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SCHWEIZ. MINERAL. PETROGR. MITT. 75, 225-239, 1995

Geochemistry and REE magmatic fractionation patterns
of the Prijakt amphibolitized eclogites of the Schobergruppe,
Austroalpine basement (Eastern Alps)

by Bernhard Schulz'

Abstract

In the Prijakt area (Schobergruppe, Eastern Tyrol, Austroalpine basement to the south of the Tauern Window,
Austria), a 400 m thick metabasite sequence in the basal part of the metapsammopelitic unit (MPU) is concordantly
interlayered by strongly foliated orthogneisses, paragneisses and mica schists. The rocks suffered a post-Upper-
Ordovician deformation with coeval high-pressure (550-650 °C/14-16 kbar), followed by high-temperature amphi-
bolite facies metamorphism. Whole-rock compositions of the amphibole-eclogites, garnet-amphibolites and amphi-
bolites are tholeiitic and vary considerably in mg-nombers. The systematic correlations of major, trace and rare-
earth elements in the metabasites are attributed to fractional crystallization processes and cannot be related to me-
tasomatism or to post-eclogitic overprinting. High field-strength element abundances and element ratios like Ti/V
are in the range of present-day MORB. Compared to N-MORB, the large ion lithophile elements Rb, Sr, K, Ba are
slightly enriched. Chondrite-normalized rare-earth element patterns are slightly enriched in LREE when compared
to N-MORB, with Cey/Yby ranging from 1.4 to 3.2 at 10-50 times chondrite abundances. The degree of REE en-
richment is strictly correlated with mg-numbers and the patterns with slight negative Eu and positive Ce anomalies
are parallel. A peculiar but regularly repeated four-stage "saw-tooth" like linear increase and decrease of REE, Hf,
Ta, Th, Cs, Tb and Zr with decreasing mg-numbers is observed in Zr-REE coordinates. This may be explained by
a discontinuous cyclic magmatic fractionation process with enrichment of REE and Zr in the remaining melt while
Fe-Mg minerals successively crystallized. When the geochemical data from the Prijakt metabasites are interpreted
in terms of a geotectonic setting, the former layered dyke or sill could be related to basalts which intruded during
early-Palaeozoic or Precambrian continental extension at incipient ocean floor spreading.

Keywords: amphibolitized eclogites, geochemistry, REE-patterns, pre-Variscan, Austroalpine basement,
Eastern Alps.

Introduction

The Austroalpine basement complex in the East-
ern Alps has undergone a multistage metamor-
phic and magmatic evolution during pre-Alpine
and Alpine times (FRISCH et al., 1990; von
RAUMER and NEUBAUER, 1993). Geochemical
and radiochronological signatures in metabasites
provide valuable data for recognizing this pre-
Alpine history (e.g. REIMANN and STUMPFL, 1981;
MOGESSIE et al., 1985; FrRIScH et al., 1987; MAG-
GETTI and GALETTI, 1988; MILLER et al., 1988;
MILLER, 1990; NEUBAUER et al., 1989; PoL1, 1989;
GODIZART, 1989; vON RAUMER et al., 1990;
KREUTZER, 1991; LOESCHKE and HEINISCH,
1993).

The Austroalpine basement complex to the
south of the Tauern Window (Fig. 1 a, b) consists
of a metapsammopelite-amphibolite-marble unit
(AMU) exposed to the north, a monotonous
metapsammopelitic unit (MPU), the phyllitic se-
quences of the Thurntaler complex (TC) and the
Kreuzeckgruppe, and the Gailtal metamorphic
basement to the south (ScHuLz et al., 1993).
Rb-Sr whole-rock isochrons (BoRsI et al., 1973;
Brack, 1977; HAMMERSCHMIDT, 1981) and U-Pb
zircon ages (CLIFF, 1980) between 445 and
427 Ma from orthogneisses in the AMU and
MPU are interpreted to date the intrusion of
granitoids after a poorly known pre-Upper-
Ordovician evolution. The end of a Variscan
metamorphism with an early high-pressure stage
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and a subsequent amphibolite facies high-tem-
perature stage (SCHULZ et al., 1993) in AMU and
MPU is marked by late-Variscan mica Rb—Sr and
K-Ar ages around 300 Ma (BORrsI et al., 1978)
and the intrusion of pegmatites (BORSI et al.,
1980; data compiled by HOKE, 1990). The por-
phyroids in the early-Palacozoic phyllitic se-
quences of the Thurntaler complex (TC) to the
south are probably the volcanoclastic equivalents
of the Upper-Ordovician granitoids in the AMU
and MPU. A Variscan greenschist to lower am-
phibolite facies metamorphism has been de-
scribed from the Thurntaler complex (HEINISCH
and SCHMIDT, 1982; KREUTZER, 1991; SCHULZ et
al., 1993). Early- and late-Alpine overprinting of
northern parts of the Austroalpine basement is
obvious from 70-90 Ma and 15-30 Ma Rb-Sr and
K-Ar mica ages (BORrsi et al., 1978; TRoLL, 1978;
HOKE, 1990).

This paper describes the geochemistry of the
amphibolitized eclogites in the Prijakt area,
Schobergruppe, in the lower part of the MPU.
Apart from the thick occurrences of the Prijakt
and Schleinitz in the Schobergruppe, metabasites
are rare and thin in this mainly psammopelitic
lithological unit (ScHULZ et al., 1993). Usually,
many distinct locations are sampled for geochem-
ical studies in a metamorphic terrain in order to
obtain the most complete range of differentiated
rocks of each magmatic event. In contrast, for
this geochemical study of the amphibolitized
eclogites, all samples come from- a large single
outcrop. This allowed a better control on the
variations of major, trace and rare-earth elements
in the metabasites and recognition of the primary
geochemical features of the differentiated rocks
which suffered multistage metamorphism and
deformation.

