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SCHWEIZ. MINERAL. PETROGR. MITT. 70, 287-300, 1990

Petrology of the type locality eclogites from the Koralpe
and Saualpe (Eastern Alps), Austria

by Christine Miller!

Abstract

The type-locality eclogites were derived from basic ignecus and volcanic protoliths. Two types can be distin-
guished: the kyanite-eclogites appear to have formed by metamorphism of gabbroic cumulates, whereas the kyan-
ite-free eclogites have geochemical affinities with MORB basalts. All eclogites contain abundant hydrous phases.

In several outcrops the gabbroic precursor rocks have incompletely reacted to eclogite suggesting water-defi-
cient conditions. For most eclogites, however, phase relationships of anhydrous and hydrous silicates, mineral tex-
tures and syn-high-pressure veins suggest eclogite crystallization under conditions of high water activity. For the
eclogite event, PT estimates derived from mineral compositions and oxygen isotope studies are about 18 kbar and
580-630°C. These conditions are similar to those for subduction-related eclogites from the Alps and Caledonides.
The PTt-history, however, is still problematic. Although there is evidence for a pre-Alpine eclogite-forming event,
Sm/Nd isotope work in progress yielded early Alpine mineral isochrons for some type-locality eclogites.

Keywords: Eclogite, PTt-history, oxygen isotopes, Sm/Nd Alpine isochrone, Austroalpine, Saualpe, Austria.

Introduction

Eclogite as first defined by HatUy (1822) on
samples from the Koralpe and Saualpe is a rock
principally composed of garnet, omphacite
("green diallage"), kyanite and also containing
quartz, zoisite and amphibole ("carinthine").
However, the concept that orogenic eclogites
formed under dry conditions {e.g. YODER and
TiLLEY, 1962; Fry and FyrE, 1969; AHRENS and
ScHUBERT, 1975; BEest, 1982) has ignored the
fact already stated in this early definition that
hydrous silicates form an essential part in most
group B and C eclogites (COLEMAN et al., 1965).
This paper discusses the evidence for the pres-
ence of an aqueous fluid phase during eclogite
formation and provides new estimates of the
high-pressure metamorphic conditions of the
type-locality eclogites.

Outline of geological setting

The Koralpe and Saualpe crystalline complex is a
part of the Austroalpine nappe system (Fig. 1). It

consists predominantly of metapelitic gneisses
and schists of a pre-Mesozoic continental base-
ment. Three metamorphic events have been
established (FRANK et al., 1983). The first meta-
morphic event (K1) is characterized by the stabil-
ity of orthoclase and andalusite or sillimanite
rather than muscovite and quartz. The high tem-
perature during this event was also responsible
for the development of a segregation banding in
the gneisses and, possibly, for incipient migmati-
zation (WIMMER-FREY, 1984, cum lit.). The sec-
ond, high-pressure event (K2) caused the trans-
formation of andalusite/sillimanite to kyanite,
the incomplete back-reaction of alkali-feldspar
and aluminum-silicate to muscovite and quartz,
the growth of garnet I and staurolite I (FRANK et
al., 1983; WiIMMER-FRreY, 1984). In the northern
Koralpe and Saualpe evidence of a prograde
breakdown of staurolite I to garnet and kyanite
has been preserved. Crystallization generally
outlasted deformation. Towards the end of this
event pegmatites were intruded, some of which
are preserved undeformed in areas that escaped
later overprints. . o
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Fig. 1 Tectonic sketch map of the Eastern Alps showing the location of the investigated area. 1 = Molasse Zone
and Tertiary Basins; 2 = Subalpine Molasse; 3 = Helvetic and Klippen Zone; 4 = Flysch Zone; 5 = Pennine Permo-
mesozoic metasediments and ophiolites; 6 = Pennine Basement complex; 7-10 = Austroalpine nappes; 11 = Peri-
adriatic intrusives; 12 = Tertiary volcanics; K = Koralpe; S = Saualpe.

The overprint of the third and last metamor-
phic and structural event (K3) varies with the in-
tensity of deformation and the availability of a
fluid phase. During this event, the intracrustal
“Plattengneis" shear-zones characterized by a
layered appearance and a prominent stretching
lincation developed in the Koralpe gneiss com-
plex under high PT conditions (FRaNk et al.,
1983; WIMMER-FREY, 1984; KRrROHE, 1987). The
somewhat less deformed equivalents in the Sau-
alpe are known as kyanite-flasergneisses (WEIS-
SENBACH, 1965). In these rocks, syn- to postkine-
matic growth or recrystallization is documented
for garnet (II), kyanite, staurolite (II), plagio-
clase, muscovite, biotite and quartz. The same in-
tense mineral growth (including staurolite II
chloritoid) also occurred in horizons above and
below the Plattengneiss shear-zone in the central
Koralpe and in the mica-schist series, originally
overlying the high-grade gneiss group in both
Koralpe and Saualpe but now involved in large-
scale recumbent fold structures (FRank et al.,
1983).

Rb/Sr and ¥Sr/*Sr data suggest a late Pro-
terozoic to Cambrian model age for the metase-
diment protoliths (FrRaNK et al., 1983). The me-
tamorphic event K1 is still undated, it could be
early Hercynian or pre-Hercynian. K2 is docu-
mented by a few Rb/Sr whole rock ages of 391 £
16 Ma (Moraur, 1982) and by Rb/Sr mineral
ages of 265-240 Ma (Moraur, 1982; JUNG,

1982). These, however, may reflect a cooling pro-
cess in areas with pegmatitic activity post-dating
the cooling event in the main basement. Rb/Sr
muscovite model ages in the range 117-81 Ma
{MoRAUF, 1982; FrRANK et al., 1983) reflect regi-
onal cooling after the Cretaceous event (K3).

High-pressure assemblages are mainly pre-
served in structurally incoherent mafic lenses
and layers enclosed in kyanite-garnet-bearing
gneisses and schists. Mineral-fabric relations be-
tween eclogites and country rocks can only be
correlated for a few occurrences within the Cre-
taceous "Plattengneis" shear zones. Known since
Hauy (1822) they have been discussed by num-
ber of authors, e.g. KIESLINGER (1928), WIESEN-
EDER (1934), Heritscu (1966, 1973, 1980 cum
lit.), WEISSENBACH (1965), MoTraNna et al,
(1968), RICHTER (1973).

