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by (1) high-pressure (HP) equilibration, followed by near-isothermalThe Gneiss–Eclogite Unit is a composite tectonometamorphic unit
decompression at high temperatures, during which rocks from differentwithin the Variscan Erzgebirge mega-antiform. It comprises mig-
depths were amalgamated, and (2) extensive hydration and re-matitic para- and orthogneisses, high-temperature (HT) mylonites,
equilibration at medium pressures, followed by rapid cooling duringkyanite-bearing granulites, eclogites and garnet peridotites. Four
continued uplift, when the entire unit came into contact with cooler,different quartzo-feldspathic assemblages are recognized, in which
now over- and underlying units. This scenario is attributed tomaximum conditions of up to 830°C and 21 kbar were determined.
continent collision, orogenic collapse and disintegration of the HPThe assemblages are characterized by the nearly complete prograde
unit during continuing collision, crustal stacking and uplift controlledbreakdown of biotite, by high grossular content (23–47 mol %)
by extension.of garnet in the presence of albite, and high Si contents of phengite

[3·3–3·4 per formula unit (p.f.u.)]. Water activities at this stage

are variable and range from <0·15 to >0·4. The maximum

pressures indicated for individual rock volumes may vary considerably

between 12 and 24 kbar at 700–800°C, so that non-coherency
KEY WORDS: continent collision; fluid evolution; high-pressure granuliteof the entire Gneiss–Eclogite Unit appears likely during the high-
facies; PT history; quartzo-feldspathic rockspressure event itself. After decompression, concomitant with pen-

etrative HT mylonitization, hydration led to overprinting of the

rocks to variable degrees, owing to channelized fluid influx. Partial

equilibration at medium-pressure conditions of about 7–10 kbar
INTRODUCTIONand 600–700°C occurred, involving abundant retrograde mig-

matization. The water activity increased to 0·5–1·0. During later The Erzgebirge is part of the metamorphic basement of
exhumation, deformation and re-equilibration at 2–3 kbar and the internal Mid-European Variscides exposed in Saxony
400–500°C were concentrated in local, discrete, ductile normal and the northernmost Czech Republic (Fig. 1). It rep-

resents an antiformal megastructure with a large corefault zones. The kinked geometry of the PT path is thus characterized
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composed of medium- to high-grade mica schists and the vicinity of eclogites? What happens to these rocks in
the extremely wide transitional field involving eclogite,gneisses as well as innumerable intercalations of eclogite

from decimetres up to several hundred metres in length. granulite and amphibolite facies? To what extent do both
eclogites and adjacent acid rocks have a common history?Recently, these eclogites have been studied intensively

(Klápová, 1990; Massonne, 1992, 1994; Schmädicke et (2) Do the quartzo-feldspathic rocks themselves have
a common PT history? What is the scale of coherenceal., 1992), and it has been found that some record ultra-

high-pressure conditions up to 27 kbar and 800°C. Even within the high-pressure Gneiss–Eclogite Unit of the
Central Erzgebirge?higher maximum pressures (33–40 kbar; Kotková, 1993;

(3) What are the relationships of the HT myloniteMassonne & Grosch, 1995) have been reported from
lenses to the surrounding gneisses? Are they relics withingarnet peridotite lenses that represent remnants of the
an otherwise overprinted coherent unit with a commonlithospheric mantle. These contrasting maximum pres-
PT history, or are they allochthonous bodies?sures point to a very heterogeneous and strongly in-

(4) What is the role of the metamorphic fluid phasecoherent basement. Concurrent petrological work on the
during petrogenesis of the acid metamorphic rocks? Whatquartzo-feldspathic and metapelitic rocks enclosing these
are the specific mechanisms of retrograde overprintingeclogite and garnet peridotite lenses also points to high-
in the quartzo-feldspathic rocks in general?pressure conditions, although the pressures appear to be

(5) What information concerning the exhumation his-considerably lower than in the eclogites and garnet
tory may be derived from the PT evolution? Is this PTperidotites (Kotková, 1993; Rötzler et al., 1993; Willner
evolution typical for a specific geotectonic environmentet al., 1993, 1994; Rötzler, 1995). In addition, these
and how is it related to megascale processes during thestudies showed that the Erzgebirge consists of a stack
Variscan orogenesis?of discrete units with contrasting pressure–temperature

evolution. Thus the Erzgebirge may be regarded as a

model region for studying the continent–continent col-

lision process, especially with regard to the relationships
GEOLOGICAL SETTINGbetween eclogites and ‘normal’ crustal rocks enclosing

them, as well as the uplift history that resulted in the The Erzgebirge antiform structure (Fig. 1) is roughly oval
nappe stack observed today. in shape and bounded by the Elbe zone in the east and

the Tertiary Eger graben in the south. It is composed ofThis study will concentrate on the quartzo-feldspathic

rocks of the Gneiss–Eclogite Unit, exposed in the Central numerous subsidiary dome structures within the medium-

to high-grade metamorphic rocks that deform tectonicErzgebirge (Fig. 1). Key occurrences in this unit are small

areas with high-temperature (HT) mylonites of granitic units with mainly subhorizontal and subparallel trans-

position foliations. These core rocks are overlain by acomposition intercalated parallel to the predominant

gneissose foliation. Such rocks preserve not only a relic phyllitic mantle. The overall ‘onion-skin’ structure of the

entire crystalline complex, as defined by the dominantdeformation fabric, but also mineral phases with com-

positions reflecting an early stage during the metamorphic foliation planes, is a phenomenon that is accepted by all

workers in the area. However, although the subhorizontalevolution. Typical are kyanite granulites nearly free of

hydrous minerals. These and adjacent rocks were mapped units of the Erzgebirge were already interpreted as struc-

tural units formed by tangential tectonics during theas ‘granulitic gneiss’ at a scale of 1:25 000 at the turn of

the century (e.g. Reinisch, 1929), when initial detailed first half of this century (e.g. Kossmat, 1916, 1925;

Scheumann, 1935), all later subdivisions for mappingmapping was done on a purely lithological basis. Defin-

ition was primarily based on the characteristic rock fabric. purposes in the 1960s until the 1980s were made on the

basis of lithostratigraphic units (e.g. Hoth et al., 1983;This paper will deal with the petrogenesis of such rocks

and the gneisses surrounding them; together they form Lorenz & Hoth, 1990). These lithostratigraphic units

make up rock associations that may be traced along strikea discrete tectonic unit in the Central Erzgebirge, the

Gneiss–Eclogite Unit. Two major topics will be ad- for considerable distances. Unfortunately, this sub-

divisional system was entirely based on an or-dressed: (1) high-pressure (HP) metamorphism of a variety

of quartzo-feldspathic assemblages under granulite-facies thostratigraphical philosophy, disregarding clear

differences in PT conditions between adjacent units andconditions in the uppermost stability field of albite, and

(2) the uplift and exhumation process of these rocks, the omnipresent transposition structures of variable age,

genesis and displacement character.as deduced from an improved understanding of the

mechanisms of metamorphic overprinting at high tem- In addition, the accepted view until the end of the