Geological setting and petrography

In the Prijakt area of the Schobergruppe
(Eastern Tyrol, Austria, Fig. 1), two large
bodies of a 400 m thick metabasite sequence oc-
cur in the basal part of the metapsammopelitic
unit (MPU) and belong to the "Hangendkom-
plex" referred to by CLAR (1927), TROLL and
HorzL (1974) and TrRoLL et al. (1976; 1980).
Strongly foliated orthogneisses partly exceeding
10 m thickness, paragneisses and mica schists
concordantly overlie, underlie and are interca-
lated with the metabasites. Heterogeneous cm-
to dm-scale banding of the metabasites is the re-
sult of variable grain size and modes in rare
eclogites and abundant amphibole-eclogites,
symplectitic garnet-amphibolites (sometimes re-
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Fig. 1 (a), (b) General geological setting of the Aus-
troalpine basement complex (ABC) with its pre-Alpine
units to the south of the Tauern Window. AMU meta-
psammopelite-amphibolite-marble unit; DAV Defereg-
gen-Antholz-Vals-Line (late-Alpine); ecl amphiboli-
tized eclogites of the Schobergruppe; GZ Grauwacken-
zone; MPU metapsammopelitic unit; ogn ortho-
gneisses; P Penninic unit (Tauern Window); PL Peri-
adriatic Lmeament; SA Southern Alps; TC Thurntaler
complex; to tonalite (late-Alpine). (c) Geological map
of the Prijakt area, after TROLL et al. (1976); ecl am-
phibolitized eclogites; hbgn hornblende-biotite-gneiss;
ogn orthogneisses; pggn paragneisses.

ferred as "eclogitic amphibolites" or "amphiboli-
tized eclogites"), garnet-amphibolites, amphibo-
lites and zoisite-amphibolites. Individual layers
show several metres of lateral extension. The
lithological changes define a planar structural
element ("foliation") which is parallel to the
gently SE dipping foliation (S.) of the host rocks.
A linear fabric of the metabasites by preferen-
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tially oriented amphibole, clinopyroxene and
zoisite is parallel to the linear structures in
the orthogneisses, paragneisses and mica schists.
A presumably early generation of open to tight
folds (B, of TROLL et al., 1976) shows fold
hinge lines parallel to the SE-plunging lineation.
Later folds with NE-SW striking hinge lines
deform the lineation and are minor structures
of kilometre-scale syn- and antiforms (D, of
BEHRMANN, 1990) with gently dipping axial
planes. The parallel mesoscopic structures and
microstructures of metabasites, paragneisses,
mica schists and orthogneisses (former Upper-
Ordovician granitoids) were produced by a poly-
phase post-Upper-Ordovician deformation of
the rocks. Flattening and non-coaxial shearing

could have considerably reduced the original

thickness of the metabasites. A syndeformative
(Variscan) metamorphism with a high-pressure
stage at 550-650 °C/14-16 kbar and a subsequent
high-temperature stage near 700 °C/9 kbar has
been recorded by both metabasites and mica
schists. Later (Alpine) overprinting occurred at
temperatures below 500 °C (ScHuLz, 1993). The
lithological, structural and petrological observa-
tions in the Prijakt area give no hints to a pos-
sible "exotic" origin of the metabasites or to the
relative ages of basic and acid magmatic proto-
liths, but confirm a common history of the se-
quence since early-Palacozoic times. Amphibo-
lites are observed in xenoliths within the acid or-
thogneisses in other parts of the basement and
their protoliths should be older as the Upper-
Ordovician plutonic activity (PECCERILLO et al.,
1979).

At the sampling locations immediate to the
NW and SE of the Barrenle-See to the SE of the
Hochschoberhiitte (Schobergruppe to the south
of the Hohe Tauern, Fig. 1c¢), the two metabasite
bodies are separated by some m-thick layers of
biotite-gneiss and hornblende-biotite-gneiss
(TroLL and HOLZL, 1974). In order to avoid the
analysis of possible metasomatic geochemical
changes, all samples have been taken from the
central parts of the metabasite bodies at several
meters distant to the contacts of host rocks, and
the interlayered hornblende-biotite-gneiss has
not been considered. The two sampling sites in-
clude a surface area of several tens of square me-
ters. Thus the sample suite does not represent a
lithostratigraphic pile from the base to the top of
the metabasite bodies. The analyzed 15 samples
belong to six types of rocks (Tab. 1):

Eclogite (sample 11, symbol ®) with 43% cli-
nopyroxene, 23% garnet, 4% green amphibole,
4% quartz and plagioclase and clinozoisite (8% )
shows only little mineralogical changes due to de-

compression reactions. The latter are obvious
from thin submicroscopically fine-grained sym-
plectitic rims around clinopyroxene.