Petrography

The eclogite bodies occur as small pods or as
sheet-like bodies within kyanite-garnet-bearing
gneisses and schists. Stratigraphic relationships
with these country rocks are obscured because of
poor exposure and polyphase tectonometamor-
phism. Some occurrences, however, suggest dis-
ruption of originally larger bodies. Field evi-
dence indicates that the eclogites and related me-
tabasites are volumetrically insignificant relative
to the country rocks.



PETROLOGY OF THE TYPE LOCALITY ECLOGITES

On a textural basis four types may be distin-
guished among the eclogites although later meta-
morphic overprints make the more altered speci-
mens hard to classify.

(1) Pale, gabbroic-textured eclogites: Compo-
sitional layering and a wide range of grain size
and textures is characteristic. An example is H8
where the magmatic pyroxenes have been re-
placed by a polygonal aggregate of omphacite
+ coexisting amphibole. Inclusion-rich garnet
either mimics the original plagioclase or forms
coronas separating the omphacite = amphibole
domains and the pseudomorphs after igneous
plagioclase consisting of zoisite, kyanite and
quartz. Rutile, apatite and sulfides are minor ac-
cessories.

(2) Pale, medium-to coarse-grained eclogites:
These rocks, typified by SK 1 or SKP 12, are
characterized by an irregular compositional
layering on a 1-10 cm scale. In most samples
omphacite crystals define a strong planar fabric
within which zoisite, kyanite and amphibole are
aligned. Inclusion-poor garnet forms anhedral
porphyroblasts. Rutile, apatite and pyrite are ac-
cessories. Subordinate amounts of quartz, para-
gonite, phengite and carbonates (dolomite, calci-
te) may also be a part of the primary eclogite as-
semblages. Type (2) eclogites are characterized
texturally by sharp grain boundaries of hydrous
and anhydrous silicates. Amphibole poikiloblasts
appear to overgrow the foliation in some eclogi-
tes. Mutual inclusions, however, indicate a large-
ly contemporaneous crystallization of anhydrous
and hydrous phases.

In many of these kyanite-eclogites quartz-rich
veins occur, 1-5 cm in width, containing high
pressure minerals (kyanite, omphacite, rutile) +
hydrous silicates (zoisite, amphibole). Kyanite
may form blades up to 20 cm in length. Vein
walls show no alteration of the host eclogites. As
textural relations indicate that the vein minerals
have crystallized from a fluid in equilibrium with
the adjacent kyanite-eclogite these veins could
document fluid escape at the stage of high-pres-
sure metamorphism.

(3) Dark, heteroblastic eclogites: GE 2, H12,
are typical examples of this category. Usually
these rocks are medium-grained, with or without
a planar fabric and consist of garnet, omphacite,
clinozoisite and quartz. Kyanite is always absent.
Apatite, rutile, pyrite and zircon are accessories.
In many samples amphibole and phengite seem
to be in textural equilibrium with both garnet
and omphacite, but commonly the amphibole is
poikiloblastic. These poikiloblasts are up to
20 mm in diameter and contain numerous inclusi-
ons of garnet, clinozoisite, omphacite + diopside-
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oligoclase-symplectite, quartz, rutile as well as
highly irregular quartz-blebs. These quartz-blebs
are sometimes characterized by an internal reac-
tion rim consisting of an albite-rich plagioclase
and diopside and/or a central grain of omphacite
* symplectite. Irregular segregations containing
quartz and phengite are quite common.

(4) Fine-grained, banded, strongly foliated
eclogites: These rocks, typified by FYK 236, form
layers within the Plattengneis shear-zones. The
compositional banding is due to modal variations
of the amphibole content. Subhedral garnets are
set in a fine-grained planar omphacite + amphi-
bole + clinozoisite fabric. Quartz, sphene + ru-
tile, apatite and graphite are minor, respectively
accessory constituents.

PROTOLITHS

The major- and trace-element chemistry of the
eclogites is consistent with an origin of their pro-
toliths at a constructive plate margin (MILLER et
al., 1988). These data indicate that the precursor
rocks of the kyanite-bearing type (1) and (2)
eclogites are Ti-poor and formed as cumulates of
clinopyroxene, * olivine and plagioclase at P <
8 kb from a mafic magma. In contrast, the proto-
liths of the high-Ti and kyanite-absent type (3)
and (4) eclogites appear to be basalts with N- to
E-type MORB affinities. Shallow-depth frac-
tionation of plagioclase is indicated by small
negative Eu-anomalies.

Mineral Chemistry

Garnets constitute up to 45 vol % of the eclogi-
tes. Garnets from metagabbroic eclogites (1) ei-

Mg

55 mol%

30 mol®

Fe + Mn Ca

Fig. 2 Plot of garnet rim compositions from the Koral-
pe and Saualpe eclogites. Boundaries separating type
A, B and C eclogites are from CoLEMAN et al. (1965).
Symbols: black squares: E1, dots: E2, black triangles:
E3, open triangles: E4, open squares: garnet II (E3).
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ther have a highly irregular morphology or they
form coronite textures surrounding cores of om-
phacite + amphibole. They contain numerous in-
clusions (quartz, zoisite, kyanite). Garnets from
other eclogites occur as aggregates of subhedral
grains, as dodecahedrons (0.3-8 mm in diameter)
or as rounded grains. Inclusions, if present, are
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Fig. 3 Plot of mol% pyrope in eclogite garnets versus
mg-numbers of bulk rocks (MILLER et al., 1988). Only
type (4) eclogites plot of the correlation trend. Note
the marked decrease in pyrope content for garnet II in
strongly overprinted type (3) eclogites.
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concentrated in the core. Most garnets contain
quartz and rutile only. In addition, omphacite,
kyanite, zoisite, phengite, paragonite, amphibole
have been observed in type (2) kyanite-eclogites
and omphacite, albite, amphibole, chlorite, apa-
tite, zircon in kyanite-absent type (3) and (4)
eclogites.

The garnet compositions are highly variable
(Tab. 1, Fig. 2) being a function of bulk rock
composition (Fig. 3) and of metamorphic grade.
Thus the range of pyrope contents of the garnet
rims from type (1) and (2) kyanite eclogites,
37-52 mole %, is clearly higher than that for the
kyanite-absent type (3) and (4) eclogites (18-33
mole %).

