. 10a). If that is
true then a common source magma would be expected.
That possibility appears to be supported by the Nd/Yb
plot (Fig. 10b). Compared to the gabbro samples the de-
pleted metabasalt samples have a wide range in Nd and Yb
contents but both the groups of rocks plot about a line
which is nearly collinear with the origin. This suggests
that Nd and Yb were roughly equally incompatible (no
garnet in the residue or fractionated assemblages) and that
their Nd/Yb ratios are the same as that of their parental
source (Hanson, 1989). The conclusion is that the de-
pleted metabasalt and gabbro series were derived from a
common parental source. In this respect, it might resem-
ble the relationships at the Oman ophiolitic suites, where
cumulate gabbros were formed by partial crystallization
of a melt from which a large liquid fraction had been re-
moved (Kelemen et 4/.,1997; Korenaga & Kelemen, 1997).

Batch melting clearly fails to produce a common pa-
rental melt. On the contrary, the subsequent melt, pro-
duced in two successive steps of incremental melting of
the spinel peridotite mantle source, can have been com-
mon for both volcanic and plutonic series, if ~51% (based
on the average Ni content in the gabbro of Braszowice), of
the mass of the parental liquid was precipitated as a cumu-
late gabbro during the crystal fractionation of the cooling
magma and the remaining 49% was removed. These re-
sults are comparable with those estimated or suggested for
a selected section of the Oman cumulate gabbros (Brown-
ing,1984; Kelemen et al.,1997).

The extracted melt (EXM) uprose as porous flows
(Korenaga & Kelemen, 1997) and differentiated by AFC
processes providing the depleted variety of basalts (Fig.
8b). The composition of these volcanic rocks can be ap-
proximated by the fractional crystallization of low pres-
sure mineral assemblages ranging from 27 to 37%, the lim-
ited (0.12-0.19) ratios of Ma/Mo, and mostly at moderate
(~0.20) r values (rate of mass assimilated to mass fraction-

ated) (Tab.3).

The concept that lower crust material was assimilated
appears to be supported by the high enough initial (at 415
Ma, see further in the text) value of eNd (~ +7.0) ob-
tained using the isotopic data (Pin et al., 1988) of the indi-
cated metabasalts and those of mafic granulite (PHN 1919
- Rogers & Hawkesworth, 1982), assumed to represent
lower crustal material, and using a suitable algorithm (De
Paolo,1981). The calculated (r = 0.05) eNd value is a little
lower (~ 1.3 epsilon unit) than the average for the com-
pared metabasalts.

The gabbros have limited ranges of compatible ele-
ment contents consistent with the removal of magnetite
from the liquid by crystallization during an early stage of
differentiation. Their positive Eu anomalies may be in-
dicative of plagioclase accumulation, as this mineral is
known as the main carrier of europium. However, com-
paring the structural constituents of the plagioclase such
as A:Os and Na:O which correlate positively, so that fea-
ture is not reflected in the Eu/Eu* ratios (Fig. 11). This re-
lationship suggests that a positive Eu anomaly is charac-
teristic for the melt from which these rocks crystallized
and is not due to mineral accumulation. On the other
hand, under oxidized conditions, as supported by the
crystallization of magnetite, the partition coefficients of
Eu in the plagioclase are likely to have decreased (McKen-
zie & O’Nions, 1991), resulting in respective Eu/Eu* val-
ues that only weakly correspond with the oxides men-
tioned.

In addition, an enrichment in cerium (Fig. 6c) may
have been due to either selective melt metasomatism or it
reflects an oxidized conditions or both. Similar enrich-
ments in Ce were also noted in the gabbros of Sleza (Fig.
12), and Nowa Ruda (not shown) imply that these pro-
cesses might be common to all these rocks.

The modelling suggests, as indicated by the averaged
value of two samples (9 & 15), that the trace element con-
tents in the gabbro may be approximated by the removal
(< 10% total) of magnetite and clinopyroxene in roughly
equal proportions, followed by the crystallization
(~20%) of plagioclase (Table 3). These mineral propor-
tions do not differ significantly from those used to model
the gabbros of Nowa Ruda and Sleza. In all cases the dif-
ferences between observed and calculated values for a
number of the trace elements are rather moderate (< 30%,
and even less), although much higher (> 50%) differences
are also displayed for La, Ce, P, Hf, Zr and Tb (Fig. 12).
Various factors, such as metasomatic and hydrothermal
processes, inadequately selected distribution coefficients
and the mobility of some elements, may account for these
deviations.
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DISCUSSION

COMPARISON WITH THE METABASALTS
OF ADJACENT AREAS

The geochemical and geological characteristics of the
discussed magmatic complexes correspond with those of
the oceanic rifts where mafic and ultramafic suites occur
togheter particularly along major fracture zones (Bonatti,
1973, 1978; Fox et al., 1976). Also, in the discussed area
such complexes in the form of isolated massifs or various
scale magmatic bodies, accompanied in places by metaba-
salts, are concentrated along a submeridionally oriented
zone. However, in most cases the plutonic and volcanic
assemblages occur separately, the latter mostly in form of
sill-like bodies. Accordingly, all the features were consid-
ered as delineating an ensialic rift-related right-lateral off-
set transform fault (the Niemcza-Ladek F. Z.) (Dziedzic,
1979, 1985, 1986).