1980s was that metamorphic grade gradually increasedperatures. In detail, the following set of interrelated

problems must be considered: from the chlorite zone in the outer shell towards anatexis

in the core, thus resulting in concentric isograds (Wien-(1) What are the highest PT conditions recorded in

quartzo-feldspathic and metapelitic rocks, particularly in holz et al., 1979; Hofmann et al., 1981). Nevertheless, a
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remarkably reduced metamorphic profile was observed (Freyer et al., 1994). Nevertheless, transposition has also
obscured orthostratigraphic relationships in this unit.at the northwestern edge of the mega-antiform. Until

the beginning of this decade, metamorphic grade was The contact with the underlying units is a continuous
subparallel transposition foliation. Rötzler (1995) iden-characterized only by a description of observed as-

semblages. A first attempt to reconstruct PT paths for tified a separate unit containing garnet phyllites near the
contact with the underlying Mica-Schist–Eclogite Unit.the Erzgebirge on this basis was made by Krentz et

al. (1990), who suggested continuously higher pressures The first pronounced unconformity originated around
325 Ma, when undeformed upper Dinantian clastic sed-towards the core of the mega-antiform. The proposed
iments were deposited in the NE of the ErzgebirgePT loops barely reach the kyanite stability field. A HT–LP
(Kurze, 1966). This marks the approximate end of theimprint well within the sillimanite stability field was
exhumation of the metamorphic core. However, crustalrecognized in the easternmost part of the Erzgebirge
dynamics continued in parts of the now-exposed base-(Bergner, 1990).
ment within a near-surface environment, as indicatedHowever, the first extensive geothermobarometric
by pronounced granitic magmatism of crustal anatecticwork revealed that the crystalline Erzgebirge complex
origin intruding rather late (324–305 Ma; Gerstenberger,was certainly not a coherent body with gradual PT
1989) into a shallow crustal level (Seltmann et al., 1991).variations throughout its history, but rather a stack of
Hence the crustal dynamics recorded by the metamorphicsubhorizontal structural units with considerable dis-
rocks is mainly Variscan and must have occurred, ifcontinuities in maximum PT conditions and markedly
the geochronological results are correctly interpreted,different P–T trajectories. Hence, for the purpose of a
between 340 and 325 Ma, indicating extremely rapidbetter overview, some major units—largely identical to
exhumation rates.previous major lithostratigraphic units—were sum-

The Gneiss–Eclogite Unit of the Central Erzgebirgemarized and redefined by Willner et al. (1994) and Rötzler
features the highest PT conditions so far determined,(1995). The pressure–temperature–deformation histories
whereas the over- and underlying rock units definitelyof these units differ considerably, but even the units
exhibit lower pressure and temperature histories (Rötzlerthemselves cannot be regarded as homogeneous and
et al., 1993; Willner et al., 1994, 1995; Klemm, 1995;coherent bodies. From the bottom to the top of the stack
Rötzler, 1995).these are as follows (Fig. 1):

(1) A ‘Grey and Red Gneiss Unit’ consists pre-

dominantly of monotonous two-mica orthogneisses of

granitic composition, with very rare intercalations of
PETROGRAPHYgarnet amphibolite and metapelite. Eclogites are lacking.

Pb–Pb results from zircons with a magmatic morphology Small volumes of rock characterized by HT mylonites

and facies-critical kyanite granulites are found within theyield consistent crystallization ages of 550 Ma for the

orthogneisses (Kröner et al., 1995). rather homogeneously deformed stack of gneisses that

make up most of the Gneiss–Eclogite Unit (e.g. Zöblitz,(2) The overlying ‘Gneiss–Eclogite Unit’ is composed

of predominantly garnet-bearing ortho- and paragneisses south of Pockau, Grundau, Saidenbach dam; see Table

1). Lenses of eclogite and garnet peridotite are associatedwith intercalations of HT eclogite and garnet peridotite.

Pb–Pb ages of zircons with magmatic morphology vary with these occurrences on a regional scale. These rocks

are crucial for an understanding of the Gneiss–Eclogitearound 480 Ma, those of metamorphic zircons around

340 Ma (evaporation method; Kröner & Willner, 1995; Unit, because here an older deformational fabric and

mineral assemblage are preserved that have been ob-Kotková et al., 1996; Willner et al., 1996). Nd–Sm mineral

or whole-rock isochrons in HT eclogites and garnet literated in the surrounding, volumetrically dominant

gneisses owing to recrystallization and retrograde over-peridotites yield ages between 333 and 360 Ma, in-

terpreted as dating the thermal peak of metamorphism printing (e.g. Krohe, 1997). A detailed map and a first

thorough account of the petrography and microfabrics(Schmädicke et al., 1995).

(3) The ‘Mica-schist–Eclogite Unit’ follows toward the of such rock association were presented by Behr et al.
(1965) in the Zöblitz area. Those workers already in-top, where metapelites dominate with abundant inter-

calated lenses of eclogite, marble, calc-silicate rock and terpreted the area as part of a deep-seated shear horizon.

The HT mylonites may be almost white, owing to theorthogneiss.

(4) The ‘Phyllitic Mantle’ is composed of slates and almost total lack of biotite, and generally show a strong,

millimetre-scale foliation. The microfabric is dominatedphyllites with intercalated quartzite. These rocks rep-

resent low-pressure rocks. It is the only unit which by layers of oriented, large relic quartz and feldspar

grains that exhibit marginal recrystallization to variablecontains rocks with known biostratigraphic ages, which

range from Silurian to Lower Dinantian (Kurze, 1966), degrees. Nevertheless, completely homogeneous, strain-

free rocks with a polygonal texture—but of comparableprobably also including Ordovician and Cambrian
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Table 1: Location of analysed samples

1 Ed5a metablastic gneiss Lichtenberg, 100 m W of Hornmühle

2 Ed16a metablastic gneiss 200 m N of Mulda

3 E42g assemblage 1 Saidenbach dam

E42-1b assemblage 1

E42i metablastic gneiss

4 E43c, e migmatitic gneiss Görsdorf Quarry

5 8216 assemblage 1 Burgberg NW of Zöblitz

E41a assemblage 1

6 E3 assemblage 1 Quarry E of Zöblitz

E726b assemblage 2

E735c assemblage 3a

E726d assemblage 3a

E735a assemblage 3b

E534 assemblage 3b Morgensternhöhe Ansprung

7 E29a, d, e assemblage 2 Road cut 500 m S of Pockau

E28a metablastic gneiss

8 E4c assemblage 3a 500 m NW of Grundau

E4d assemblage 3b

9 E537 assemblage 3b Mittelsaida

10 E602 assemblage 3a 1 km N of Bärenstein, road to Kühberg

E36a assemblage 3a

11 E47b metablastic gneiss Old railway station. Niederlochmühle

12 E45 metablastic gneiss Rauenstein castle

mineralogy—may also occur intercalated with the HT corresponds to the dominant regional transposition fo-
liation s2 (Krohe, 1992, 1997; Sebastian, 1995). Raremylonites on the scale of a few metres. Also on the scale

of several metres, the HT mylonites gradually pass into rootless intrafolial folds may be observed deforming a
relic older foliation defined by quartz–feldspar layersthe surrounding overprinted regional gneisses by (1) an

increasing degree of recrystallization, (2) a loss of pre- (s1). Kinematic indicators are very rare; they suggest
predominant flattening as a major deformational com-ferred orientation in the quartz domains, and, most

prominent, (3) growth of biotite at the expense of garnet ponent. A pronounced stretching lineation is oriented
east–west to ENE–WSW.and white mica.