~ Although unzoned garnets do occur in some
type (2) kyanite-eclogites, compositional zoning
is common. As shown in Fig. 4, the zoning pat-
terns are not always simple. Asymmetric zoning
is ubiquitous in corona garnets of type (1) rocks
and was also observed in some type (2) eclogites.
In general, the zonation pattern is one of de-
creasing grossular and spessartine contents from
core to rim accompanied by increasing pyrope
contents and increasing Mg/Fe?*. A reversal in
Mg/Fe?* + Mg/Ca zoning occurs in some samples
at the outermost edges.

Tab. 1 Representative microprobe analyses of garnet; formulae calculated on the basis of 24 oxygens.

{(E1) (E2) (E2) (E2) (E3) (E3) (E3) (E3) (E4) (E4) gar Il

‘H8  SKPI2c _ SKPi2r SKir Hl2r GEle GElr KM4r FYK236c FYK236r KMI (E3)
Si02 40,12 40,10 40,72 39,95 39,13 38,47 39,07 39,00 38,39 38,82 38,16
TiO2 0,02 0,02 B 0,05 : 0,04 2 0,03 0,21 0,04 0,08
Al203 22,64 22,57 22,85 22,55 22,10 21,52 22,08 21,96 21,52 21,82 21,61
o3 0,03 0,06 0,16 0,03 = 0,09 0,04 0,02 . 0,19 -
FeOiot 17,32 18,11 16,19 19,58 23,41 24,64 23,78 2396 21,67 20,83 22,85
MnO 0,44 0,60 0,19 0,45 0,61 0,94 0,78 071 2,16 0,69 0,72
MzO 11,33 11,26 13,41 10,96 7.47 5,67 7,08 6,82 3,70 512 2,10
Ca0 8,02 7,44 6,80 6,64 7.42 8,62 7,54 7,74 12,38 12,26 14,41
bY 99,92 100,16 100,32 100,21 100,14 99,99 100,37 100,24 100,03 99,77 99,93
Si 5,992 5,992 5,995 5,989 6,000 5,986 5,995 6,000 5,988 6,000 5,988
Ti 0,002 0,002 - 0,006 - 0,005 - 0,003 0,025 0,005 0,009
Al 3,986 3975 3,965 3,985 3994 3,947 3,994 3,982 3,956 3,975 3,997
C 0,004 0,007 0,019 0,004 5 0,011 0,005 0,002 o 0,023 E
Fe2+ 2,164 2,263 1,994 2,455 3,002 3,206 3,052 3,083 2,827 2,693 2,999
Mn 0,056 0,076 0,024 0,057 0,079 0,124 0,101 0,093 0,285 0,050 0,096
Mg 2,522 2,508 2,943 2,449 1,708 1,315 1,619 1,564 0,860 1,180 0,491
Ca 1,284 1,191 1,073 1,067 1219 1,437 1,240 1,276 2,069 2,030 2,423
b 16,010 16,014 16,013 16,011 16,003 16,031 16,001 16,004 16,010 15,996 16,004
Pyr 42,16 41,99 49,25 40,94 28,50 22,15 27,01 26,17 14,50 19,68 8,20
Alm 35,46 36,80 32,40 40,27 49,83 51,55 50,62 50,94 45,83 44,93 49,74
Gro 21,36 19,76 17,48 17,74 20,35 2393 20,56 21,29 34,86 33,30 40,46
Spe 0,93 1,27 0,40 0,96 1,32 2,09 1,69 1,55 481 1,51 1,60
Uva 0,09 0,18 0,47 0,09 = 0,28 0,12 0,06 2 0,58 =

NOTE: r: margin to omphacite; c: core
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Fig. 4 Asymmetric and symmetric compositional zoning of garnets {from type (1), (2) and (3) eclogites. For the
asymmetric zoning profiles the adjacent mineral phases are indicated (SAUSS = plagioclase breakdown asseni-
blage consisting of kyanite, zoisite, quartz; CPX = omphacite; KYA = kyanite).

In a few, strongly overprinted eclogites (e.g. -
Schwaigberg, Koralpe) a second generation of
subhedral garnets has formed. This garnet II
(Tab. 1, Figs. 2, 3) coexists with amphibole III,
diopside and plagioclase (An 10-13) and is
strongly depleted in Mg and enriched in Ca when
compared to eclogite garnets.

Clinopyroxenes

(Tab. 2) are main constituents (24-53 vol.%)
and present in two generations. Clinopyroxene 1
ranges in composition from sodic augite to om-
phacite. It shows a nearly continuous series
of compositions from Jd22 to Jd49 across the
diopside-omphacite miscibility gap (CARPENTER,
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1979). Clinopyroxene I has low acmite values (<
10 mole %, calculated according to the stoichiom-
etric method of simultaneous normalization to
4,00 cations and 6.00 oxygens). A small but per-
sistent deficiency of Na and Ca for the M2 sites
possibly indicates the presence of some Mg, Fe?*,
Mn in the M2 sites. Consistency in calculations,
however, suggests that garnet-clinopyroxene geo-
thermometry is not significantly affected by these
substitutions. In general, clinopyroxene I is un-
zoned. Inclusions of quartz and rutile are com-
mon, inclusions of garnet, kyanite, zoisite, phen-
gite and amphibole also occur. According to the
structural refinements reported by HERITSCH
(1973) and WaLITzr and WALTER {1980) Koralpe
and Saualpe omphacites with Na/(Na + Ca) £ 0.33
exhibit C2/c symmetry, while those with Na/
(Na + Ca) = 0.35-0.42 exhibit P2/n space group
symmetry. At low temperatures, two miscibility
gaps exist between the two space groups. CAR-
PENTER (1980) suggested that the size and the
shape of these solvi vary inversely with the tem-
perature and acmite content of the pyroxenes
and that the maximum of the diopside-omphacite
miscibility gap lies at temperatures of about
480-500 °C.

Clinopyroxene Il commonly forms by grain
boundary replacement of clinopyroxene 1. The
transformation of clinopyroxene I into symplec-
titic intergrowth of diopsidic clinopyroxene II

CH. MILLER

and plagioclase (An 10-28) is characteristic of
the first posteclogite alteration. A post-eclogitic
clinopyroxene also occurs as discrete grains in a
few strongly overprinted eclogites (E3), where it
coexists with garnet II, amphibole, plagioclase,
quartz and sphene. Clinopyroxene 1I is always
more Fe-rich than clinopyroxene I. The jadeite
molecule content is lower (1-17 mole%).