The metabasalt assemblages, similar to those consid-
ered previously, occur in several geological units includ-
ing the Sudetes. In order to compare the discussed metaba-
salts with those of adjacent areas, in which the enriched
varieties are more abundant (see the references in the de-
scription to Fig. 8), selected samples of the metabasalts
from the crystalline complexes, numbered as ITI-IX (Fig.
1b) were examined; (references in the description to Fig,

8). They contain rocks for which there are suitable geo-
chemical data, of (II) - the Niemcza Zone, (IV) - the
Strzelin area, (V-VI) - the Slcza and Nowa Ruda Massifs,
(VII) - the Snieznik Dome, (VIII) — the Stare Mésto Crys-
talline Unit (SMCU, Czech Rep.), and (IX) - the Rudawy
Janowickie Range. The latter is believed to be a rift-related
fracture zone of the transform fault-type (Dziedzic, 1986).

All the rocks used for this comparison represent “un-
altered” and non cumulate varieties. Some of them have
relatively high chondrite-normalized LREE (MREE)/
HREE ratios of ~ 1.9 and ~ 1.5, respectively, and HFSE/
MREE ratios (~ 1. 3). On the other hand, there are also
rock samples that have low LREE (MREE)/HREE ratios
of ~0.8 and ~ 1.1, respectively, and HFSE/MREE ratios
(~1). These data and the Mg # values compare well with
those of the enriched and depleted metabasalts of Bielawa.
In fact, all the compared rocks plot within their respective
domains (Fig. 8), either enriched (Strzelin area, Niemcza
Zone) or depleted (Sleza, Nowa Ruda, SMCU) or both
(Snieznik Dome, Rudawy Janowickie Range), and the
similarities mentioned suggest that the magma of all the
volcanic suites underwent comparable differentiation pro-
cesses. The trace element contents of these rocks can be
relatively well approximated by the presented model. The
differences between the observed and calculated values are
generally rather insignificant (< 20%), although, for some
trace elements (Nb, Sr, and rarely for Cr and Ni ), higher
differences (> 40%) are also noted. The latter may be due
to the various proportions of the fractionated mineral as-
semblages in specific areas, compared to those used in the
modelling of the rocks from Bielawa.

GEOLOGICAL IMPLICATIONS

From the comparison outlined above it follows that
the metabasalt suites in the region exhibit of a number
similar features. The occurrence of two varieties of vol-
canic rocks that can be separately related to common pa-
rental melts, in an area of maximal distance of about 80
km, seems to be not accidental, but may be a natural con-
sequence of deep magmatic processes. For the same rea-
sons, the assignment of any specific environments or epi-
sodes of volcanic activity to the particular geological
units, may be unnecessary if it is assumed that the repeti-
tion of similar processes and rock assemblages may be
questionable. Under the extensional conditions manifest-
ing during volcanism, the melts generated by the decom-
pressional melting of a diapir might explain the duality
and spatial distribution of the magmas during a volcanic
episode.This possibility may be supported by the transi-
tion from spinel/garnet peridotite mixed melts, reflected
in the enriched rocks, to those produced within the spinel
peridotite mantle source, reflected in the depleted rock as-
semblages. Also, the spatial distribution of the volcanic
rocks can be acceptable if the diameters of the seismically
estimated melting zones of the mantle diapirs are taken
into account. These range between 50 and 100 km (Hase-
gawa et al., 1991; Tryggvason et al., 1983).

The “garnet signatures” of enriched MORBs have
been explained either as the influence of mantle plume- or
hot spot-related melts (Robillard ez al., 1992; Cousens et
al., 1995; Haase et al., 1997), or by the partial melting of
garnet pyroxenite, and eclogitic lithologies (Hirschmann
& Stolper, 1996; Niu et al., 1999). Additionally, in many
areas the enriched and depleted rock assemblages, which
display intimate associations, are related to fracture zones
and usually exhibit limited ranges of isotopic and tempo-
ral relationships (Wright & Wyld, 1994; Guivel et al.,
1999).