The fine-grained amphibole-eclogites (sam-
ples 1,2, 15, symbol X) contain green amphibole
(8-22%), garnet (11-26%, 1-3 mm in diameter),
clinopyroxene (16-21%), clinozoisite, quartz,
plagioclase, rutile, sphene and ilmenite. Amphi-
bole, clinopyroxene and clinozoisite are oriented
with their long axes parallel to the lineation. Gar-
net shows numerous inclusions of quartz, plagio-
clase and sometimes epidote. Some clinopyrox-
enes are rimmed by thin submicroscopically fine-
grained symplectites. In some mm-thick layers,
clinopyroxene is completely symplectitic and gar-
net has been pseudomorphed by epidote, amphi-
bole and plagioclase (sample 2). Garnets in sam-
ple 15 are 3 mm in diameter and the symplectitic
rims of cinopyroxene are broader as in sample 2.
Some white mica is found in samples 1 and 15.
This group of samples represents high-pressure
rocks with only little mineralogical changes due
to reactions driven by decompression. Garnets
are zoned with 15-23% pyrope, 27-22% grossu-
lar, 53-52% almandine and 3-1% spessartine
from cores to rims. The plagioclase is albitic with
7-9% anorthite and the clinopyroxenes are
zoned omphacites with jadeite contents of 35%
in the cores and 42% in the rims. Chemical com-
positions of green amphiboles allow to classify
the porphyroblasts as pargasite, hastingsite and
ferri-pargasitic hornblende with variable (Na +
K). (1.0-0.6), Al (2.4 to 1.2) at nearly constant
Al (1.0, always per formula unit p.f.u.) contents.
Epidotes in garnet cores have lower Al (4.33) and
higher Fe (2.11) contents than homogeneous long
prismatic zoisites and clinozoisites (Al 5.2, Fe
0.9) in the anisotropic matrix. The white micas
are paragonite with Na 1.6, Mg 0.035, Fe 0.05, Si
6.0, which may have crystallized at high pressures
and high temperatures (ScHULZ, 1993).

In symplectitic garnet-amphibolites (samples
D, C,9, 13, symbol A), mineralogical changes due
to decompression reactions are abundant. Half of
the garnets (7-17%, 1.5 mm in diameter) are
rimmed by green amphibole. Clinopyroxene has
broad symplectitic rims and white mica is partly
to completely replaced by symplectitic fine-
grained biotite and plagioclase. Preferentially
oriented green amphibole porphyroblasts
(22-32%) define the mineral lineation. In sample
13, newly formed epidote is abundant in decus-
sate porphyroblasts. Clinopyroxene is completely
decomposed to submicroscopically fine-grained
first order symplectites (sample 9) and coarser
second order amphibole-plagioclase-symplectites
(samples C, 13). The garnets show partial re-
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Tab. I Modal compositions (vol.%} of the Prijakt metabasite samples, determined by point counting (1000
points). Stars mark modes of coarse-grained amphibole-plagioclase symplectites.

A O *k A %k x %k A X A ®&® X o o o0

D B 16 Cc 10 1 6 9 15 13 11 2 4 5 E
GARNET 8.7 10.6 0.4 7.4 1.0 11.3 - 17.7 24.4 |10.6 23.2 {?26.9 [13.4 13.6 13.4
CLINOPYROXENE - - - - - 16 .6 - 1.0 |18.4 - 43.4 (21.4 - 1.7 6.3
SYMPLECTITE 20.6 1.4* 1.1* 41.5* - 29.8 18.9*| 25.2 18.5 42 .9*(15.3 9.5 [19.8 |46.5 34.2
AMPHIBOLE 54.8 |60.4 67.2 26.7 50.3 8.0 [61.4 |32.8 |[20.1 | 22.6 3.9 22.3 [36.1 |13.8 15.6
EPIDOTE 0.5 0.7 - 2.6 4.9 2.8 1.8 - B.5 - 3.2 2.0 5.8 3.8
CLINGZOISITE 8.4 |11.1 10.5 8.9 .7 10.3 - 1.1 1.3 1.6 8.0 1.6 1.0 1.7 12.7
MICA 3.3 - 1.2* .0 5.3 - 10.9 .4 1.4*> 6.1 3.8 0.6
PLAGIOCLASE 2.5 6.9 11.9 3.3 |26.1 1.4 8 2.0 3.9 2.9 1.2 7.1 2.7 4.4
QUARTZ 3.7 7.0 4.0 3.6 6.4 .4 5.5 .5 6.4 1. 7.2 1.4 3.8
SPHENE 0.1 1.9 0.2 2.4 1.4 0.4 1.3 1.9 1.2 2. 2.6 2.4 2.6
OPAQUES 1.8 - 0.9 1.0 2.2 3 2.5 1.9 1 4,7 6.5 2.0
CALCITE - - - 33 - 4.5 - - - - - - - 0.5 0.6
> REE (ppm) 43.02|52.02| 64.44]75.37{84.14(59.17] 59.18/ 91.96| 96.23| 105.31(/88.49| 86.64| 96.41| 99.92] 125.88
mgtt 51 48 43 40 38 37 35 34 33 az 30 30 26 25 25

placement by chlorite. Apart from the changes
due to decompression reactions, samples C and
13 display additional changes by water-consum-
ing reactions of retrogressive replacement.

Another group of symplectitic garnet-amphi-
bolites (samples 4, 5, E, symbol O) shows a sym-
plectitic matrix with coarse garnet (14%,3 mm in
diameter) and green amphibole (length 1.5 mm).
The garnets sometimes occur in lens-shaped clus-
ters (sample 4). In samples 5 and E the lenticular
clusters are 6 mm in diameter and the garnet
crystals of the clusters are less than 1 mm in di-
ameter. No isolated individual garnet idioblasts
as in the other samples (described above) are
found.

A garnet-amphibolite (sample B, symbol [1)
contains isolated garnets (10%, 3 mm in diame-
ter) in a matrix of large green amphibole (60% ),
zoisite and epidote porphyroblasts and plagio-
clase (7% ). Some coarse-grained amphibole-pla-
gioclase-symplectites occur.