Amphiboles (Tab. 3) may be present in minor
amounts (about 5 vol.%) or constitute up to 30
vol.% in some eclogites. Texturally, there are
two types of amphiboles. Amphibole I is in ap-
parent textural equilibrium with omphacite and
garnet. Mutual inclusions involving this amphi-
bole and garnet, omphacite, kyanite, zoisite also
indicate a contemporaneous crystallization of
hydrous and anhydrous silicates. Amphibole II
forms large poikiloblasts which overgrow ompha-
cite, garnet, zoisite + kyanite, often discordant
with respect to the foliation defined by these
minerals and contains numercus vermicular in-
clusions of quartz. These conflicting amphibole
textures and the regular Fe/Mg ratios of amphi-
bole, garnet and omphacite could be explained
by a buffering reaction of the sort

OMP + GAR £ KYA + H,O =
AMP + ZOI + QTZ

during eclogite crystallization, where aH,O is
controlled by the mineral assemblage.

Tab. 2 Representative microprobe analyses of clinopyroxene; formulae calculated on the basis 6 oxygens /

4 cations.
omp(El) omp(E2) omp(E2) omp(E3) omp(E3) omp(E3) omp(E4) epx 11 cpx 11 cpx IIl
HE SKP12 SK1 HI2 GE1 KM4  FYK236 SK1 KM4 KMI1
Si02 54,58 54,63 55,00 54,90 55,03 55,64 . 54,30 53,19 53,64 51,86
TiO2 0,13 0,15 0,11 0,15 0,11 0,13 0,13 0,19 0,17 0.16
Al203 9,17 9,15 10,75 9,82 8,59 11,93 7,90 5,02 3,68 5,09
Cr203 0,03 0,08 0,01 0,02 - 0,04 0,12 0,05 0,03 -
FeOtot 3,04 2,87 3,12 5,43 5,53 4,43 4,34 4,12 6,08 10,14
MnO - - 0,02 0,03 0,03 0,03 0,03 0,07 0,02 0,05
MgO 11,40 12,46 10,90 9,78 10,15 8.61 11,34 15,00 13,64 9,44
CaO 17,01 16,15 14,70 14,29 14,41 12,57 18,00 20,63 20,10 19,45
Na20 4,71 4,51 572 5,59 5,54 6,82 4,06 1,62 2,09 3,05
z 100,07 100,00 100,33 100,01 99,39 100,20 100,22 99,89 59,45 99,24
Si 1,942 1,940 1,939 1,962 1,979 1,968 1,947 1,927 1,965 1,932
Ti 0,003 0,004 0,003 0,004 0,003 0,003 0,004 0,005 0,005 0,004
Al . 0,385 0,383 0,447 0,414 0,364 0,497 0,334 0,214 0,159 0,224
Cr 0,001 0,002 - 0,001 - 0.001 0,003 0,001 0,001 -
Fe3+ 0,046 0,034 0,058 0,028 0,056 0,025 0,041 0,031 0,047 0,126
Fe2+ 0,044 0,051 0,034 0,124 0,110 0,106 0,089 0,094 0,140 0,190
Mn - - 0,001 0,001 0,001 0,001 0,001 0,002 0,001 0,002 .
Mg 0,605 0,660 0,573 0,521 0,544 0,454 0,606 0,810 0,745 0,524
Ca 0,649 0,615 0,555 0,547 0,555 0,476 0,692 0,801 0,789 0,776
Na 0,325 0,311 0,391 0,388 0,386 0,468 0,282 0,114 0,149 0,229
Jad 26,91 26,39 32,41 33,85 32,23 43,33 22,90 7,89 9,92 8.69
Ac 5,60 4,68 6,70 491 6,42 3,46 5,35 3,49 4,93 13.34
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Tab. 3 Representative microprobe analyses of amphibole; formulae calculated on the basis of total cations less

(Ca + Na + K) normalized to 13.

amp (1)-E1 amp (1)-E2 amp(1)-E2 amp (1)-E2 amp(1)-E3 amp(1)-E4 |amp(2)-E1 amp(2)-E2 amp(2)-E3 |amp(3)-E3 amp(3)-E3

H8 SKP12/81 SKP12 SKP29/22 KMI0 FYK-236 H4 SKP30 KM4 KM KGR 5

Si02 48,90 49,63 49,88 49,62 46,36 46,10 47,713 46,64 46,55 30,42 39,97
TiO2 0,38 0,35 0,36 0,37 0,68 0,67 0,43 0,43 0,63 1,00 1,03
Al203 12,33 11,06 11,86 12,74 13,89 13,31 11,73 13,56 1391 15,41 13,76
Cr203 0,19 0,15 0,13 - 0,04 0,13 0,26 0,12 0,03 0,01 0,02
FeOtot 571 4,42 4,84 6,02 10,51 10,04 6,27 6,98 10,42 18,51 15,66
MnO 0,03 - 0,06 0,04 0,03 0,06 0,03 0,01 0,06 0,11 0,23
MgO 16,78 17,88 17,09 16,36 13,50 13,86 16,76 16,08 1345 7,44 10,80
Ca0 10,39 10,30 9,86 10,07 8,72 9,78 10,40 9,42 833 10,98 1091
Na20 2,68 2,84 2,80 3,01 3,68 3,07 2,92 3,80 3184 323 3,74
K20 0,19 0,38 0,30 0,34 0,30 0,80 0,53 0,29 0,28 1,15 0,42
> 97,58 97,01 97,18 98,57 97,71 97,80 97,06 97,33 97,50 97,26 96,54
Si 6,786 6,907 6,904 6,831 6,533 6,555 6,732 6,528 6,557 6,020 6,013
Aliv 1,214 1,093 1,096 1,169 1,467 1,445 1,268 1,472 1,443 1,980 1,987
Alvi 0,804 0,721 0,842 0,898 0,835 0,785 0,682 0,766 0,867 0,792 0,455
Ti 0,042 0,033 0,042 0,041 0,076 0,068 0,042 0,042 0,068 0,119 - 0,118
Cr 0,025 0,017 0,017 - 0,008 0,017 0,025 0,017 - - -
Fe3+ 0,470 0,372 0,438 0,350 0,809 0,526 0,420 0,698 0,824 0,190 0,606
Fe2+ 0,189 0,146 0,120 0,345 0,426 0,670 0,317 0,118 0,403 2,178 1,365
Mn - - 0,008 0,008 - 0,009 - - 0,008 0,018 0,027
Mg 3,468 3,713 3,527 3,358 2,835 2,932 3,527 3,357 2,826 1,697 2,423
Ca 1,543 1,538 1,464 1,489 1,312 1,487 1,569 1,414 1,261 1,798 1,763
Na 0,717 0,769 0,794 0,802 1,007 0,846 0,797 0,035 1,049 0,855 1,095
K 0,033 0,067 0,050 0,058 0,051 0,145 0,093 0,050 0,051 0,220 0,081
(Na+K)A 0,293 0,374 0,263 0,349 0,370 0,478 0,459 0,459 0,361 0,973 0,939