The genetic correlation between the mafic plutonic
and volcanic series in the Fore-Sudetic Block, and the cor-
responding volcanic complexes in adjacent areas imply a
comparable geotectonic regime, and also a similar timing
of the magmatic activity. That rift setting (the Silesian Rift
- Dziedzic, 1998), accompanied by the decompressional
melting of a mantle diapir could have been principal fac-
tors controlling the magmatism in the region. An ensialic
setting for the metabasalts is indicated by the assimilation
of lower continental crust material. That setting was also
suggested for the metabasalts from the Snieznik area
(Floyd et al., 1996).

If it is assumed that the time-span of diapir activity
may have been as long as 100 Ma (Duncan, 1981) and the
corresponding thinning of the continental lithosphere at
the base of the crust required about 50-75 Ma (Crough,
1983), then the granitoid plutonism and regional meta-
morphism studied in the Fore-Sudetic area could have
been related to a diapir as a potential source of heat. This
suggests that in a frame of mantle diapirism both of these
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phenomena may be causally related. The fact that the am-
phibolite facies metamorphic rocks are usually accompa-
nied by the Variscan granitoids seems to support this
view. The age differences between the suites could be a
consequence of thermal progression resulting in metamor-
phic and anatectic products preceding the plutonic assem-
blages in time. It is possible that this mechanism also oper-
ated in the adjacent areas.

The thermal anomaly related to this diapir was associ-
ated with thinning of the continental lithosphere to about
60 km, high heat flow up above 50°C/km during the cul-
mination of the granitoid plutonism, LP-HT granulite fa-
cies metamorphism (Dziedzic, H., 1985, 1996), and fi-
nally, with the participation of asthenospheric mantle ma-
terial in the late Variscan volcanic rocks (Dziedzic, K.,
1989, 1996). It is also possible to demonstrate that particu-
lar episodes of magmatic activity in the region almost co-

incide with an interval between two magmatic episodes,
of about 30 Ma resulting from the rifting above the diapir
(White & McKenzie, 1989). All these features appear to
support an idea about the role of mantle diapirism in the
geological evolution of the Silesian region.

The cogenetic relationships of the gabbro and metaba-
salt series support their origin during one magmatic event,
in geological time scale terms. A U-Pb zircon age of 420
Ma for the Sleza gabbro (Oliver et al., 1993) suggests the
earliest Devonian, i.e., ~ 415 Ma, according to Tucker et
al., (1998), as a plausible period for the emplacement of
the magmatic complexes. As some gabbro is locally trans-
gressively overlain by the Upper Devonian deposits, then
the emplacement and subsequent uplift of the gabbro cor-
responds well with the Acadian event, as well as with the

Early Devonian rift zone of central Europe delineated by
Sawkins & Burke (1980).

CONCLUSIONS

The trace element geochemistry of the metabasalts
from the Bielawa vicinity requires two parental melts to
explain the diversities among these rock series. This is not
obvious, however, if these series occur in intimate associa-
tion and within the same geologic/structural setting. The
enriched and depleted basaltic varieties were derived from
a changing mantle source rather than from two separate
sources.

The modelling suggests that both the metabasalt varie-
ties resulted from two successive stages of the incremental
melting of the peridotitic mantle source. The enriched va-
riety was derived from a spinel/garnet peridotite melt
mixture followed by melts of spinel peridotite. The cumu-
late gabbros crystallized from the latter melts, and an ex-
tracted large fraction of these melts provided the LREE-
depleted variety of basalt. Thus, the timing of at least
these basalts, and by implication, of the LREE-enriched
ones should be compatible with the age for the gabbro.

Acknowledgements

The authors are grateful to Prof. Dr. U. Haack, Institut fiir
Geowissenschaften and Lithosphirenforschung of the Justus-
Liebieg Universitit, Giessen, and to Dr. hab. W. Kramer, GFZ,
Potsdam, for the determinations of the trace element contents.

Both the metabasalt varieties developed by mostly
AFC processes involving the parental melts and lower
continental crust material. The results of the comparison
of these metabasalts and those of adjacent areas imply the
same time-span of volcanic activity in the region.

In the late Variscan episode, the metabasalts of the
eastern margin of the Gory Sowie Block were metamor-
phosed to LP hornblende granulites, synchronously with
the gneisses of the border zone, which were metamor-
phosed to LP-HT cordierite gneisses. This process oc-
curred along with the transition from high-grade amphi-
bolite to granulite facies, associated with the near-
isothermal decompression of the rocks. It suggests a rapid
emplacement to a shallow crustal level, and a short dura-
tion of thermal progression to high temperatures
(Dziedzic, H., 1996). A mantle diapir upwelling and
magma underplating might have been responsible for this
thermal progression.