Amphibolites (samples 6, 10, 16, symbol %)
contain optically zoned green amphibole (length
1-2 mm) with preferential orientation or as de-
cussate porphyroblasts. In sample 6 some coarse-
grained amphibole-plagioclase-symplectites give
evidence of the former presence of clinopyrox-
ene. ‘

No systematic spatial variation or distribution
of these rock types and the lithological layers has
been found in the two metabasite bodies. The
groups of samples represent a range of an in-
creasing degree of metamorphic overprinting of
high-pressure rocks by decompression and cool-
ing. Corresponding observed mineralogical
changes are:

clinopyroxene, — clinopyroxene, + plagio-
clase (fine-grained symplectite)
clinopyroxene — amphibole + plagioclase
(coarse symplectite)

garnet — green amphibole

garnet — epidote + chlorite

amphibole — epidote + chlorite

white mica — biotite + plagioclase + quartz
(symplectite)

The decomposition of omphacite to symplec-
titic diopside and plagioclase was interpreted as
isochemical by JOANNY et al. (1991). In contrast,
O'BRIEN et al. (1992) proposed an anisochemical
reaction Cpx, + Si0O,aq = Cpx; + Pl balanced by
0,, Mg, Na and Fe for formation of first order
fine-grained symplectites. Correspondingly, the
formation of coarse-grained second order sym-
plectites via a reaction Cpx, + SiO,aq + H,O =
Cpx,; + Am + Pl (FRANZ et al., 1986) should be
balanced by Na, K and Ca.

Reactions pertaining to the development of
amphibole from garnet-clinopyroxene assem-
blages may be of the form Cpx + Ab + H,O = Prg
+ An + Qtz or Grt + Cpx + Pl + H,O = Hbl + Qtz,
the latter could be responsible for the formation
of green amphibole rims around garnet porphy-
roblasts.

Transformation of amphibole to epidote and
chlorite could have been controlled by reactions
of the type Am + An + H,0 = Ep/Zo + Chl + Qtz.
The decomposition of white mica was formulated
as Phe, + SiO, = Phe,, + Bt + Pl and balanced by
Na, K, Ca by FRANZ et al. (1986).
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Tab. 2 Bulk rock composition of the analyzed Prijakt metabasites, in weight% for oxides and in ppm for trace and
rare-earth elements. Specific weight (p) in g/fem®. Stars mark INA analyses.

a m] % A 3 X >*k IN X A ® X o) o o
D B 16 C 10 1 6 9 15 13 11 2 4 ] 13

Sil)2 48 .57 46.75 48.14 46.78 49 .96 47 .34 47.97 49.46 48.07 49.56 48.17 48.04 47.78 47.37 48 .45
Tiﬁz 0.86 1.29 1.41 1.84 1-73 1.48 1.97 1.83 1.92 1.79 2.00 2.04 2.92 2.67 2.37
AlZO3 15.93 16 .86 16.23 16.39 15.33 16.45 16.60 14.56 15.13 15.26 14.07 14.11 14 .03 14.26 14.76
Fe(ltot 10.05 10.05 11.24 11.61 11.88 10.96 12 .98 13.39 14.26 13.43 14 .53 14 .64 15.88 14 .73 14 .39
MnO 0.22 0.15 0.19 0.15 0.17 0.15 0.22 a.z2o 0.20 0.22 0.20 0.22 0.22 0.22 g.22
MgQ 9.32 8.42 7.68 7.00 6.55 5.82 6.41 6.23 6.32 5.65 5 .65 5.76 4.95 4.47 4.26
Cal 10.89 11.44 10.48 11.03 9.03 11.28 9.38 9.26 9.03 9.23 11.39 11.19 9.41 11.09 10.09
NSZU 2.63 2.67 2.47 2.85 3.02 3.60 3.20 4.42 3.89 2.93 3.44 3.27 3.95 3.57 3.69
KZO 0.19 0.25 0.28 0.24 0.32 0.56 0.14 0.35 0.40 0.64 0.01 0.01 0.22 0.08 0.10
P205 0.14 0.20 0.24 0.30 0.27 0.19 0.27 0.22 0.22 0.22 0.22 0.22 0.27 0.30 Q.30
C02 0.05 0.37 0.20 0.21 0.21 1.03 .05 d.05 a.08 .05 8.07 0.13 0.06 G.30 0.48
H20+ 1.82 1.85 2.07 2.04 2.25 1.19 1.69 0.78 0.90 1.80 Q.53 0.49 0.74 0.84 1.12
total 100.47 100.40 100.81 100.34 100.72 100.05 100.88 100.45 100.42 100.78 100.27 100.12 100.43 99 .86 100.20
Ba <5 157 30 79 <5 26 54 46 74 76 5 7 34 32 76
Lo 40 38 39 42 30 32 42 43 44 38 46 47 48 44 36
Cr 431 310 249 280 231 246 173 240 2311 180 125 148 90 84 123
Cu 78 78 65 60 64 37 30 94 78 B85 65 79 57 71 74
Ga 6 19 24 20 23 <5 29 24 22 23 24 23 25 33 29
Nb <5 <5 5 5} & <5 7 5 6 6 5 6 9 8 7
Ni 175 179 138 125 123 157 77 184 139 99 176 236 175 179 115
Rb 9 14 10 9 14 1b B 9 9 17 <5 <5 6 5 8
Sc 36 36 38 42 37 43 39 47 49 44 48 49 44 41 a1
ST 107 226 249 221 134 174 141 71 83 52 124 113 28 156 242
v 192 237 249 287 287 255 309 315 301 285 373 366 438 424 322
Y 18 24 29 31 39 33 34 46 56 52 46 a7 52 43 58
Zn a9 73 83 92 98 88 99 100 108 100 97 105 135 106 104
Zr 38 70 94 111 142 99 128 173 185 211 170 174 216 197 224
La 3.78 4.44 6.22 7.83 9.66 3.20 4.92 7.80 8.16 10.7% 6.76 5.69 B8.02 8.44 10.67
Ce 16.89 19.15% 21.2% 28 .47 30.82 22.09 25._98 27.87 30.04 33.65 29.21 28.07 29.47 31.83 42 .86
Nd 7.59 10.60 12.95 15.70 18.07 11.41 11.13 19.45 20.03 22.05 17 .98 18.15% 21.32 21.89 25.71
sm 2.50 3.60 4.06 4.91 9.57 3.86 3.48 6.95 6.88 7.28 8.08 6.10 7.02 7.01 8.57
Eu 0.86 1.14 1.38 1.58 1.65 1.35 1.07 1.99 2.11 2.07 1.93 1.81 2.00 2.20 2.61
Gd 3.49 4.28 4.90 5.18 6.05 4.94 3.84 7.77 g.10 7.99 6.99 7.01 7.5% 8.1% 9.83
Dy 3.44 3.95 5.26 5.50 6.34 5.50 3.91 8.86 9.28 9.37 8.50 §8.25 9.29 9.26 10.68
Er 2.10 2.31 3.04 2.83 3.71 2.99 2.30 5.12 5.34 5.49 4.99 4.75 5.38 5.08 6.00
Yb 1.99 Z2.15 2.87 2.85 3.84 3.17 2.13 5.18 5.39 5.72 5.19 4.99 5.42 5.13 6.12
Lu 0.38 0.40 0.47 0.52 0.63 0.56 0.41 0.87 0.90 0.94 0.86 0.82 0.94 0.87 1.05
Tb* D.44 0.60 1.03 0.99 1.22 1.24 1.78
Th* 0.57 = 1.35 0.34 1.23 0.81 1.38
Cs* = 0.30 0.76 0.66 0.38 - 0.81
HE* 1.83 2.29 4.15 3.30 5.54 5.26 7.60
Ta* 0.11 0.12 D.a1 - = .14 0.34
(Ce/Yh)N 2.20 2.31 1.82 2.59 2.19 1.80 3.16 1.39 1.44 1.52 1.46 1.46 1.41 1.61 1.81
g/cm3 3.10 3.07 3.02 3.07 3.00 3.16 3.03 3.14 3.22 3.06 3.4z 3.39 3.24 3.28 3.09
mg 4 91 48 43 40 38 37 35 34 33 32 3o 30 26 25 25