NOTE. SKP 12/81: inclusion in kyanite; SKP 29/22: inclusion in omphacite

On the other hand, where symplectite is ob-
served in the center of the quartz-blebs, an
amphibole + quartz + plagioclase + clinopyrox-
ene Il producing decompression reaction post-
dating the eclogite event seems indicated.

Although texturally varied, pale amphiboles
(I) and (II) in most of the eclogites are (* sub-
calcic) magnesio-hornblendes or Dbarroisites
(LEAKE, 1978) with compositions (Fig. 5) similar
to those of intermediate to high pressure facies
series amphibolites (LAIRD and ALBEE, 1981).
Amphibole compositions are highly variable, de-
pendent on bulk composition and apparently
correlated with the coexisting omphacite by the
coupled exchange Na(Alv,Fe**)Ca_ (Mg,Fe*) .

Continuous compositional zoning in euhedral
amphiboles (1) and large amphibole (II) poiki-
loblasts generally involves an increase in Al'Y
and in the ratio Na*/NaM* from core to rim. This
records a trend of increasing NaAl[] Si | (edeni-
te exchange vector). As discussed by HEINRICH
(1985) the continuous net transfer reaction

NaAlCa Mg , + CaMgSi,O, =
jadeite exchange diopside

in clinopyroxene

NaAlf] ,Si + 38i0,

edenite exchange quartz

in amphibole

is quite sensitive to temperature. Therefore the
observed zoning trend probably indicates an in-
crease in temperature during amphibole growth.

In strongly overprinted eclogites still another
type of amphiboles occurs. Amphibole Il forms
as a breakdown product in reaction zones be-
tween garnet and omphacite, as part of the pla-
gioclase-clinopyroxene II-symplectites and also
as poikiloblasts within these symplectite do-
mains. These post-eclogite amphiboles (Iil) are
strongly colored iron-rich pargasitic, hastingsitic
or tschermakitic hornblendes. Compared to am-
phiboles (I) and (II) , amphiboles (IIT) are cha-
racterized by lower (AIV! + Fe3* + Ti + Cr) for a
given value of Al'Y and by lower NaM4 for given
values of (Na*+K) (Fig. 6) and (AIY'+ Fe* + Ti).

Kyanite (Tab. 4) is an important phase (up to
20 vol.%) in metagabbroic type (1) and in type
(2) eclogites. The Fe**Al  exchange never ex-
ceeds 0.5 mole %. In some samples up to 2 mole
% chromium kyanite was detected. The inclu-
sions are mainly quartz, but garnet, omphacite,
amphibole (I), paragonite, zoisite and rutile were
also observed. Based on quantitative IR
spectroscopic microtechnique BERAN and GOT-
ZINGER (1987) have determined rather high
amounts of structural OH groups in kyanite from
the Kupplerbrunn type (2) eclogite (SKP 12:
H,0* = 0.075 wt%).
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Fig. 5 Formula proportion diagrams {Lalrp and Ai-
BEE, 1981) of amphiboles from the Koralpe and Saual-
pe eclogites. Symbols as in Fig. 2 with smaller symbols
representing amphiboles (I) and larger symbols denot-
ing poikiloblastic amphiboles (IT). Crosses represent
amphibole inclusions in garnet, omphacite, kyanite and
zoisite. Note that amphiboles (III) from strongly over-
printed eclogites (open squares) clearly plot in the
range of low pressure series mafic schists.

Epidote-group minerals (Tab. 4) are wide-
spread as a primary phase in virtually all eclo-
gites (2-34 % by volume). The type of epidote-
group phase and its iron content are mainly de-
termined by bulk rock composition. The Fe**Al ,
exchange is also roughly correlated with that in
the associated omphacites, as calculated accord-
ing to stoichiometric requirements. Zoisite
(Fe**Al | < 0.15 p.fu.) is restricted to kyanite-
eclogites, whereas the Fe-rich kyanite-absent
eclogites contain clinozoisite and epidote
(Fe**Al | < 0.65 p.f.u.). If zoned, the cores are al-
ways slightly more pistacitic than the rims. Al-
though solid inclusions are not common, ompha-
cite, garnet, kyanite and quartz were observed.,

Paragonite was observed in kyanite-bearing
type (2) eclogites only. It forms discrete grains or
inclusions in garnet and kyanite. Its composition
(Tab. 5) is displaced from the end-member
NaALSi,O,,(OH), by about 0.035 atom units of
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CaNa_, towards margarite and by 0.01-0.03 atom
units of KNa_, towards muscovite. The displace-
ment along the (negative) Tschermak's vector-
Al (Mg,Fe)_Si | is 0.06-0.1 atom units.

Phengite has been identified as discrete grains
or as inclusions in omphacite and garnet of kya-
nite-bearing eclogites. In kyanite-absent type (3)
eclogites phengite occurs as individual flakes
and/or as coarse-grained aggregates. Analysed
phengites (Tab. 5 ) are displaced from muscovite
towards celadonite by 0.29-0.41 atom units of —
Al(MgFe) Si,. The displacement towards
paragonite varies between 0.01-0.13 atom units
of K Na. On a formula basis of 22 oxygens, Si
values are 6.42-6.98, Ti values are < 0.003 for
type (2) and 0.05-0.11 for type (3) eclogites.