We are greatly indebted to Dr. P.A Floyd, Keele University,
England, for his careful and constructive review. We also thank
an anonymous reviewer for his critical remarks, and Prof. Dr. A.
Zelazniewicz for many valuable comments and discusions.

REFERENCES

BEARD, B. L., & JOHNSON , C. M., 1997. Hafnium isotope
evidence for the origin of Cenozoic basaltic lavas from the
southwestern United States. Journal of Geophysical Research,
102: 20149-20178.

BIALEK, D., PIN, C. & PUZIEWICZ, ]., 1994. Preliminary
data on amphibolites of the northern part of the Niemcza
Zone (Sudetes, SW Poland). Mineralogia Polonica, 25: 3-14.

BLUNDY, J. D. & HOLLAND, T. J. B., 1990. Calcic amphi-
bole equilibria and a new amphibole-plagioclase geother-
mometer. Contributions to Mineralogy and Petrology, 104:

208-224.

BLUNDY, J. D., ROBINSON, J. A. C. & WOOD, B. ., 1998.
Heavy REE are compatible in clinopyroxene on the spinel
lherzolite solidus. Earth and Planetary Science Letters, 160:
493-504.

BONATTI, E., 1973. Origin of Offset of the Mid - Atlantic
Ridge in Fracture Zones. Journal of Geology, 81: 144-156.

BONATTI, E., 1978. Vertical tectonism in oceanic fracture
zones. Earth and Planetary Science Letters, 37: 369-379.

BROWNING, P., 1984. Cryptic variations within the cumulate



46 K. DZIEDZIC & H. DZIEDZIC

sequence of the Oman ophiolite: Magma chamber depth
and petrological implications. Geological Society, London,
Special Publication, 13: 71-82.

BROCKER, M., ZELAZNTEWICZ A. & ENDERS, M., 1998.
Rb-Srand U Pb geochronology of migmatirtic gneisses from
the Gory Sowie (West Sudetes, Poland): the importance of
Mid-Late Devonian metamorphism. Journal of the Geologi-
cal Society, London, 155, 1025-1036.

CASTRO, A., FERNANDEZ, C., DE LA ROSA, ]. D., MO-
RENO - VENTAS, 1. & ROGERS, G., 1996. Significance
of MORB-derived amphibolites from the Aracena meta-
morphic belt, Southwest Spain. Journal of Petrology, 37:
235-260.

COUSENS, B. L., ALLAN, ]J. F,, LEYBOURNE, M. L,
CHASE, R. L. & VAN WAGONER, N., 1995. Mixing of
magmas from enriched and depleted mantle sources in the
northeast Pacific: West Valley segment, Juan de Fuca Ridge.
Contributions to Mineralogy and Petrology, 120: 337-357.

CROUGH, S. T., 1983. Rifts and swells: geophysical constraints
on causality. Tectonophysics, 94: 23-37.

DAVIDSON, L. R., 1971. Metamorphic hornblendes from basic
granulites of the Quairading district, Western Australia
Neues Jahrbuch fur Mineralagie, Monatshefte, F1-8: 344-359.

DePAOLO, D. ]., 1981. Trace element and isotope effects of
combined wall rocks assimilation and fractional crystalliza-
tion. Earth and Planetary Science Letters, 53: 189-202.

DUNCAN, R. A., 1981. Hotspots in the Southern Oceans - an
absolute frame of reference for motion of the Gondwana
continents. Tectonophysics, 74 : 29-42.

DZIEDZIC, H., 1963. “Syenity” strefy Niemczy. [So-called sy-
enites of the Niemcza Zone (Lower Silesia)]. Archiwum
Mineralogiczne, 24: 5-126.

DZIEDZIC,H., 1979. Problem genezy magm bazaltowych i ich
zwigzek z ultrabazytami strefy Niemczy. Proponowany
model rezimu geotektonicznego. [Problem of origin of ba-
saltic magmas and their connection with the Niemcza Zone
ultrabasites: proposed model of geotectonic regime]. In: Gu-
nia, T. (Ed.). Wybrane zagadnienia stratygrafii, petrografii i
tektoniki wschodniego obrzezenia gnejséw sowiogdrskich i
metamorfiku kfodzkiego. Materiaty Konferencji Terenowe;.
Wyd. Uniw. Wroct., Wroctaw, 107-119.

DZIEDZIC, H., 1980. Le probleme du charriage moldanubien
sur la bordure orientale du massif des gneiss de Géry Sowie.
Contributions. to the IGCP project 22 “Precambrian in
younger fold belts”. Annuary of the Institute of Geology and
Geophysics, 57: 149-168. Bucuresti.