For the overprinted regional gneisses we have chosen Both the HT mylonites and the surrounding over-
printed gneisses are cut by local discrete ductile shearthe term ‘metablastic gneiss’, as introduced by Mehnert

(1968) with reference to migmatized gneiss areas. The planes with recrystallized quartz, feldspar and white mica.
These s3 planes are generally flat-lying, with normal-faultterm ‘metablastesis’ describes isochemical re-

crystallization of an assemblage of minerals at high tem- kinematics and a pronounced ENE–WSW stretching
lineation (Krohe, 1997).peratures. The mineral assemblage can remain

unchanged. The emphasis is thus placed on textural Three major peak PT assemblages can be distinguished
in the HT mylonite domains in quartzo-feldspathic andrather than mineralogical re-equilibration. We use this

term to distinguish overprinted rocks with visible garnet metapelitic rocks, as follows.
relics from those gneisses free of garnet in which there
is no evidence of an equilibration stage before the one

Assemblage 1: quartz + garnet +now observed and hence no evidence of an overprint or
plagioclase + K-feldspar + kyanite +recrystallization. Such ‘normal’ gneisses without garnet
rutile + (white mica) + (biotite) ±but with abundant white mica and biotite are not con-
(omphacite)sidered further in this paper. The metablastic regional

gneisses may in part be migmatitic. The planar fabric On the basis of their mineral assemblage, with original
prograde white mica being decomposed to potassic feld-observed is a mimetic foliation without the relic

deformational structures of the HT mylonites. It spar and kyanite, these rocks may be regarded as felsic
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granulites. This rock type is rarely foliated and is generally inclusion in garnet and in kyanite. In all other cases
found in small low-strain domains between HT mylonites. biotite represents a retrograde product growing around
Such rocks are characterized by an equigranular poly- the rims of garnet and white mica. Some larger biotite
gonal fabric (0·02–0·2 mm) of mainly quartz, K-feldspar, grains represent symplectites intergrown with plagioclase.
plagioclase and garnet. Some rare, coarser-grained White mica generally grows around kyanite at the
quartz–feldspar veinlets may possibly represent former expense of potassic feldspar and kyanite. The degree of
anatectic melts. this retrograde white mica formation varies strongly.

Quartz is the most common matrix phase and is similar However, rare inclusions in garnet, kyanite and large
in grain size to the feldspars in undeformed rocks. In zircons also indicate the existence of prograde white
HT mylonites, layers of small recrystallized quartz grains mica.
(<0·02 mm) have formed by recrystallization of a few Omphacite was observed in one undeformed sample
large elongated individuals (up to 0·2–0·5 mm; ‘disc’ (E42-1b). Fine-grained omphacite–plagioclase sym-
quartz) with a strong preferred lattice orientation. Quartz plectites appear to represent pseudomorphs (Fig. 3) that
also forms inclusions in garnet (orientated inclusion trails), correspond well in shape and size to the surrounding
kyanite, plagioclase and potassic feldspar. grains of an equigranular polygonal fabric. This suggests

Potassic feldspar and plagioclase have variable grain that the precursor mineral (clinopyroxene or amphibole)
size up to 0·5 mm. The cores of larger K-feldspar grains formed part of a dominant assemblage involving pla-
contain exsolution strings and patches (Fig. 2). In large gioclase.
plagioclase grains, exsolution lamellae are more rarely Accessory phases are rutile, magnetite, apatite, zircon
preserved and mostly developed as patches. However, the and monazite. In HT mylonites rutile and apatite may
rims of all large feldspar grains and all small recrystallized be aligned within the plane of foliation. Rutile sometimes
feldspar grains are homogeneous on a microscopic scale. shows narrow rims of ilmenite. Late rare alteration phases
Large deformed augen can also be devoid of exsolution are chlorite, associated with garnet or biotite, and
lamellae. In high-strain domains, feldspar porphyroclasts kaolinite replacing kyanite.
are strongly deformed. Recrystallized grains around their

rims are very small (20–100 mm). Subgrain mis-

orientation increases towards the rim of the por-
Assemblage 2: quartz + garnet +phyroclasts (core–mantle structure). Hence, subgrain
plagioclase + K-feldspar + white mica ±rotation was an important mechanism of recrystallization.
rutile + (biotite) ± (sphene)Garnet is remarkably rich in inclusions, comprising
Most rocks with this assemblage occur as HT mylonitesnumerous phases such as quartz, kyanite, plagioclase, K-
with features similar to deformed kyanite-bearing gran-feldspar, rutile, magnetite, pyrite, zircon, monazite and
ulites, but are characterized by somewhat more pro-very rare biotite and white mica. Also typical are poly-
nounced recrystallization. This is probably the precursorcrystalline inclusions predominantly of quartz–K-feld-
rock of most of the regional overprinted gneisses ofspar–plagioclase and quartz–K-feldspar aggregates that
the Gneiss–Eclogite Unit, which have a similar mineralmay exhibit symplectitic intergrowth on a crypto-
assemblage, but high and very variable biotite/garnetcrystalline scale. This type of inclusion is characterized
ratios. Both rock types have a granitic composition, butby radial cracks in the surrounding garnet, a feature
represent different stages of microfabric development.resembling textures interpreted to be due to the break-

Again, the microfabric of the HT mylonites is char-down of coesite inclusions in garnet in Erzgebirge eclo-
acterized by layers of oriented quartz and feldspar por-gites (Schmädicke et al., 1992). Some garnets show
phyroclasts. Quartz forms augen up to 2·5 mm in sizecorroded grain boundaries decorated with biotite. In
and smaller recrystallized grains of 0·05–0·25 mm. Feld-places, garnet forms partial coronas around large pla-
spars are more strongly deformed than those of thegioclase or kyanite grains.
kyanite-bearing HT mylonites. Exsolution lamellae areKyanite is similar in grain size to all the other matrix
more rarely observed in the feldspar porphyroclasts andminerals; it exhibits preferred orientation and de-
are more restricted to the inner cores compared withformation in HT mylonites. Inclusions of white mica,
those of assemblage 1. Both types of feldspar form augenplagioclase, quartz, magnetite, potassic feldspar, monazite
up to 1 mm in size.and rarely biotite are observed. Garnet, biotite and white

Grains of garnet up to 1 mm in diameter containmica may survive and replace kyanite.
inclusions of rutile, white mica, plagioclase, K-feldspar,The amount of biotite observed is generally very low
quartz, zircon and K-feldspar–quartz aggregates. Theyin comparison with typical quartzo-feldspathic as-
usually have strongly corroded grain boundaries dec-semblages. It is usually absent in the matrix of these
orated with unoriented biotite. Where the grain bound-rocks, but can occur as 0·2 mm flakes that may in fact

be primary. In one sample biotite was observed as an aries are straight, this is due to an overgrowth of a second
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WILLNER et al. PRESSURE–TEMPERATURE AND FLUID EVOLUTION

Fig. 2. Back-scattered electron image of (a) perthitic and (b) antiperthitic cores of feldspar grains in a granoblastic kyanite granulite.
Sample E42g.

generation of garnet, which may grow along the grain lacking in some rocks. Similarly, idioblastic unoriented
sphene is a retrograde matrix phase with inclusions ofboundaries of coarse matrix phases and enclose retro-

grade biotite. round rutile in some samples.
White mica is invariably stable in the presence of

quartz, and often occurs as inclusions in garnet. In the
HT mylonites white mica is often deformed and strongly

Assemblage 3a: quartz + garnet + whiteoriented parallel to the mylonitic foliation (Fig. 4) with
mica + rutile + kyanite ± (ilmenite) ±a corona of finer-grained biotite, which may be sym-
(biotite); assemblage 3b: quartz + garnet +plectitically intergrown with K-feldspar. Locally, very
white mica+ rutile + plagioclase ±fine-grained quartz–white mica symplectites also form
(ilmenite) ± (biotite)on the grain boundaries of the white mica.
This rock type is characterized by the total absence ofBiotite is always an unoriented breakdown product of

white mica (Fig. 5) and garnet, and may be entirely potassic feldspar, a markedly larger grain size compared
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Fig. 3. Clinopyroxene–plagioclase symplectites (C) in a granoblastic matrix with plagioclase, quartz, garnet (G), kyanite (K) and biotite–plagioclase
symplectites (B) in a kyanite granulite. Sample E42-1b. Plane-polarized light. Width of photo is 1·75 mm.

with the previous assemblages, and is generally unfoliated kyanite may be enclosed in garnet. Some white mica has
recrystallized parallel to the local s3 foliation.or less well foliated owing to pronounced recrystallization.