Biotite. At the grain boundaries phengite has
commeonly been replaced by a symplectite con-
sisting of biotite and plagioclase (An 22-47).
Thus, biotite clearly postdates and overprints the
high-pressure assemblages. These reaction rim
biotites have compositions intermediate between
phlogopite and eastonite with slightly less than
6.0 octahedrally coordinated cations, AI'Y = 2.5
to 2.8, Al = 0.5 to 0.8 and Mg/Fe** between 1.34
and 2.47 (Tab. 5).

The sporadic occurrence of magnesian stauro-
lite, sapphirine, spinell, chlorite, margarite and the
trioctahedral micas K-eastonite, Na-eastonite,
preiswerkite (Tab. 6) in a variety of multiphase
symplectites rimming kyanite and sometimes gar-
net is attributed to a decompression-induced ret-
rogression of the parent eclogite. The composi-
tion of these phases is clearly controlled by the
local chemical environment. Margarite, e.g.,
develops at kyanite-zoisite interfaces, whereas
the preiswerkite- and eastonite-forming reactions
always involve kyanite and amphibole.

Plagioclase was observed as rare inclusion in
eclogite garnets (An-contents between 2 and 10
mole %) and as alteration product of the primary
eclogite assemblages where it formed in (i) symp-
lectites replacing omphacite (An 10-28), (ii) in
reaction rims between phengite and garnet or
omphacite (An 20-39), (iii)) in reaction rims
around kyanite (mostly An 11-17, rarely An
97-99 depending on the local environment) and
(iv) in bleb-textures in amphibole (II) poikilo-
blasts (An 10-27). Orthoclase (Or,,) was observ-
ed only once as inclusion in garnet.

Equilibration conditions
As shown by type (1) eclogites, high-pressure

metamorphism of the gabbroic precursor rocks
resulted in the reaction of plagioclase to zoisite +
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Tab. 4 Representative microprobe analyses of kyanite, epidote-group minerals and carbonates.

kya(El)  kya(E2) zo1 (E2) zoi (E2) clz (E3) clz (E3) epi(E3) dol (E2) cal (E2)
HB SKP 12 H8 SKP 12 KM4 GE1 KGR5 SKP29 SKP9
Sio2 37,00 36,91 39,42 39,52 38,46 38,18 38,04 - -
Ti02 0,01 - 0,06 0,04 0,20 0,22 0,11 - -
Al203 62,30 62,03 32,28 32,61 27,94 27,26 25,24 - -
Cr203 0,02 0,62 0,02 0,12 - 0,04 : - -
FeOtot 0,31 0,30 1,49 1,23 6,57 71,35 10,00 3,08 0,51
MnO - - - - - - - 0,02 0,10
MgO - 0,02 0,06 0,12 0,23 0,13 0,04 23,16 0,71
Ca0 0,03 - 24,49 24,38 23,80 23,70 23,65 26,23 54,76
CO2 - - - - - - = 47,51 43,88
> 99,67 99.88 97.82 98,02 97,20 96,88 97,08 100.00 99,96
Cations on the basis of
2000) 20(0) 25(0) 25(0) 25(0) 25(0) 25(0) 6(0) 6(0)
Si 4,008 3,999 6,000 5,997 5,982 5,975 5,988 - -
Ti 0,001 - 0,007 0,005 0,023 0,026 0,013 - -
Al 7,957 7,926 5,794 5,835 5,124 5,031 4,685 - -
Cr 0,002 0,053 0,002 0,014 - 0,005 - - -
Fe3+ 0,028 0,024 0,190 0,157 0,855 0,963 1,317 - -
Fe2+ - - - - - - - 0,079 0,014
Mn - - - = - - - 0,010 0,003
Mg - 0,003 0,014 0,027 0,053 0,030 0,009 1,062 0,035
Ca 0,003 - 3,996 3,966 3,967 3,976 3,991 0,865 1,955
C - - = - B - - 1,996 1,996
> 11,999 12,005 16,004 16,000 16,004 16,005 16,003 4,003 4,003

NOTE: CO2 content calculated by difference.

kyanite + quartz, in the replacement of magmatic
clinopyroxene by omphacite + amphibole and in
the growth of garnet as coronas at the clinopy-
roxene/plagioclase interface or as clots or small
euhedra within the former plagioclase domains.
Deformation could have been important in ca-
talysing these eclogite-forming reactions (RUBIE,
1983) as indicated by the complete transition of
gabbro to eclogite within distinct shear zones.
This gabbro to eclogite transformation also re-
quires the infiltration of a hydrous fluid. How-
ever, the limited range of equilibration and the
metastable persistence of substantial volumes of
igneous relics suggest fluid-deficient conditions
for coronitic type (1) eclogites. Complete reac-
tion to type (2) eclogites may have occurred only
where enough fluid was available to react. In
these rocks, infiltration of a hydrous fluid is also
indicated by an increase in the whole rock water
content, by an increase in ¥’Sr/*Sr ratios and by a
depletion in §'"0O compared with type (1) eclo-
gites (MILLER et al., 1988; THONI, in prep.) as
well as by the structural OH content in kyanite
(BERAN and GOTZINGER, 1987) and by the for-
mation of synmetamorphic veins. The presence
of amphibole inclusions in some garnets of type
(2) eclogites suggests hydration of the primary

magmatic rocks before eclogite facies metamor-
phism.

Quartz, kyanite and zoisite of eclogites (2)
contain fluid inclusions up to 10 pm in size. Most
inclusions are H,O-rich with a small gas bubble.
In quartz saline (30-39 wt% NaCl) inclusions
also occur. Preliminary microthermometric stud-
ies, however, showed that these salt-rich inclu-
sions are clearly posteclogitic.

The typical maximum phase assemblage of
the texturally equilibrated eclogites (2) is garnet
+ omphacite + kyanite + amphibole + zoisite +
quartz + rutile + accessories. Subsets of this as-
semblage are common.