DZIEDZIC, H., 1985. Variscan rejuvenation of the Precam-
brian gneisses along the eastern margin of the Géry Sowie
massif, Fore-Sudetic Block. Krystalinikum, 19: 7-27.

DZIEDZIC, H., 1987. Rozwdj strukturalny i metamorfizm we
wschodnim obrzezeniu gnejsow Gor Sowich. [Structural
evolution and metamorphism of eastern border of the Géry
Sowie gneisses]. Acta Universitatis Whratislaviensis, 788:
221-249.

DZIEDZIC, H., 1988. Dynamic recrystallization in gabbroic
rocks, Braszowice, Fore-Sudetic Block. Bulletin of the Polish
Academy of Sciences, Earth Sci., 36: 197-208.

DZIEDZIC, H., 1989. Tectonics and petrogenesis of Braszowice
gabbro. In: Narebski, W. & Majerowicz, A. (Eds.). Lower
and Upper Paleozoic metabasites and ophiolites of the Polish
Sudetes. Guidebook of excursions, Wyd. Uniw. Wroct.,
Wroctaw, 124-156.

DZIEDZIC, H., 1994. LP hornblende granulite facies within the
Goéry Sowie gneisses of the Fore-Sudetic Block. In: Kryza,
R. (Ed.). Igneous activity and metamorphic evolution of the
Sudetes area, Abstracts, 43. Wroclaw University Press.

DZIEDZIC, H., 1995a. N-MORB and E-MORB source of the
Bielawa tholeiitic metabasalts in the Géry Sowie gneisses of
the Fore-Sudetic Block, Bulletin of the Polish Academy of Sci-
ences, Earth Sci., 43: 153-164.

DZIEDZIC, H., 1995b. Cisnienia i temperatury krystalizacji
gabr Braszowic, Blok Przedsudecki. [P-T conditions of
Braszowice gabbro crystallization - Fore-Sudetic Block, SW
Poland]. Geologia Sudetica, 29: 105-129.

DZIEDZIC, H., 1996. The Variscan amphibolite to granulite fa-
cies transition at Bielawa in the eastern part of the Géry
Sowie Block. Bulletin of the Polish Acadeny of Sciences, Earth
Set., 44: 77-90.

DZIEDZIC H. & GORECKA T., 1965. On the occurrence of
metamorphosed Carboniferous rocks in the Niemcza Zone
(Sudetes). Bulletin de L’Academie Polonaise des Sciences, Serie
de sci. géol. et géogr., 13, 161-165.

DZIEDZIC, H. & KRAMER, W., 1994. Structural and petroge-
netic analysis of the Braszowice gabbro (Fore-Sudetic Block,
SW Poland). Zentralblat fiir Geologie and Paliontologie, I,
1992, 1019-1037.

DZIEDZIC, K., 1986. The paleozoic rifting and volcanism in
western Poland. Zeitschrift fiir Geologische Wissenschaften,
14: 445-457.

DZIEDZIC, K., 1989. The Palaeozoic of the Silesia Region, SW
Poland: a geodynamic model. Zeitschrift fiir Geologische Wis-
senschaften, 17: 541-551.

DZIEDZIC, K., 1996. Two-stage origin of the Hercynian vol-
canics in the Sudetes, SW Poland. Neues Jahrbuch fiir Geolo-
gie und Paliontologie, Abbandlungen, 199: 65-87.

DZIEDZIC, K., 1998. Genesis and evolution of the Sudetic late
Hercynian volcanic rocks inferred from the trace element
modelling. Geologia Sudetica, 31: 79-91.

FARMER, G. L. & DE PAOLO, D. J., 1983. Origin of Mesozoic
and Tertiary granite in the western United States and impli-
cations for pre-Mesozoic crustal structure. I. Nd and Sr iso-
topic studies in the geocline of the northern Great Basin.
Journal of Geophysical Research, 88: 3379-3401.

FLOYD, P. A., WINCHESTER, J. A., CIESIELCZUK, J., LE-
WANDOWSKA, A., SZCZEPANSKI, |. & TURNIAK,
K., 1996, GCOChlebtl’y of early Palaeozoic amphlbahtes
fromii thé Orlica—Snieznik dome, Bohemian massif: petro-
genesis and palaeotectonic aspects. Geologische Rundschau,
85: 225-238.

FOX,P.].,SCHREIBER, E., ROWLETT, H. & McCAMY, K.,
1976. The geology of the Oceanographer Fracture Zone: a
model for fracture zone. Journal of Geophysical Research, 81:
4117-4128.

GRAHAM, C. & POWELL, R., 1984. A garnet-hornblende
geothermometer: calibration, testing, and application to the
Pelona schist, Southern California. fournal of Metamorphic
Geology, 2: 13-31.