When plagioclase occurs instead of kyanite, it has aPlagioclase and kyanite are mutually exclusive. On the
grain size and shape similar to matrix quartz (up to abasis of their mineral content, these rocks may be re-
few millimetres), but is also found as an inclusion ingarded as metapelites.
garnet. Biotite is an accessory constituent forming oc-Garnet xenoblasts occur with strongly variable grain
casional narrow rims around white mica, but is also asize ranging from a few millimetres up to several cen-
breakdown product of garnet. The degree of retrogradetimetres. The grains are strongly poikiloblastic, containing
biotite formation is restricted relative to the K-feldspar-inclusions of white mica, rutile, kyanite, quartz, pyrite,
bearing assemblages 1 and 2. Ilmenite forms aroundapatite and very rarely biotite. The cores may be enriched
abundant matrix rutile; both are enclosed in matrix whitein inclusions, sometimes oriented after a relic foliation
mica. Rutile is generally more abundant and larger asor even presenting helicitic trails as a relic internal
an inclusion in garnet. Tourmaline, monazite, apatite andfabric. Very small oriented needles of rutile form sharply
large round zircons are also found among the accessories.bounded zones that may represent pseudomorphs after
Rare magnetite occurs as inclusions in garnet.a former Ti-rich precursor phase such as biotite. Garnet

is locally decomposed to biotite along the rims.

White mica forms conspicuous unoriented crystals up

Overprinted metablastic gneissesto several millimetres in diameter, or is oriented parallel

to the main s2 foliation as is kyanite. There is no sign These are the most widespread rock types in the Gneiss–
that white mica was unstable in the presence of quartz Eclogite Unit, along with some garnet-free gneiss con-
during peak metamorphism. Large xenoblasts of kyanite taining plagioclase, K-feldspar, biotite and white mica in
may be kinked, and contain inclusions of white mica. approximately equal amounts. These rocks show a strong
Some kyanite, on the other hand, is strongly corroded increase in the amount and grain size of biotite with

respect to the assemblages 1, 2 and 3. In particular, thereand enclosed in matrix white mica. Both white mica and
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WILLNER et al. PRESSURE–TEMPERATURE AND FLUID EVOLUTION

Fig. 4. HT mylonite lacking biotite and with a relic deformation fabric. Deformed white mica (WM), quartz (Q), potassic feldspar (K) and
garnet (G) alternate with quartz layers. Sample E726a. Crossed polarizers. Width of photo is 4·5 mm.

may be a continuous transition over only a few metres only accessory relics within biotite flakes are preserved.
Garnets of the second generation have straight graintowards rocks of assemblage 2 , with the biotite/garnet

ratio increasing with increasing recrystallization. A boundaries, enclose coarse matrix quartz and biotite, and
tend to form atoll garnets up to 3 mm in diameter. Thestrongly planar fabric is still characteristic in hand speci-

men; asymmetric fabric elements that may be used as growth of this garnet obviously occurred along the grain
boundaries of the recrystallized biotite-bearing as-shear indicators are generally lacking.

Feldspars and quartz have recrystallized completely, semblage under static conditions. Sometimes growth of
small garnet 2 grains may be observed along the bound-with a strong grain-size variation (0·1–2 mm) owing to

recrystallization at high temperatures. Exsolution la- aries of large biotites. Occasionally, garnet 1 cores rich
in tiny inclusions may be distinguished from garnet 2mellae in feldspars are rare and observed only in the

cores of very large grains. The larger grains may enclose rims free of inclusions.
Idioblastic sphene or ilmenite grains are always present,biotite, white mica and corroded garnet. Biotite and

white mica have usually recrystallized mimetically within both often containing inclusions of rutile. Small resorbed
relics of kyanite may be found occasionally.the main s2 foliation with similar coarse grain size. The

strong parallel foliation is mesoscopically identical to the Evidence of anatectic partial melting of variable in-
tensity is omnipresent in the metablastic gneisses of thefabric of the HT mylonites. The formation of biotite at

the expense of white mica is always clearly discernible entire Gneiss–Eclogite Unit and may be a dominant
feature in some areas [e.g. near Görsdorf and Mulda;and represents the most distinguishing feature of all

gneisses in the Gneiss–Eclogite Unit, apart from garnet see Wienholz et al. (1979)]. In some cases, metatexites
form, with neosomes of mainly tonalitic and more rarelyresorption.

Garnet may show two generations of growth similar granitic composition well separated from melanosomes;

in other cases, partial melting is more diffuse. The pres-to those in the HT mylonites; they are readily dis-

tinguished. The older generation is represented by ence of abundant biotite and white mica in these mig-

matitic gneisses—also within the neosomes—and the lackstrongly resorbed grains with 2–40 lm inclusions of

quartz, K-feldspar, white mica and rutile. In some cases, of large concentrations of anhydrous minerals such as
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Fig. 5. Fine-grained retrograde biotite grows along the margins of deformed white micas (WM) and garnet (G) in an HT mylonite. Sample
E29e. Plane-polarized light. Width of photo is 1·75 mm.

aluminosilicate, garnet, orthopyroxene or cordierite, par- (Mn), NaCl (Cl), K-silicate glass and rutile (Ti). Rep-
resentative point analyses are given Tables 2–4. A com-ticularly in the neosomes, indicates anatexis under water-

saturated conditions. Coproduction of anhydrous solids plete list may be obtained from the first author upon
request.together with the melt would be involved.

All rocks of assemblages 1–3, as well as the metablastic Before turning to geothermobarometric calculations,
extensive studies of mineral inhomogeneities must begneisses, may show discrete foliation planes of a strongly

non-coaxial deformation with normal fault kinematics undertaken to allow the correlation of small domains
with particular stages of equilibration. For this purpose,(D3; Krohe, 1997). These discrete planes contain re-

crystallized fine-grained quartz, feldspar and white mica. qualitative digital element distribution maps were used
extensively. Such maps were produced by measuring X-The formation of green biotite, chlorite and epidote

is locally abundant where this late ductile imprint is ray impulses for 2 s per point during a two-dimensional
scan across a grain. The data were subsequently processeddocumented.
with appropriate software (Bernhardt et al., 1995). Three
elements were usually measured simultaneously. Quan-
titative line scans were also used. Individual grains of all

MINERAL CHEMISTRY AND ZONING
minerals within most samples were studied in this manner.

Analytical methods With this procedure it was possible to select core com-
Mineral analyses were obtained using electron mi- positions unequivocally, despite the fact that zoning is
croprobes (Camebax and Cameca SX50) in Bochum and asymmetrical in all phases. Particular care was taken to
Potsdam. Operating conditions were 15 kV and 14 nA, analyse inclusion phases.
with 20 s counting time on peaks and a slightly defocused
electron beam to minimize alkali loss when measuring

Garnetmicas or feldspars. The following minerals and synthetic
materials were used as standards: andradite glass (Ca, Garnet composition varies strongly among the different

assemblages (Fig. 6; Table 2): unusually high grossularFe), pyrope (Si, Al, Mg), jadeite (Na), topaz (F), spessartine
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Table 4: continued Table 5: Mineral abbreviations