Rock chemistry shows selected elements plotted against the mg-

After grinding in an agate mill, the set of 15 sam-
ples has been analyzed by XRF and ICP-AES
(Centre de Recherches Pétrographiques et de
Géochimiques & Vandceuvre-leés-Nancy) for 26
major and trace elements, and for rare-earth ele-
ments. Data for Th, Ta, Hf, Tb, Cs and some
other REE was obtained by INA analysis (Lehr-
stuhl fiir Angewandte Mineralogie und Geo-
chemie der TU Miinchen). Contents of CQO, and
H,O+ were determined by wet chemical meth-
ods. Table 2 contains the analyses and figure 2

number (mg# = 100 (MgO/(MgO + FeQ)) for
FeO/Fe,0O; = 0.15). Apart from the samples 4, 5,
E (symplectitic garnet-amphibolites with garnet
clusters) which have the lowest mg-numbers, the
other rock groups are not sharply distinguished
by their mg-numbers and the values of the groups
overlap in the whole range between mg# 25 to 51.
CIPW-values (calculated for FeO/Fe,0O, = 0.15)
show ol-hy normative to slightly ne-normative
compositions.

On binary diagrams with mg# or Zr as frac-
tionation index, random distributions of SiQO,,
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CaOQ, Ba, Sr and no correlation of K,O are obvi-
ous (Fig. 2). Especially alkali clements are con-
sidered to be very susceptible to mobility and re-
distribution during metamorphism. Tight clusters
of the data in a Na,0O + K,O vs SiO, plot (not
shown) and smooth trends in the AFM diagram
with no outliers indicate that samples with pos-
sibly mobilized alkali elements have not been
taken. K and Rb contents are low (< 5000 and
< 20 ppm) and show a linear and positive correla-
tion in Rb—K coordinates (not shown). Generally

B. SCHULZ

the low K,O contents (< 0.7%) in combination
with the small mode of white mica exclude a per-
vasive K-metasomatism. Possible spilitization
causes typical element patterns (STILLMAN and
WIiLL1IAMS, 1978). The range of CaO contents is
small (9-11.5%) compared to observations from
other studies (e.g. DURR et al., 1993) and a tight
cluster of the data in Na,O vs CaO coordinates
with no outliers provides no hint of spilitization.
Na,O contents between 2.5 and 4.0% increase
with decrease of H,O from 2.25 to 0.5%. There is
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Fig. 2 (a) — (x) Bulk rock composition of metabasites from the Prijakt area, Schobergruppe as a function of the
mg-number (mg# = 100 (MgO/MgO + FeO), for FeO/Fe,O, = 0.15). Scales in a-h and q are in weight%, the other
scales are in ppm. X): eclogite. X: amphibole-eclogites. /\: symplectitic garnet-amphibolites. (: symplectitic gar-
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Fig. 3 Major element compositions of the metabasites in the Jensen cation plot {a) and (b) in the AFM diagram
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bols as in figure 2. Arrows indicate chemical trends from high to low mg-numbers of samples.

no systematic correlation between the water con-
tents, a possible indicator of the degree of retro-
gression, and these elements. In contrast, H,O
shows weak positive correlation with mg#. The
degree of post-eclogitic overprinting visible by
petrographic methods is independent of bulk
composition. Multi-element patierns normalized
to average N-type MORB (Fig. 5d) show enrich-
ment relative to MORB for the elements with
low ionic potential (Sr, K, Rb, Ba) and concentra-
tions close to unity for the elements with interme-
diate to high ionic potential (P, Zr, Sm, Ti, Y, Yb,
Sc, Cr). The first group of elements tends to be
mobile during sea-floor weathering, metamor-
phism or metasomatic alteration (PEARCE, 1975,
1976). However, SiO,, CaO, K, Rb, Ba, Sr show
no distinct relation to the degree of post-eclogitic
metamorphic overprinting or possible pre-eclogi-
tic processes and thus are considered to represent
original geochemical properties of the protoliths.