GUIVEL, C., LAGABRIELLE, Y., BOURGOIS, J., MAURY,
R. C., FOURCADE, S., MARTIN, H. & ARNAUD, N.,
1999. New geochemical constrains for the origin of ridge-
subduction-related plutonic and volcanic suites from the
Chile Triple Junction (Taitao Peninsula and Site 862, LEG
ODP141 on the Taitao Ridge). Tectonophysics, 311: 83-111.

HAASE, K. M., STOFFERS, P. & GARBE-SCHONBERG,
C.D., 1997. The petrogenetic evolution of lavas from Easter
Island and neighbouring seamounts, near-ridge hotspot vol-
canoes in the SE Pacific. Journal of Petrology, 38: 785-813.

HANSON, G. N., 1989. An approach to trace element model-
ing using a simple igneous system as an example. In: Lipin,
B. R. & McKay, G. A. (Eds.). Reviews in Mineralogy. Geo-
chemistry and mineralogy of rare earth elements. Minera-
logical Society of America, 21: 79-97.



METABASALTS AND RELATED GABBROIC ROCKS 47

HARLEY, S. L., 1984. An experimental study of the partition-
ing of Fe and Mg between garnet and orthopyroxene. Con-
tributions to Mineralogy and Petrology, 86: 359-373.

HART, S. R. & DUNN, T., 1993. Experimental cpx/melt parti-
tioning of 24 trace elements. Contributions to Mineralogy
and Petrology, 113: 1-8.

HASEGAWA, A.,ZHAO, D., HORLS., YAMAMOTO, A. &
HORIUCHL, S., 1991. Deep structure of northeastern Ja-
pan Arc and its relationship to seismic and volcanic activity.
Nature, 352: 683-689.

HIRSCHMANN, M. M. & STOLPER, E. M., 1996. A possible
role for garnet pyroxenite in the origin of the “garnet signa-
ture ” in MORB. Contributions to Mineralogy and Petrology,
124: 185-208.

HOLLOWAY, J. R. & BURNHAM, C. W., 1972. Melting rela-
tion of basalts with equilibrium water pressure less than to-
tal pressure. Journal of Petrology, 13: 1-29.

HON]JO, N. & LEEMAN, W. P., 1987. Origin of hybrid ferro-
latite lavas from Magie Reservoir eruptive center Snake
River Plain, Idaho. Contributions to Mineralogy and Petrol-
ogy, 96: 163-177.

JENSEN, L. S., 1976. A new cation plot for classifying subal-
kalic voleanic rocks. Ontario Department of Mines, Misce-
lanea Paper, 66: 1-22.

JOHNSON, K. T. M., DICK, H. J. B. & SHIMIZU, N., 1990.
Melting in oceanic upper mantle: An ion microprobe study
of diopsides in abyssal peridotites. Journal of Geophysical Re-
search, 95: 2661-2678.

KELEMEN, P. B., SHIMIZU, N., & DUNN, T., 1993. Relative
depletion of niobium in some arc magmas and the continen-
tal crust: partitioning of K, Nb, La and Ce during melt/rock
reaction in the upper mantle. Earth and Planetary Science
Letters, 120: 111-134,

KELEMEN, P. B., KOGA, K. & SHIMIZU, N., 1997. Geo-
chemistry of gabbro sills in the crust - mantle transition
zone of the Oman ophiolite: implications for the origin of
the oceanic lower crust. Earth and Planetary Science Letters,
146: 475-488.

KENNAN, P. S., DZIEDZIC, H., LORENC, M. W. & MIER-
ZEJEWSKI, M. P., 1999. A review of Rb-Sr isotope patterns
in the Carboniferous granites of the Sudetes in SW Poland.
Geologia Sudetica, 32: 49-53,

KORENAGA, |. & KELEMEN, P. B., 1997. Origin of gabbro
sills in the Moho transition zone of the Oman ophiolite: Im-
plications for magma transport in the oceanic lower crust.
Journal of Geopbysical Research, 102: 27729-27749.

KRETZ, R., 1982. Transfer and exchange equilibria in a portion
of the pyroxene quadrilateral as deduced from natural ex-
perimental data. Geochimica et Cosmochimica Acta, 46: 411-
421.

KRONER, F. & HEGNER, E., 1998. Geochemistry, single zir-
con ages and Sm-Nd systematics of granitoid rocks from the
Gory Sowie (Owl Mits.), Polish West Sudetes evidence for
early Paleozoic arc-related plutonism. Journal of the Geologi-
cal Society, London, 155: 711-724.