White mica Ab albite Ky kyanite

Ace Mg-aluminium celadonite L melt

E42-1b E3 E29e E43e Alm almandine Ms muscovite

in Ky in Grt2 An anorthite Or orthoclase

And andalusite Phe phengite
SiO2 36·24 38·41 36·44 35·54

Ann annite Phl phlogopite
TiO2 3·77 3·10 3·47 2·05

Bt biotite Plag plagioclase
Al2O3 13·78 17·05 15·80 17·62

Cpx clinopyroxene Py pyrope
Cr2O3 0·00 0·10 0·00 0·03

Di diopside Qtz quartz
FeO 18·54 11·01 20·58 23·33

Grs grossular Rt rutile
MnO 0·05 0·03 0·06 0·19

Grt garnet Sil sillimanite
MgO 11·60 16·13 8·34 6·77

Ilm ilmenite V vapour
CaO 0·02 0·00 0·07 0·00

Jad jadeite WM white mica
BaO 0·34 n.d. 0·09 0·08

Kfs potassic feldspar
Na2O 0·10 0·13 0·04 0·07

K2O 9·33 9·34 9·92 9·39

F 0·47 n.d. 0·88 0·21

Cl 0·48 n.d. 0·24 0·03

H2O 3·52 4·12 3·40 3·74

Sum∗ 98·11 99·42 98·90 99·04

Ions based on 22 O

Si 5·628 5·592 5·638 5·536

AlIV 2·372 2·408 2·362 2·464

AlVI 0·151 0·517 0·520 0·771

Ti 0·441 0·295 0·404 0·240

Cr 0·000 0·012 0·000 0·003

Fe 2·408 1·340 2·663 3·039

Mn 0·006 0·003 0·007 0·025

Mg 2·684 3·502 1·923 1·572

Sum 5·690 5·669 5·519 5·650

Ca 0·004 0·000 0·011 0·000

Ba 0·020 0·000 0·006 0·005

Fig. 6. Grossular–almandine–pyrope ratios of garnet core com-Na 0·030 0·036 0·013 0·021

positions.K 1·848 1·735 1·957 1·865

Sum 1·902 1·771 1·987 1·891

F 0·232 n.d. 0·433 0·009 almandine-rich garnets (80–92 mol %), owing to an Fe-
Cl 0·126 n.d. 0·062 0·103 and Al-rich whole-rock chemistry. Spessartine contents

are minor in all assemblages, generally below 2 mol %,OH 3·643 4·000 3·505 3·888

but rarely up to 7 mol %.
Conspicuous and very irregular zoning of garnet is

a consistent feature with similar characteristics in all
assemblages (Fig. 7). Most typical is a strong decrease of
the grossular component from the core towards thecontents characterize garnet core compositions of as-

semblages 1 (22–33 mol %), 2 (10–35 mol %) and 3b corroded rim. Zoning roughly follows the shape of the
corrosion embayments, indicating that it cannot represent(10–20 mol %), and the metablastic gneisses (25–45

mol %), in contrast to those of the feldspar-free as- a prograde growth feature. The second generation of
garnet has idioblastic grain boundaries and dis-semblage 3a (<5 mol %).

Assemblage 1 has particularly pyrope-rich garnets continuously overgrows the irregular rims of the resorbed
garnets of the first generation. It is characterized by a(20–33 mol %), in contrast to all other white-mica-

bearing assemblages (5–15 mol %). Whereas almandine strong increase in Ca content. This garnet generation is
present in all rocks, but in differing amounts. In weaklycontents are generally 50–70 mol % in most assemblages,

the feldspar-free assemblage 3a in particular has very overprinted rocks it is only detectable by two-dimensional
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Fig. 7.

element distribution mapping. The boundaries between core to rim. In general, compositions of small garnets
are equivalent to rim compositions of large grains.the two garnets are generally sharp, but may be somewhat

transitional in some cases. There may also be a slight
decrease of the grossular component towards the rim of
the second garnet generation. In strongly overprinted

Plagioclasegneisses this generally atoll-shaped idioblastic second
generation dominates; small, irregular relics of the cor- In fresh, unaltered samples of all plagioclase-bearing
roded first generation (Fig. 7b) may be distinguished only assemblages 1, 2 and 3b (Table 3) the core composition
by careful element distribution mapping. is albite (An7–11). The Ca content increases continuously

Fe contents generally decrease and Mg contents in- towards the rim (An11–15). The zoning is very asymmetrical
crease toward the garnet rims. Fe/(Fe + Mg) always (Fig. 8a). Patches in the outermost rim or in very small
decreases continuously from core to rim, more or less matrix grains may contain up to 20–36 mol % anorthite
concentrically with respect to the grain boundaries, even component. In metablastic gneisses, anorthite contents
across the boundaries between the two garnet gen- may increase from 10 to 30 mol % from the cores toward
erations. This may be seen in all assemblages. Only in the rims. Rare antiperthitic cores in some larger grains,
the outermost rims, especially of the second-generation especially in assemblages 1 and 2, allow reconstruction of
garnet in the metablastic gneisses, does the trend reverse an earliest plagioclase composition (Table 3). Normally,

inclusions of plagioclase in garnet are also albite with upagain. Mn is either unzoned or decreases slightly from
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Fig. 7. Characteristic element distribution maps of garnet in (a) assemblage 2 (E29e) and (b) overprinted metablastic gneiss (E43e).

to 10 mol % anorthite component. Rare exceptions are generation to the next (Table 4). In general, contents of
oligoclase (An20) inclusions in garnet of assemblages 1 Si [>3·2 per formula unit (p.f.u.)] and Ti (>0·03 p.f.u.)
and 2. are enhanced; Mg contents always exceed those of Fe,

whereas the paragonite content is <5 mol %. Al contents

are generally somewhat lower than expected accordingK-feldspar
to the Tschermak substitution, indicating some ferri-

K-feldspar has a remarkably uniform composition in all
muscovite component.

assemblages (88–92 mol % orthoclase component; Table
Zoning is omnipresent, strongly asymmetric and ir-

3), both in homogeneous as well as in perthitic grains.
regular, with Si and Ti contents decreasing near the rim,

However, the integrated composition of the perthitic
whereas Al increases (Fig. 8b). Mg/(Mg+ Fe) (0·55–0·75)

cores in larger grains reveals an original composition
and Na/(Na + K) (0·04–0·08) generally show no sys-

near the temperature peak with ~71–77 mol % orthoclase
tematic variation from core to rim, but decreasing Mg/

component (Table 3).
(Mg+ Fe) and increasing Na/(Na+K) are occasionally

observed.
White mica Two generations are clearly detectable in assemblage

1. Relic prograde white mica can be found in garnet,The composition of white mica may vary slightly from
assemblage to assemblage, but most strongly from one kyanite or zircon, occasionally with high Si contents
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Fig. 8. Characteristic element distribution maps of (a) plagioclase; (b) white mica from assemblage 2 (E29e).

(3·2–3·35 p.f.u.). The Na contents may also be high (6–9 of the included and matrix white mica varies considerably
(Si 3·15–3·4 p.f.u.; Ti 0·02–0·1 p.f.u.) among differentmol %), and paragonite was also found. Mg/(Mg+ Fe)

tends to be higher than in the matrix white mica. White samples.
In all the various assemblages, fine-grained white micamica inclusions are more abundant in assemblages 2 and

3 as well as in metablastic gneisses. In assemblage 2 their of a late third generation grew parallel to discrete, ductile
normal shear planes (Krohe, 1997). This generationcomposition is comparable with that of the cores of

matrix white mica. As in the metablastic gneisses, Si exhibits significantly lower Si and Ti contents (3·07–3·14
Si p.f.u.; 0·02–0·04 Ti p.f.u.) with identical compositionscontents in assemblage 2 micas vary from 3·2 to 3·3

p.f.u. with a strong decrease to 3·15 Si p.f.u. near the in all assemblages.
rims, and Ti contents range from 0·06 to 0·12 p.f.u.