A positive correlation with mg# is shown by
Cr. For Ni such a positive correlation is only real-
ized for the early fractionation stages (mg#
51-30) and not for the more evolved samples
(Fig. 2 t, u). Weak positive correlation with mg#
are observed for ALQO, and H,O (Fig. 2 c, h).
FeO, Ti0,, Na,O, P,O; as well as Zr, Y, Ga, Ce,
Sm, Nd, Zn display clear negative correlations
with the mg# fractionation index (Fig. 2). System-
atic trends in AFM and Jensen cation plots, and
systematic MORB-normalized distribution pat-
terns are observed (Fig. 3 a, ¢, 5d). Similar corre-
lations are observed with Zr as fractionation in-
dex. They indicate the postmagmatic immobility
of these elements.

It is generally accepted that REE could be re-
liable geochemical tracers due to their relative
unsolubility and refractory nature. However,
there is some debate about the possible mobile
behaviour of REE during weathering and meta-
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morphism. BERNARD-GRIFFITHS et al. (1985),
BERNARD-GRIFFITHS and CORNICHET (1985) and
SHATSKY et al. (1990) demonstrated the immobil-
ity of REE in metabasites during eclogitic high-
pressure and amphibolite-facies high-tempera-
ture metamorphism. In contrast, HELLMAN et al.
(1979) stated that REE patterns from metado-
mains may be subparallel to each other and to
those of relic domains within the same basalt
flow. They argued that such regular parallel pat-
terns may result from coherent REE mobility.
Thus, from parallel patterns alone it is not pos-
sible to exclude REE immobitity during rock al-
teration. It has been further suggested that strong
variations in La/Yb, La/Sm and Ce/YDb as in the
Prijakt metabasites (La/Yb 1.0-2.74; La/Sm
0.80~1.73 and Ce/YDb 1.44-3.16) could be a result
of REE mobility. Another criterion by which the
immobility of REE and also Ti, Zr and Y has
been assessed is whether there exists a straight
line correlation between such "immobile" ele-
ments and REE (MUECKE et al., 1979).

In order to test the data for possible shifts by
mobile behaviour, the REE were plotted versus
Zr and mg# as fractionation indexes (Fig. 4). A
linear increase of La from low to almost maximal
values with increasing Zr and mg# is observed.
This trend stops at mg# 38. For the sample with
mg# 37 the La as well as the Zr values are consid-
erably lower. For mg# 37 to 32 the La and Zr con-
tents again display a straight linear increase. This
increase ends at mg# 32 and is repeated for the
mg# 30 to 26, again starting at lower La and Zr
contents compared to the sample with the mg#
32. A third repetition of these linearly increasing
La and Zr contents is observed from the two sam-
ples with mg# 25 (Fig. 4a). This four-stage "saw-
tooth" like linear increase-decrease of the REE
and Zr along decreasing mg-numbers is similarly
observed from the LREE, the HREE, SREE
and can be recognized as well for Hf, Ta, Th, Cs
and Tb of which only a few analyses exist (Fig. 4).
The slopes for the increasing REE and Zr seg-
ments are quite constant, but the amount of de-
crease of the REE between mg# 38 to 37, 32 to 30
and 26 to 25 appears to get lower with higher ato-
mic numbers of the REE.

Usually, garnet and epidote group minerals
contain a major part of the bulk REE in metamor-
phic basic rocks. However, there is no linear or
systematic relationship between XREE and
modes of garnet, modes of epidote group minerals
or the sum of these modes (Tab. 1). These peculiar
but systematic relationships among REE, Zr and
mg-numbers suggest an element distribution con-
trolled by a magmatic process. The samples with
the different Zr contents and mg-numbers could

represent "frozen" steps along a progressive, cy-
clic and discontinuous magmatic fractionation.
Presumably REE and Zr were enriched in the re-
maining melt and increased when magmatic Fe-
Mg minerals (e. g. olivine, orthopyroxene, clino-
pyroxene, amphibole) successively crystallized
along the decreasing mg-numbers 52-38, 37-32,
30-26 and 25. Only sample 6 (amphibolite, mg#
35) with very low HREE contents, low mode of
epidote and no garnet, and sample 2 (amphibole-
eclogite, mg# 30) with slightly lower HREE con-
tents do not fit into this complex scheme (Fig. 4 e,
f). This may give a hint to a possible post-mag-
matic depletion of HREE in these two samples.

The Cl-chondrite normalized patterns (NA-
KAMURA, 1974) are almost parallel for all studied
samples (Fig. 5e). In contrast to the observations
of HELLMAN et al. (1979), the degree of REE en-
richment (15-50 times chondrite) is strictly corre-
lated with the mg-numbers. Samples with lower
mg-numbers are more enriched in REE. A slight
negative Eu anomaly, usually thought to indicate
the influence of plagioclase fractionation during
basaltic magma genesis, is preserved in all pat-
terns. Similarly a positive Ce anomaly is also ob-
served in all samples. Thus, the paralle]l REE pat-
terns indicate an enrichment along a fractionation
trend and systematic shifts of REE during post-
magmatic processes can be excluded. In each case
the behaviour of REE contents versus two frac-
tionation indexes (Zr and mg#) gives more de-
tailed information on possible re-distribution,
mobility and magmatic fractionation processes in
a set of samples as the chondrite-normalized pat-
terns alone.