KRYZA, R., MAZUR, S. & PIN, C., 1995. The Leszczyniec me-
taigneous complex in the eastern part of the Karkonosze-Iz-
era Block, Western Sudetes: trace element and Nd isotope
study. Newes Jahrbuch fiir Mineralogie, Abbandlungen, 170:
59-74.

LEAKE, B. E., 1965. The relationship between tetrahedral alu-
minium and maximum possible octahedral aluminium in
natural calciferous and subcalciferous amphiboles. Ameri-
can Mineralogist, 50: 843-851.

LEAKE, B. E., 1978. Nomenclature of amphiboles. American
Mineralogist, 63: 1023-1052.

LINDSLEY, D. H., 1983. Pyroxene thermometry. American
Mineralogist, 68: 477-493.

LINDSLEY, D. H. & ANDERSON, D. J., 1983. A two-
pyroxene thermometer. Journal of Geophysical Research, 88:
Suppl. A887-A906.

LORENC, M. W., 1998.Badania izotopowe metoda Rb-Sr skat
intruzyjnych strefy Niemczy (Dolny Slask). [Rb-Sr isotopic
study of the intrusive rocks from the Niemcza zone (Lower
Silesia, Poland)]). Archiwum Mineralogiczne, 51: 153-164.

LUAIS, B. & HAWKESWORTH, C. J., 1994. The generation
of continental crust: An integrated study of crust-forming
processes in the Archean of Zimbabwe. Journal of Petrology,
35: 43-93.

MAZUR, S., PUZIEWICZ ]., 1995. Mylonity strefy Niemczy.
[Mylonites of the Niemcza Fault Zone]. Annales Societatis
Geologorum Poloniae, 64: 23-52.

MC KENZIE, D. & O’NIONS, R. K., 1991, Partial melt distri-
butions from inversion of rare earth element concentra-
tions. Journal of Petrology, 32: 1021-1091.

MC KENZIE, D. & O’NIONS, R. K., 1995. The source regions
of ocean island basalts. Journal of Petrology, 36: 133~ 159.

NASIR, S. & ABU-ALJARAYESH, L, 1992. Empirical calibra-
tion of a geothermometer for garnet amphibolites and
granulites based on the assemblage of garnet-clinopyro-
xene-hornblende. Cheniie der Erde, 52: 205-210.

NIU, Y., COLLERSON, K. D., BATIZA, R.,, WENDT.J. L. &
REGELOUS, M., 1999. Origin of enriched-type mid-ocean
ridge basalt at ridges far from mantle plumes: The East Pa-
cific Rise at 11°20°N. Journal of Geophysical Research, 104:
7067-7087.

OLIVER, G. J. H., CORFU, F. & KROGH, T. E., 1993. U-Pb
ages from SW Poland: evidence for a Caledonian suture
zone between Baltica and Gondwana. Journal of the Geologi-
cal Society, London, 150: 355-369.

PIN, C., MAJEROWICZ, A. & WOJCIECHOWSKA, I., 1988.
Upper Paleozoic oceanic crust in the Polish Sudetes: Nd-Sr
isotope and trace element evidence. Lithos, 21: 195-209.

POUBOVA, E. & SOKOL, A., 1992. The petrology and geo-
chemistry of the metaophiolitic rocks of Stare Mésto Crys-
talline Unit. Krystalinikum, 21: 67-88.

RAASE, P., 1974. Al and Ti contents of hornblende, idicators of
pressure and temperature of regional metamorphism. Con-
tributions to Mineralogy and Petrology, 45: 231-236.

ROBILLARD, L., FRANCIS, D. & LUDDEN, J. N, 1992. The
relationship between E- and N-type magmas in the Baffin
Bay lavas. Contributions to Mineralogy and Petrology, 112:
230-241.

ROGERS, N. W. & HAWKESWORTH, C. J., 1982. Protero-
zoic age and cumulate origin for granulite xenoliths, Leso-
tho. Nature, 299: 409-413.

SAWKINS, F.J. & BURKE, K., 1980. Extensional tectonics and
Mid-Paleozoic massive sulfide occurrences in Europe. Geo-
logische Rundschau, 69: 349-360.

SHAW, D., 1970. Trace element fractionation during anatexis.
Geochimica et Cosmochimica Acta, 34: 237-243.

SOBOLEYV, A. V. & SHIMIZU, N., 1993. Ultra-depleted pri-
mary melt included in an olivine from the Mid-Atlantic
Ridge. Nature, 363: 151-154.

SUN, S. 8. & MC DONOUGH, W. F., 1989. Chemical and iso-
topic systematics of oceanic basalts: implications for mantle
composition and processes. In: Saunders, A. D. & Norry, J.
M. (Eds.). Magmatism in the ocean basins. Geological Society
Publications, London, 42: 313-345.