In white micas of assemblages 3a and 3b, differences
Omphacitebetween included and matrix white mica are always

evident. The included white mica consistently shows Omphacite is only known from symplectites in one sample
of assemblage 1; it has a continuously variablelower Ti but higher Si and Na contents. The composition
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to those found in other HT rocks (Schreurs, 1985), but

do not show any regular variation. Remarkably high

chlorine contents of 0·01–0·08 p.f.u. were detected in

all relict, non-overprinted assemblages, which strongly

exceed those of biotites from amphibolite-facies gneisses

(<0·005 p.f.u.; Willner, 1994). Biotites from overprinted

gneisses always have low Cl contents.

Sphene

Sphene particularly occurs in rocks of assemblage 1,

showing considerable contents of F (0·08–0·17 p.f.u.) that

correspond to increased Al contents according to the

substitution Ti4+ + O2– = Al3+ + F– (Table 3).

PHASE RELATIONSHIPS

A notable feature of all quartzo-feldspathic rocks studied

is the total absence of epidote, even as an inclusion

mineral, except as a late retrograde alteration product.

Epidote was observed by Le Goff & Ballèvre (1990), who

studied high-pressure granitic orthogneisses characterized

by the breakdown of the anorthite component in pla-

gioclase to form Ca-rich garnets as in the quartzo-

feldspathic rocks considered here. Those workers sug-
Fig. 9. AlVI and Si vs XMg = Mg/(Mg + Fe) variations in biotite of gested that epidote should be stable in such assemblages
selected rocks of assemblage 1 (×, E42-1b) and assemblage 2 (Χ,

below ~600°C. Hence our samples must have formedE29a; +, E29d).

well above the stability field of epidote–biotite–quartz as

delineated by Le Goff & Ballèvre (1990).
composition from 20 to 34 mol % jadeite component. Furthermore, the evolution of the present quartzo-
Plagioclase in these symplectites is richer in An (14 mol feldspathic rocks is dominated by the nearly complete
%) than the cores of the matrix plagioclase. breakdown of prograde biotite toward peak metamorphic

conditions, and retrograde growth of new biotite. The

HT mylonitization is bracketed by an early biotite-absent
Biotite assemblage containing plagioclase, K-feldspar, quartz

and kyanite or white mica, and a retrograde assemblageBiotite compositions (Table 4) vary considerably, even
always containing biotite and white mica. Phase re-within single grains. However, variations within single
lationships at such HP–HT conditions may be illustratedgrains are not systematic. Only in strongly overprinted
by petrogenetic grids for the KMASH and KCMASHgneisses do biotite compositions tend to be more uniform.
systems, involving the phases phlogopite, pyrope, potassicMg/(Mg+ Fe) varies between assemblages, being more
feldspar, quartz, kyanite, muscovite, Al-celadonite, gross-magnesian in assemblage 1 (0·45–0·65) than in as-
ular and anorthite (Figs 10 and 11). These phases existsemblage 2 (0·25–0·45), whereas biotites from as-
as components of solid solutions in the rocks consideredsemblages 3a and 3b cover the complete spectrum.
and the reactions shown are therefore multivariant andHowever, the latter are considerably higher in Al content
continuous over a very large PT field. Prominent is the(>0·4 p.f.u). Very rare inclusions of biotite in garnet 1
continuous breakdown of biotite in the presence of quartzhave lower Mg/(Mg + Fe) values than the respective
and kyanite or white mica towards high temperature andmatrix biotite.
high pressure.In three samples a noticeable statistical tendency for a

The three major biotite-absent assemblages may rep-decrease in Si and an increase in AlVI with decreasing
resent different water activities at constant pressure andMg/(Mg + Fe) was found (Fig. 9). Both effects should
temperature (Fig. 10). The water-dependent reactionsreflect consistent continuous changes of PT conditions.

Ti contents are relatively high (0·05–0·2 p.f.u.), similar affecting the fields of the three assemblages are
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WILLNER et al. PRESSURE–TEMPERATURE AND FLUID EVOLUTION

Fig. 11. Schematic partial PT grid involving the mineral components
Fig. 10. Schematic partial PT grid involving the mineral components Al-celadonite, muscovite, pyrope, grossular, anorthite, quartz,
Al-celadonite, muscovite, pyrope, quartz, phlogopite, kyanite and K- phlogopite, kyanite and K-feldspar in the system K2O–
feldspar in the system K2O–MgO–Al2O3–SiO2–H2O. Numbers refer CaO–MgO–Al2O3–SiO2–H2O. Numbers refer to assemblages 1–3 (see
to assemblages 1–3 (see text). Bold lines mark the upper stability of text). Additional reaction A including diopside is placed relatively to
biotite + muscovite, dashed lines that of biotite + kyanite. the proposed grid. Bold lines mark the upper stability of biotite +

muscovite, dashed lines that of biotite + kyanite.

(1)MsWM + Qtz = OrKfs + Ky + H2O
6AnPlag + 3AceWM

and
and assemblage 3a by

(2)3MsWM + AceWM = 4OrKfs + PyGrt + 4H2O.
(5)3AceWM + 4Ky = 3MsWM + PyGrt + 4Qtz.

Both reactions may be used as hygrometers. At given
Jadeitic clinopyroxene is a retrograde phase in only onePT conditions and comparable whole-rock compositions,
sample of assemblage 1. The principal occurrence ofwater activity decreases from assemblage 3 towards 1 in
jadeitic clinopyroxene below the pure end-member re-

the KMASH system (Fig. 10). The AFM plot in Fig. 12a
action

shows the alternative assemblages 1 and 2 for rocks with
very similar bulk rock composition that may be an effect (6)Jad + Qtz = Ab
of variable water activity. Notable is the strong shift in

depends on the stability of a diopside component ingarnet composition owing to complete breakdown of
clinopyroxene. Where anorthite and grossular coexist asphengite in assemblage 1.
Ca-bearing phase components, coexistence of an ad-The K-feldspar-free assemblage 3 may involve either
ditional diopside component at equilibrium is governedkyanite or plagioclase (assemblage 3a or 3b, respectively).
by the multivariant reactionIn the KCMASH system (Fig. 11) both assemblages are

separated by the multivariant reaction
(7)3DiCpx + GrsGrt + 6Ky = PyGrt + 6AnPlag.

(3)GrsGrt + 2Ky + Qtz = 3AnPlag
Such a reaction occurs only in assemblage 1. However,
this assemblage contains additional quartz. Hence, towhich may serve as a barometer for assemblage 1.
overlap with the multivariant reaction (3), the pyropeAssemblages 2 and 3b are defined by the continuous
component in garnet must be low relative to the grossularbarometer reaction
component (Fig. 11). Otherwise, the anorthite component
in plagioclase would have to be absent in rocks containing(4)2GrsGrt + PyGrt + 6Qtz + 3MsWM =
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Fig. 12. Projections of the phase compositions of assemblages 1 and 2 in AFM diagrams from quartz, K-feldspar, albite and H2O for two
successive equilibration stages: (a) the alternative assemblages 1 and 2 for HP–HT stage I caused by variable water activities; (b) assemblage 1
compositions for the HP–HT stage I and a retrograde stage II in local rock domains; (c) as in (b), for assemblage 2.

grossular-rich garnet to stabilize diopside at elevated
(10)

MsWM + PhlBt + 3Qtz =
2OrKfs + PyGrt + 2H2O.pressure.