Origin of the metabasites

The substantial preservation of geochemical sig-
natures in the metabasites allows conclusions of
the provenance and characteristics of the mag-
matic protoliths. Several attempts have been
made to discriminate metasedimentary amphibo-
lites from metagabbros or metabasalts (e.g.
EvaNs and LEAkE, 1960; FROHLICH, 1960;
LEAKE, 1964; EvANs et al., 1981). High Cr con-
tents exceeding 100 ppm, positive correlation of
Cr with mg# and Cr/Ni ratios mostly higher than
one provide arguments for a magmatic origin of
the metabasites. PEARCE (1983) proposed an
ALOYTiO, screen to separate cumulates from
true basaltic liquids. Apart from sample D which
is the most primitive and samples 4, 5, E which
are the most evolved, the others plot in the basalt
liquid field (Fig. 3c). PFEIFER et al. (1989) demon-
strated that the original grain size (fine-grained
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basalts, coarse-grained gabbros), at least for Me-
sozoic rocks, was largely preserved even during
polyphase high-grade metamorphism. Accord-
ingly, the grain sizes of the Prijact metabasites
suggest volcanic or subvolcanic rather than
plutonic protoliths. However, a considerable
uncertainty of this interpretation results from
the almost complete recrystallization of the
rocks during metamorphism and coeval deforma-
tion. In addition, the TiO, contents (< 0.66%)
and the V contents (> 192 ppm) exclude a gab-
broic origin (PFEIFER et al., 1989) for the Prijakt
metabasites.

The samples show tholeiitic to slightly alka-
line basalt compositions in the discrimination
diagram of FLOoYD and WINCHESTER (1975) of
figure 3d. Significant trends of Fe-enrichment in
the Jensen cation plot and in AFM coordinates
(Fig. 3 a, b), as well as positive correlation of
FeO/MgO with FeO, TiO, and V determine a
tholeiitic character of the metabasites. Enrich-
ment of FeO along a fractionation index is also
typical for tholeiitic magmatic series (Fig. 2d).

Concentrations of Ti, Zr, Y and Cr in the sam-
ples are typical for mid-ocean ridge basalts. In
the Ti-Zr-Y diagram after PEARCE and CANN
(1973) the analyses plot into the field of MORB
and island arc tholeiites. Apart of sample D
which is the most primitive, the other samples
have only slightly elevated Zr/Y ratios compared
to C3 chondrite in Zr vs Zr/Y coordinates (Fig.
5¢), typical for N-MORB composition (PEARCE,
1980) and foliow a distinct trend in the MORB
field of the Ti/Cr vs Ni coordinates of BECCA-
LUVA et al. (1983). Ti/V ratios of 2044 corre-
spond to values for MORB and within plate ba-
salts (Fig. 5b). Contents of HFSE are Zr 38-224
ppm, Y 18-58 ppm and Nb < 5-9 ppm. The slight
negative slope between P and Y signifies Zr/Y ra-
tios (2.11-4.15), Zr/Nb ratios (18-35) and
TiO./P,0O; ratios from 4.71-10.81 in the MORB
compositional field. In the Th-Hf-Ta diagram
(not shown), however, the Prijact metabasites
plot near the Th-H{f/3 tie line in the field of
magma series at destructive plate margins
(Woop, 1980). Summing up, in most classical
trace element diagrams (cf. PEARCE, 1983) the
majority of the analyses falls into the field of mid
ocean ridge basalts (MORB), but some with high
mg-numbers straddle the limit between mid-
ocean ridge and island arc basalts (Fig. Sa—c).

Despite their origin from a single metabasite
outcrop, the samples exhibit limited and system-
atic trace element variations and compositions
which strongly suggest a magmatic differentia-
tion series. However, in the MORB-normalized
distribution diagram (Fig. 5d), the large ion litho-

phile elements show an enrichment compared to
N-MORB or the typical N-MORB pattern. Such
an enrichment of Sr, K, Rb, Ba, Nb corresponds
to patterns observed from tholeiitic within-plate
basalts (PEARCE, 1982). In the chondrite-normal-
ized representation (NAKAMURA, 1974), the
HREE follow the typical flat N-MORB enrich-
ment pattern with 10-50 times chondritic abun-
dances. This is not true for the LREE which dis-
play a slightly higher degree of enrichment as the
HREE (Fig. 5¢). Ratios of (Ce/YDb), are between
1.39 and 3.16, the ratio (La/Ce)y is < 1 for all sam-
ples. Furthermore, a slight negative Eu-anomaly
can be observed. Both LIL and LRE elements
enrichments can be interpreted to reflect an influ-
ence of continental crust or a "crustal compo-
nent" during melt formation. Thus, the protoliths
of the metabasites could be characterized as en-
riched N-MOR basalts.

The good positive or negative correlations of
numerous major, trace and RE elements with Zr
or mg-numbers reflect strong fractional crystal-
lization control. Furthermore, the continuous,
parallel and fractionation-dependent sequences
of enrichment in normalized element patterns in-
dicate derivation from a single fractionating
source of enriched N-MORB character. Due to
their relatively low Ni contents (125-180 ppm)
the least evolved metabasites do not correspond
to primitive mantle derived melts but are differ-
entiated products of such melts. A 10-20% melt-
ing of a plagioclase lherzolite (C3) source is sug-
gested to have produced the primary magmas of
the protoliths when the absolute Cr (84431
ppm) and Y (18-58 ppm) contents of the metaba-
sites are considered in the model of PEARCE
(1980). The evolution trend in the Zr-Z1/Y dia-
gram (PEARCE, 1980) signalizes a partial melting
trend for a slightly depleted-C3 chondrite mantle
source, with a subsequent closed system frac-
tional crystallization. The slope of the trend in Zr
vs Zr/Y coordinates approximates the olivine-cli-
nopyroxene-plagioclase crystallization vectors,
suggesting that these were dominant phases, and
the source area was therefore subject to low-
pressure fractionation. Thus the data from the
Prijakt metatholeiites favour a provenance of the
protoliths from a mantle source in < 30 km depth,
with Zr/Y ratios lower as the C3-chondrite and
depleted in incompatible elements (Fig. 5c).