GEOTHERMOMETRY

(1) The Fe**-Mg exchange between garnet and
clinopyroxene can be used to estimate the tem-
perature of eclogite formation. For omphacite,
Fe? was estimated from cation normalized stoi-
chiometry, while for garnet minor ferric iron was
neglected. Fig. 6a is a log-log plot showing the
Fe? * /Mg distribution between rims of garnet and
omphacite in immediate contact for samples
which escaped later hydration and deformation.
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Tab. 5 Representative microprobe analyses of micas; formulae calculated on the basis of 22 oxygens.

par (E2) par (E2) phe(E2) phe(E2) phe(E3) phe(E3) bio (E3)

SK 12 SKP 29 SK 20/1 SK 11 H42 GE3 _GE3-80

Si0 46,29 45,82 50,71 50,62 49,16 49,56 35,29
TiO2 0,02 - 0,02 - 0,51 0,89 1,76
ARO3 39,52 40,51 27,76 28,98 29,51 27,90 19,83
Cr203 0,03 0,07 0,38 0,04 - 0,04 0,05
FeOtot 0,33 0,39 1,23 0,94 1,46 2,18 12,55
MnO - - - - 0,02 - 0,04
MgO 0,25 0,44 3,47 3,11 2,85 3,11 15,51
Ca0 0,36 0,53 0,28 0,48 0,03 0,04 0,05
Na20 7,26 7,34 0,23 0,35 0,91 0,66 0,18
K20 0,75 0,45 1,832 10,86 10,23 10,44 10,23
) 94,81 95,55 94,82 95,38 94,68 94.82 65,49
Si 5,953 5,850 6,780 6,720 6,587 6,663 5,401
AllV 2,047 2,150 1,220 1,280 1,413 1,337 2,599
AIVI 3,947 3,950 3,157 3,257 3,250 3,087 0,614
Cr 0,003 0,007 0,040 0,004 - 0,004 0,006
Ti - 0,002 - 0,002 - 0,051 0,090 0,196
Mn - - - - 0,002 - 0,005
Mg 0,048 0,084 0,692 0,615 0,569 0,623 3,419
Fe2+ 0,035 0,042 0,138 0,104 0,164 0,245 1,552
> VI 4,035 4,083 4,029 3,980 4,036 4,049 5,792
Na 1,810 1,817 0,060 0,090 0,236 0,172 0,052
K 0,123 0,073 1,832 1,839 1,749 1,791 1,943
Ca 0,050 0,073 0,040 0,068 0,004 0,006 0,006
p) 1,983 1,963 1,932 1,997 1,989 1,969 2,001

NOTE: SKP 29= inclusion in kyanite; SK 20/1 = inclusion in omphacite; GE3-80 = biotite in reaction rim

Fig. 6b shows that the ELris and GrReex (1979)
calibration of the garnet-clinopyroxene K geo-
thermometer corrects for compositional effects
among the samples. LnK, values for analyzed
garnet-omphacite pairs from 36 different locali-
ties range from 2.13 to 2.85 with a concomitant
increase of the mole fraction of grossular in the
garnet X% from 0.177 to 0.352. These values in-
dicate 648 = 16°C at a nominal pressure of
15 kbar. The effect of variable pressure is about
2.5°C/kbar. In Fig. 6¢c, the same data as in Fig. 6a,
b are corrected for X after KrogH (1988) who
proposed a curvilinear relationship between K,
and X% Application of Krogh's expression for
the garnet-clinopyroxene geothermometer re-
sults in temperatures of 598 = 19°C (15 kbar)
and a pressure effect of about 2.9 °C/kbar.

(2) Oxygen isotope analyses reported by Vo-
GEL and GARLIcK (1969) for Rut, Qtz, Omp
from sample WSR 25 A (Koralpe) and by HoERr-

NEs (pers. comm., 1987) for Gar, Rut, Omp from
sample H12 (Koralpe) result in temperatures
within the range of 580-600°C and suggest that
the fractionations among these minerals are ap-
proaching equilibrium. These temperatures com-
pare well with the estimates based on KROGH's
geothermometer whereas those based on ELLIS
and GREEN appear too high, also when com-
pared to the calculated equilibria below.

GEOBAROMETRY

For quartz eclogites minimum pressures can
be estimated from the equilibrium:

NaAlSL,O, = NaAlSL,0, + SiO, )

albite jadeite quartz

and the experimental data of HorLAanD (1980),
bearing in mind that effects due to ordering phe-
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Tab. 6 Microprobe analyses of minerals in kyanite and garnet reaction rims.
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SKP26(E2) SKP26(E2) SKP25(E2) A286(E1) SK(E2) SK(ED) SK(E2) SK111(E2) SK111(E2)
MG-STAU SAPPH SPINEL SPINEL |[Na-EAST PREISW MARG EAST PREISW
Si02 29,24 13,59 - 0,11 34,10 29,38 31,82 34,62 29,12
TiO2 0,09 0,08 - - 0,09 0,04 0,02 0,42 0,03
Al2O3 53,17 62,15 61,92 62,69 24,06 36,96 50,03 23,81 36,60
Cr203 0,12 0,61 0,14 0,65 0,28 0,13 0,09 0,12 0,06
FeOtot 8,37 7,94 25,02 22,80 12,47 4,15 0,23 4,80 2,71
MnQO 0,08 16,68 0,21 0,17 0,16 - - - -
MgO 7,10 - 11,98 13,04 16,44 17,60 0,57 21,36 18,16
CaO - - - - 0,09 0,11 10,56 0,03 0,07
Na20 - - - 6,78 7,34 1,73 1,31 7,07
K20 - - - - 0,35 0,23 0,02 8,81 0,62
b3 98,17 101,05 99,27 99,46 94,82 95,94 95,07 95,28 94,44
Cations on the basis of
46(0) 20(0) 4(0) 4(0) 22(0) 22(0) 22(0) 22(0) 22(
Si 7,893 1,604 - 0,003 4,898 4,004 4,210 4,917 - 4,011
Ti 0,018 0,007 - - 0,010 0,004 0,002 0,045 0,003
Al 16,925 8,653 1,966 1,965 4,075 5,941 7,806 3,988 5,945
Cr 0,026 0,057 0,003 0,014 0,032 0,014 0,009 0,013 0,007
Fe2+ 1,800 0,784 0,563 0,507 1,498 0,473 0,025 0,570 0,312
Mn 0,018 - 0,005 0,004 0,019 - - - -
Mg 2,857 2,935 0,481 0,517 3,520 3,576 0,112 4,523 3,729
Ca - - - - 0,014 0,016 1,498 0,005 0,010
Na - - - - 1,888 1,940 0,444 0,361 1,888
K - - 0,064 0,040 0,003 1,596 0,109
¥ 29,626 14,040 3,017 3,009 16,018 16,008 14,110 16,019 16,013
*
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Fig. 6 (A} Logarithmic distribution of Fe?*/Mg between garnets and clinopyroxenes from the Koralpe and Sau-
alpe eclogites (B). The same data as in (A), corrected for Xg (B) after ErLis and Greex (1979), resp. (C) after
Kroch (1988). Asteriks denote power of two.
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nomena in omphacite and albite are not yet
quantitatively understood. Using the maximum
amounts of Na in omphacite and the relation
as = X¥2 (Newron, 1983), equilibrium (1)
yields a minimum pressure of about 13 kb for the
temperature range of interest.