Whereas the biotite-absent assemblages are defined by
Notable is the retrograde shift of bulk composition in

whole-rock chemistry (e.g. Fig. 12a), retrograde phengite–
reacting domains towards higher Mg contents than the

garnet–biotite assemblages form under static conditions
original bulk-rock composition, because Fe-rich garnet

to variable degrees by reaction and equilibration in local cores become isolated. Garnet rim composition becomes
rock domains (Fig 12b). The retrograde reactions involve more magnesian in contact with Fe–Mg phases such as
simultaneous dehydration and hydration reactions. For phengite and newly formed biotite, indicating the dir-
instance, the breakdown of the Al-celadonite component ection of crossing of Fe–Mg exchange reactions after the
in phengite by decompression will release water (Fig. PT maximum.
10):

(8)3AceWM = PhlBt + 2OrKfs + 3Qtz + 2H2O
GEOTHERMOBAROMETRY AND

whereas growth of biotite by pressure or temperature FLUID EVOLUTION
release generally involves addition of water (Figs. 10 and

Methods
11):

The PT conditions of metamorphism were estimated

(9)
GrsGrt + 2PyGrt + 2OrKfs + 2H2O = primarily by calculation of multivariant equilibria be-

tween mineral components using the internally consistent2PhlBt + 3AnPlag + 3Qtz
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thermodynamic data set of Berman (1988; updated in The Fe–Mg exchange reaction between garnet and bi-
otite, as calculated in this study, yielded temperatures up1992) and applying the Ge0-Calc software of Brown et

al. (1988) to yield consistent data. The data set was in to 50°C higher than conventional thermometers in-
cluding good Ca corrections for garnet (Hodges & Spear,particular augmented by the compatible data for the

mineral component Al-celadonite as derived by Mas- 1982; Ganguly & Saxena, 1984).
In assemblage 3, the following reactions may also besonne (1991, 1995). The following nonideal activity mod-

els were used for solid solutions: garnet (Berman, 1990), used for PT calculations using Ti-bearing phases:
biotite (McMullin et al., 1991), plagioclase and K-feldspar

(17)AlmGrt + 3Rt = 2Qtz + Ky + 3Ilm
(Fuhrman & Lindsley, 1988), and phengite (Massonne,
1995). The thermodynamic data for Al-celadonite and

(18)
2AlmGrt + PhlBt + 6Rt =

the activity models for phengite (Massonne, 1995) are 3Qtz + PyGrt + MsWM + 6Ilm
based on experimental data summarized by Massonne

(19)
AlmGrt + AnnBt + 6Rt =

(1991). Ideal activity models were adopted for sphene
3Qtz + MsWM + 6Ilm.

and ilmenite, whereas the activities of kyanite, rutile and
quartz were set to unity. Water-dependent reactions involving K-feldspar were

Biotite was not used in calculation of the maximum again used for hygrometric estimates of the retrograde
PT conditions, because it can be shown that this phase stage II:
was, in most cases, not stable at these conditions. Gen-

(20)
AnnBt + MsWM + 3Qtz =erally the cores of garnet, plagioclase and white mica
3AlmGrt + 2OrKfs + 2H2Owere correlated for the earliest recognizable equilibration

stage. The water-independent equilibria (3), (4) and (5) (21)MsWM + 3AceWM = 4OrKfs + PyGrt + 4H2O
were used as barometers. GASP barometry [reaction (3)]

(22)
AlmGrt + 3AceWM =was found to be in good agreement with the calibration

AnnBt + 2OrKfs + PyGrt + 3Qtz + 2H2Oof Koziol & Newton (1988). The only reliable ther-
mometer for the early equilibration stage was the two- (23)3AceWM = PhlBt + 2OrKfs + 3Qtz + 2H2O.
feldspar thermometer. Exsolution lamellae in relic cores

For PT estimation of early retrograde equilibration inof large plagioclase and potassic feldspar grains in as-
the single pyroxene–garnet symplectite found in as-semblages 1 and 2 were reintegrated using back-scattered
semblage 1, the conventional Fe–Mg exchange ther-electron (BSE) images as well as analyses with a wide
mometer as calibrated by Ellis & Green (1979) waselectron beam. The reconstituted feldspar compositions
applied, and for pressure estimation the clinopyroxene–(Fig. 2; Table 3) were used to derive temperatures by
plagioclase–quartz barometer of Gasparik & Lindsleythe two-feldspar thermometer of Fuhrman & Lindsley
(1980) was used.(1988), adapting both compositions to a ternary solvus

White mica may coexist with rutile and quartz during(Kroll et al., 1993). Finally, water-dependent reactions
the prograde PT path, at peak conditions and during theinvolving K-feldspar were calculated to estimate water
retrogade PT path in all assemblages, thus providing anactivities at independently derived peak PT conditions.
excellent opportunity to apply the Ti-muscovite–Together with reactions (1) and (2), these are, for stage
rutile–quartz barometry of Massonne et al. (1993). ThisI,
method requires only the coexistence of rutile, white

(11)
GrsGrt + 2MsWM + 3Qtz = mica and quartz. This empirically calibrated barometer

3AnPl + 2OrKfs + 2H2O is based on the following multivariant reaction and uses
a nonideal activity model for white mica:

(12)3AnPl + 6AceWM =

GrsGrt + 6OrKfs + 2PyGrt + 3Qtz + 6H2O.
(24)

MsWM + 2Rt = Ti-MsWM + 2Qtz
[Ti-Ms = KAl3Ti2SiO10(OH)2].For retrograde re-equilibration in local rock domains

(stage II), biotite compositions were used in conjunction
with

RESULTS AND DISCUSSION
(13)

AlmGrt + 3AceWM =
Assemblage 1AnnBt + MsWM + PhlBt + Qtz
Consistent temperatures of 830°C were derived by two-

(14)PyGrt + 3AceWM = MsWM + 2PhlBt + 6Qtz feldspar thermometry for four samples from different
localities (A in Fig. 13) using reintegrated core com-(15)AlmGrt + PhlBt = PyGrt + AnnBt
positions of coexisting plagioclase and K-feldspar with
preserved exsolution lamellae. The assumed pressure of

(16)
2AlmGrt + 3AceWM =

6Qtz + PyGrt + MsWM + 2AnnBt. 22–23 kbar was derived by GASP barometry [reaction

327

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
e
tro

lo
g
y
/a

rtic
le

/3
8
/3

/3
0
7
/1

5
6
3
1
2
5
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



JOURNAL OF PETROLOGY VOLUME 38 NUMBER 3 MARCH 1997

may be interpreted as relics of dehydration melts. This
suggests that the breakdown of biotite and white mica
may in part have involved melt-producing reactions such
as

(25)Bt + WM + Plag + Qtz = Grt + Kfs + L.

At the maximum PT conditions considered here de-
hydration melts were produced experimentally by Le-
Breton & Thompson (1988) by the breakdown of biotite
with intermediate Fe/Mg ratios. Such melts could have
absorbed additional water, one of the possible reasons
for the strong reduction of water activity in these rocks
(see below).

Because maximum PT conditions are close to the upper
stability field of albite, the question arises as to whether
the jadeite stability field was ever crossed. No jadeite was
trapped in any phase, although even earlier, lower-
pressure prograde phases are present. If the rocks were
ever subjected to the conditions of the jadeite stability
field, the formation of jadeite must have been prevented
for kinetic reasons.