Magmatic differentiation is well known from
diabase dikes (PAPEZYK and HoDYCH, 1980) and
it appears possible that the Prijakt metabasites
represent a former thick layered dyke or sill
which intruded the psammopelitic host rocks.
Until now, no meta-ultramafic rocks have been
described from the MPU unit. The isolated oc-
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currence of the metabasites in predominant
meta-psammopelitic sequences do not favour a
mid-ocean ridge or island-arc setting of the pro-
toliths. Commonly, metabasites with general geo-
chemical characteristics as outlined above are
interpreted in a context of lithospheric extension
in the pre-Alpine basement units (MAGGETTI and
GILLETTI, 1988; vON RAUMER et al., 1990; MENOT
and PAQUETTE, 1993). It seems likely that the
magmatic protoliths were related to a plate mar-
gin setting along an incipient continental rift zone
at the onset of ocean floor spreading and conti-
nental breakup.

This interpretation about the former geotec-
tonic setting of the protoliths could be enlarged
by some specific geochemical characteristics of
the Prijakt metabasites. Due to (Tb/Ta), from
0.93-3.31 and (Th/Ta)y between 1.38 and 2.50, all
four analyzed metabasite samples (10, D, 11, E)
plot into the narrow field of back-arc basin ba-
salts between N-MORB and subduction-zone
OIA/IA basalts in the revised and corrected
Th-Tb-Ta diagram of THIEBLEMONT et al.
(1994). The (Th/Ta)y ratios do not exceed 2.5 as
observed in subduction-zone basalts (JORON and
TREUIL, 1977) but are higher as found in N-
MORB. A possible back-arc setting of the Prijakt
metabasites is additionally supported by their
distinct LIL element (Sr to Th) enrichment (Fig.
5d). As reported by FriscH and RAAB (1987) and
Hock (1993) from the Habach formation
(Tauern Window), such an enrichment could be
interpreted as a "subduction component”, result-
ing of a release of highly mobile LIL elements
from the downgoing slab and their later incorpo-
ration into the overlying mantle wedge. Possibly,
a lithospheric extension in the Austroalpine
realm with the emplacement of the Prijakt basic
rocks has been triggered by a subduction zone sit-
uated far to the north.

Position of the metabasites in the
Austroalpine basement

Despite their metamorphic history, the Prijakt
metabasites have preserved chemical patterns of
an igneous differentiation series with enriched N-
MORB characteristics. It is of interest to discuss
the position of the Prijakt amphibolitized eclo-
gites among the other metabasites in the Aus-
troalpine basement complex to the south of the
Tauern Window. Metabasites are abundant in the
AMU unit. These amphibolites are metamor-
phosed basic magmatites. GODIZART (1989) rec-
ognized that pre-Alpine and Alpine events had
caused no significant changes of HFSE and REE

variation trends in these rocks and distinguished
two groups: Group 1 metabasites are low in in-
compatible elements and show affinities to
MORB with respect to HFSE abundances and
Zr/Y, Zr/Nb and Ti/V element ratios. Group 2
metabasites with transitional to alkaline compo-
sitions are similar to OIB (ScHULZ et al., 1993).
The Prijakt metabasites from the MPU are simi-
lar to the Group 1 metabasites, however, some
differences exist: The Prijakt metabasites are
slightly more enriched in LREE and display an
"undulating" pattern of HFS elements compared
to the plane pattern of Group 1 amphibolites.
Furthermore, the Ti/Cr vs Ni trends during frac-
tionation are different with quite constant Ni
contents in the Prijakt metabasites and decreas-
ing Ni in Group 1 amphibolites when Ti/Cr in-
creases (not shown). Group 2 transitional to alka-
line metabasites in the AMU are significantly en-
riched in HFSE and LREE and depleted in
HREE. Their REE patterns are fractionated
with Lay/Yby 14.6-19.6. These amphibolites can-
not be related to Group 1 and Prijakt metabasites
by simple magmatic fractionation processes or
different degrees of partial melting. They are
interpreted to have developed from an enriched
deep mantle source in a within-plate setting
(GOoDIZART, 1989). Until now, a further group of
metabasites in the sequence of the Schwarze
Wand (Croda Nera) in the southern part of the
AMU has not been classified by geochemical
methods. No geochemical data exist from the
other metabasites of the MPU. KREUTZER (1991)
described the metabasites in the eastern part of
the phyllitic Thurntaler Complex as former tho-
leiitic within-plate basalts. Within-plate alkaliba-
salts of Ordovician, Silurian and Devonian age in
the other Palacozoic sequences of the Eastern
Alps are interpreted to testify a long lasting ex-
tensional process, generally thinning of continen-
tal crust and subsidence of marginal basins
(LoescHKE and HEmISCH, 1993).

As long as no radiometric data exist for the
AMU and MPU metabasites and the geochemi-
cal data are incomplete, it could be speculated
that Group 1 rocks represent an carly stage, the
Prijakt metabasites and the within-plate transi-
tional to alkaline basalts of Group 2 later stages
of the magmatic evolution during a continental
extension by incipient rifting. No geochemical
and genetic linkage between the Upper-
Ordovician calc-alkaline acid plutonism in the
AMU and MPU, the contemporaneous acid vol-
canism in the phyllitic and Palaeozoic sequences,
and the basic magmatism in the Austroalpine has
been found yet (PECCERILLO et al.,, 1979; HEI-
NISCH, 1981; KREUTZER, 1991). The geotectonic
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consequences and relationships of these mag-
matic events in the Austroalpine realm still have
to be investigated.
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