Additional information on the equilibration
pressure can be obtained from experimental
work on the stabilities of minor eclogite phases.

According to the equilibrium
8 CaALSi,0,(OH), « H,O +2 NaAlSi,0,=

lawsonite jadeite

2 NaALSi, O, (OH), + 4 Ca,AlSi ,0,,(OH) +
paragomte 20151te

28i0,+ 12 H,0 (2)
quartz  vapor

the presence of zoisite and paragonite and the
absence of lawsonite suggest upper pressure lim-
its of about 22 kbars at a temperature of 600 °C
and aH,O = 1.0. The equilibrium between para-
gonite, omphac1te kyanite and a vapor phase

NaALSi,O, (OH), = NaAlSi,O, +

paragonite jadeite

ALSIO, + H,O (3)
kyanite vapor

was investigated by Horranp (1979). This
reaction intersects the equilibrium

6 Ca,ALSi,0,(OH) = 4 Ca,ALSi,O,, +
zoisite grossular

5 ALSiO, + §8i0, + 3 H,0 )
kyanite quartz vapor

Using the pertinent mineral data and the
thermodynamic calculation methods of POWELL
and HoLLAND (1988) this intersection (Fig. 7) in-
dicates equilibration conditions near 600°C (as
suggested by the garnet-omphacite geothermom-
eter) and 18 kbar for those low-variance type (2)
eclogites where the stable coexistence of ompha-
cite — garnet — kyanite — paragonite — zoisite and
quartz has been observed only if aH,O was
close to 1.0. If the assemblage omphacite — para-
gonite — dolomite — quartz (e.g. SKP 29) also
equilibrated at the same time at 600°C the cal-
culated fluid composition is water-rich (X 0
> 0.96).

Discussion

Pressures of 18 kbar imply metamorphism at
depths of about 55 km. As the Koralpe and Sau-
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Fig. 7 Estimated peak metamorphic conditions for
Koralpe and Saualpe type (2) eclogites. Mineral equi-
libria calculated from data of PowerL and HoLLAND
(1988) using the following activities: a_, = 0.310,a, =
0.020, a__=0.820,a ; = 0.900, a —0610 a, =
Iso-K fines T(EG) ‘and T(K) for Fe*/Mg dlstnbunon
between garnet and clinopyroxene calculated after
Erus and Green (1979), resp. after Krocu (1988).
Arrows indicate displacement due to aH,0 < 1.0,

alpe eclogites were evidently derived from upper
crustal protoliths, they require subduction mod-
els to explain them.

Subsequent uplift at relatively high tempera-
ture conditions (~600°C) resulted partly in am-
phibolite facies assemblages, locally consisting of
amphibole Il + garnet 11 + plagioclase + quartz
+ diopside + epidote + sphene + magnetite.
Sapphirine, spinel and magnesian staurolite are
rare retrograde products. Their occurrence is
restricted to peraluminous subdomains of the
eclogites where they formed along garnet-kya-
nite boundaries. Other post-eclogitic phases in-
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clude margarite, chlorite and the tri-octahedral
micas preiswerkite, eastonite and Na-eastonite
which also formed in garnet or kyanite reaction
rims,

The timing of these events is still poorly
known, but there is evidence for two eclogite-
forming events. The fact that some eclogite bo-
dies are crosscut by variably deformed Hercy-
nian pegmatites argues for a pre-Alpine age of
high-pressure metamorphism. Thus, at Weinebe-
ne (Koralpe) undeformed pegmatites are interca-
lated with or crosscut an already deformed eclo-
gite-amphibolite. The pegmatite Rb-Sr whole
rock errorchrone of 270 Ma (Frank, pers.
comm.) suggests at least a Hercynian age for so-
me of the Koralpe eclogites. The geological signi-
ficance of the Sm/Nd isochron age of 700 Ma for
the isothermal decompression of the eclogites
(ManBY and THIEDIG, 1988) is not at all clear,
esp. since more recent isotope work (THONI and
JaGouTz, in prep.) yielded a Sm-Nd isochron of
275 = 18 Ma for the magmatic crystallization of
the gabbro protolith of the Birofen type (1) eclo-
gite.

An eo-Alpine "eclogite event" was postulated
by MiLLER and FrRANnk (1983) based on the oc-
currence of eclogites as concordant layers within
the "Plattengneis" shear zome. According to
WiMMER-FREY (1984), omphacite and amphibo-
le define a crystallographic fabric characterized
by a strong preferred orientation of [001] parallel
to the "Plattengneiss" stretching lineation. As
the inferred equilibration conditions (580 °C,
14 kbar) for the Cretaceous "Plattengneis" as-
semblage (K3) are compatible with the lower
stability limit of these eclogites, this seems to in-
dicate eclogite deformation and recrystallization
during the Cretaceous.

K/Ar and “Ar/**Ar model ages of most eclo-
gite minerals reported by MILLER and FRANK
(1983) and by RiTTMANN (1984) are inconclusive
because of excess ‘“°Ar. The fact, however, that
the amphibole Z2 from the Prickler Halt type (2)
eclogite (Saualpe) is characterized by an undis-
turbed “°Ar/*Ar release spectrum and a concor-
dant plateau (158.5 Ma) and isochron (155.8 Ma)
age is interpreted by RiTTMANN (1984) to date
the eclogite formation. Even if this is still open to
discussion, the amphibole K/Ar ages of 181-187
Ma for Koralpe eclogites, the “*Ar/”Ar plateau
and isochron ages of 82.3-88.4 Ma for phengite
from phengite-quartz segregations of the Prickler
Halt eclogite (RiTTMANN, 1984) and new internal
Sm-Nd and Rb-Sr mineral isochron ages in the
range of 60-100 Ma (THONI and JaGourz, in
prep.) indeed indicate Alpine mineral forming
events for the mafic high-pressure rocks.
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