SZCZEPANSKI, J. & OBERC-DZIEDZIC, T., 1998. Geo-
chemistry of amphibolites from the Strzelin crystalline mas-
sif, Fore-Sudetic Block, SW Poland. Newues Jabrbuch fur Min-



48 K. DZIEDZIC & H. DZIEDZIC

eralogie, Abbandlungen, 173: 23-40.
TAYLOR, S. R.& MC LENNAN, S. M., 1985. The continental
crust: its composition and evolution. Blackwell, Oxford, 312

p-

TIMMERMANN, H., PARRISH, R. R., NOBLE, S. R. &
KRYZA, R., 2000. New U-Pb monazite and zircon data
from the Sudetes Mountains in SW Poland: evidence for a
single-cycle Variscan orogeny. Journal of the Geological Soci-
ety, London, 157: 265-268.

TRYGGVASON, K., HUSEBYE, E. S. & STEFANSSON , R.,
1983. Seismic image of the hypothesized Icelandic hot spot.
Tectonophysics, 100: 97-118

TUCKER, R. D., BRADLEY, D. C., VER STRAETEN, C. A.,
HARRIS, A. G., EBERT, J. R. & MC CUTCHEON, S. R,
1998. New U-Pb zircon ages and the duration and division
of Devonian time. Earth and Planetary Science Letters, 158:
175-186.

VAN BREEMEN, O., BOWES, D. R., AFTALION, M. &
ZELAZNIEWICZ, A., 1988. Devonian tectonothermal ac-
tivity in the Géry Sowie gneissic block, Sudetes, southwest-
ern Poland: evidence from Rb-Sr and U-Pb isotopic studies.
Annales Sacietas Geologorum Poloniae, 58: 3-15.

VILLEMANT, B., JAFFREZIC, J. L. & TREUIL, M., 1981.
Distribution coefficients of major and trace elements: frac-
tional crystallization in the alkali basalt series of Chaine des
Puys (Massif Central, France). Geochimica et Cosmochimica
Acta, 45: 1997-2016.

WEDEPOHL, K. H., 1985. Origin of the Tertiary basaltic vol-
canism in the northern Hessian Depression. Contributions
to Mineralogy and Petrology, 89: 122-143.

WHITE, R. & MC KENZIE, D., 1989. Magmatism at rift zones:
The generation of volcanic continental margins and flood
basalts. Journal of Geophysical Research, 94: 7685-7729.

WINCHESTER, J. A., FLOYD, P. A., CHOCYK, M., HOR-

BOWY, K. & KOZDROJ, W., 1995. Geochemistry and
tectonic enviroment of Ordovician meta-igneous rocks in
the Rudawy Janowickie Complex, SW Poland. Journal of
the Geological Society, London, 152: 105-115.

WINCHESTER, J. A., FLOYD, P. A.,, AWDANKIEWICZ,
M., PIASECKI, M. A. J., AWDANKIEWICZ, H., GU-
NIA, P. & GLIWICZ, T., 1998. Geochemistry and tectonic
significance of metabasic suites in the Gory Sowie Block,
SW Poland. Journal of the Geological Society, London, 155:
155-164.

WOOD, D. A., JORON, J.-L., TREUIL, M., NORRY, M. J. &
TARNEY, J., 1979. Elemental and Sr isotope variations in
basic lavas from Iceland and the surrounding Ocean floor:
the nature of mantle source inhomogeneities. Contributions
to Mineralogy and Petrology, 70: 319-339.

WRIGHT, J. E. & WYLD, S. J., 1994. The Rattlesnake Creek
terrane, Klamath Mountains, California: An early Mesozoic
volcanic arc and its basement of tectonically disrupted oce-
anic crust. Geological Society of America Bulletin, 106: 1033~
1056.

ZELAZNIEWICZ, A., 1995, Czeéd przedsudecka bloku sowio-
gorskiego. [Fore-Sudetic part of the Géry Sowie Block, SW
Poland.]. Annales Societas Geologorum Poloniae, Special Vol-
ume: Przewodnik LXVI Zjazdu Pol. Tow. Geol., 85-109.

ZELAZNIEWICZ, A., DORR, W. & DUBINSKA, E., 1998.
Lower Devonian oceanic crust from U-Pb zircon evidence
and Eo-Variscan event in the Sudetes. Terra Nostra, 98/2:
174-176.

ZHAO, G. C., WILDE, S. A., CAWOOD, P. A. & LU, Z,
2000. Petrology and P-T path of the Fuping mafic granu-
lites: implication for tectonic evolution of the central zone
of the North China craton. Journal of Metamorphic Geology,
18:375-391.