Fig. 13. PT history for rocks of assemblage 1 (kyanite granulites). The early retrograde formation of omphacite–
(For a discussion of equilibria A–E, see text.) 1, Holland (1980);

plagioclase symplectites observed in one sample occurred
2, aluminosilicate stability field after Holdaway (1971); 3, reactions

at 745–780°C and 15–17 kbar, according to clino-calculated with the modified thermodynamic data set of Berman (1988);
4, isochores of mean compositions of secondary fluid inclusions [Krentz pyroxene–garnet thermometry (using garnet core com-
et al., 1990; Thomas, personal communication to Rötzler (1995)]. positions) and clinopyroxene–plagioclase–quartz ba-

rometry (field D in Fig. 13). The spread of omphacite
composition is reflected by the range of PT data. The

(3); equilibrium B in Fig. 13] with core compositions conditions of formation of retrograde white mica were
of garnet and plagioclase. Inclusions of phengite and estimated for two samples by Ti-muscovite barometry as
paragonite in garnet, kyanite and zircon point to a 12–13 kbar at assumed temperatures of 700°C (curves
lower-temperature equilibration event before trapping. C2 in Fig. 13). A further retrograde PT coordinate at 11
Plagioclase inclusions are generally albite as in the matrix, kbar and 695°C was estimated in one sample from
but enclosed oligoclase was also found. This also points to reactions (3) and (14), using rim compositions of garnet
lower pressures before trapping in an assumed prograde 1 and plagioclase in contact (E in Fig. 13). Barometry
assemblage with garnet, quartz and kyanite. Independent using rim compositions of plagioclase is difficult and
proof is provided by Ti-muscovite barometry of phengite hazardous owing to widely variable rim compositions.
enclosed together with rutile in zircon (C1 in Fig. 13). It On the basis of the available data, the retrograde PT
was this particular zircon which was dated by Kröner & path must have involved an initial strong decompression
Willner (1995) with the Pb–Pb evaporation method, of >10 kbar, accompanied by cooling of <100°C (see
yielding 340 Ma as the age of metamorphic zircon growth Fig. 13).
during the prograde path approaching the thermal peak The calculated positions of the white mica + quartz
at elevated pressures. No later modification of the in- breakdown curves [reaction (1)] suggest that water ac-
clusion composition appears to have occurred, as is also tivities must have been below 0·15 at peak PT conditions
supported by the lack of cracks propagating towards (white mica unstable), increasing to at least 0·5 during
these inclusions, or any sign of exchange with the host retrograde formation of white mica. This early retrograde
mineral. Hence garnet as well as kyanite and zircon grew increase in water activity must reflect external hydrous
on the late prograde path close to the pressure maximum. fluid influx responsible for the growth of mica.
However, garnet core composition can be expected to No alteration of kyanite to sillimanite or growth of
have homogenized at the very high peak temperatures sillimanite by any other reaction has ever been observed
of >800°C by volume diffusion and thus should not be in the Central Erzgebirge. Hence it is suggested that
used to calculate prograde PT conditions. the late retrograde PT path might generally have been

Very small quartz–K-feldspar–plagioclase and restricted to the kyanite stability field. As in all other
quartz–K-feldspar aggregates enclosed in garnets, as well rocks of the Central Erzgebirge, late secondary fluid

inclusions were trapped at low pressures (Krentz et al.,as irregular granitic veins lacking biotite or white mica
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1990; Thomas, personal communication to Rötzler,

1995). Typical isochores for mean secondary hydrous

and CO2-rich fluid inclusions are shown in Fig. 13,

suggesting that the rocks were below 3 kbar after crossing

the 500°C isotherm, where greenschist-facies minerals

such as chlorite, epidote and fine-grained white mica

were formed, particularly in rocks deformed by the D3

phase.

Assemblage 2 and metablastic gneisses

Here also the only reliable estimates of maximum tem-

perature conditions are provided by two-feldspar ther-

mometry, using relic integrated core compositions of

coexisting plagioclase and K-feldspar. However, such

relics are rare in assemblage 2; only in sample E29e

could a temperature of 780°C be calculated for 20 kbar

(A in Fig. 14). Such maximum pressures of 18–21 kbar

may be derived by calculating the multivariant reaction

(4), using core compositions of garnet, plagioclase and

phengite (B in Fig. 14). These show little variation in

each sample; moreover, the core compositions of matrix
Fig. 14. PT history for rocks of assemblage 2. (For discussion ofplagioclase and phengite are similar to those enclosed in
equilibria A–H, see text.) 1, Holland (1980); 2, aluminosilicate stability

garnet. Somewhat lower pressures of 17–18·5 kbar were field after Holdaway (1971); 3a, wet granite solidus, 3b, wet tonalite
solidus according to Johannes (1984).calculated independently for the same phengites by Ti-

muscovite barometry (D in Fig. 14). Calculated reactions

involving sphene and rutile in sample E29e intersect 580–750°C and 6–12 kbar (see symbols labelled E in
reaction (4) at 760°C and 21 kbar (C in Fig. 14). These Fig. 14). There is a tendency toward higher PT values
maximum PT conditions near the upper stability limit for garnet 1 rims (circles for E in Fig. 14) as compared
of albite are comparable with those found for assemblage with those calculated from garnet 2 rims (crosses for E
1. Again, all geothermobarometry depends on the ex- of Fig. 14). The water-dependent reactions (19)–(22)
istence and stability of plagioclase, which is also an involving K-feldspar were calculated for hygrometric
abundant inclusion phase in garnet. These rocks show estimates at the PT values obtained. As in assemblage 1,
no sign that they were ever subjected to conditions of a strong relative increase in water activities to values
the jadeite stability field. Owing to the stronger retrograde ranging between 0·45 and 1·0 is an obvious indication
overprint, it is hazardous to attempt derivation of max- of water addition during retrograde biotite growth.
imum PT conditions for the widespread metablastic An independent corroboration of the second equi-
gneisses in a similar way. libration stage is given by migmatitic gneisses. Average

For three samples of assemblage 2, water activities Si contents of white micas in partial melts of tonalitic
were calculated with the water-dependent reactions (2), and granitic composition are 3·25 p.f.u. [F in Fig. 14;
(11) and (12). The estimated values of 0·15–0·4 well isopleth after Massonne (1991)], indicating a pressure of
exceed those suggested for assemblage 1. Hence the 8–9 kbar at the intersection with the wet granite and
existence of phengite in the presence of quartz at peak tonalite solidi. Conditions of 616–688°C and 8–8·5 kbar
metamorphic conditions definitely depends on a higher with aH2O= 0·8–1·0 may be calculated for the migmatitic
water activity in these rocks. gneiss E43e with granitoid composition, using mul-

Calculating early retrograde equilibria is difficult owing tivariant equilibria. Hence widespread anatexis in me-
to the existence of two garnet generations and strongly tablastic gneisses is a retrograde phenomenon strongly
variable compositions of plagioclase rims and biotite. related to abundant hydration.
However, in the overprinted metablastic gneisses a more Barometry with reactions involving the anorthite com-
restricted compositional variation in biotite indicates bet- ponent of plagioclase gives only pressures in the detected
ter re-equilibration. Multivariant reactions (13)–(16) were range for the formation of garnet 2, when the rare rim
calculated for garnet and phengite rim compositions in compositions of plagioclase with the highest An contents
contact with biotite, including pairs from overprinted are considered. This indicates that grossular-rich garnet

2 was in equilibrium with local late oligoclase.gneiss samples as well. PT coordinates scatter strongly at
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The data again indicate early decompression of up to rather difficult to correlate from outcrop to outcrop.
10 kbar and subsequent cooling within the kyanite sta- However, if the different white mica compositions were
bility field. Later retrograde re-equilibration occurred, actually an effect of differential preservation during uplift
especially where discrete, ductile s3 shear zones deform and variable diffusion kinetics at high temperatures,
the rocks. Some recrystallized feldspars indicate that then the consistently similar trend between matrix and
deformation already occurred above the 500°C isotherm. inclusion white micas should not be seen. White micas
Ti-muscovite barometry of the recrystallized low-Si white are rather large in rocks with assemblage 3, and diffusion
micas (H in Fig. 14), as well as the respective Si isopleth of Al, Si or Ti would involve complex substitutions
for assemblages with biotite and K-feldspar (G in Fig. and, hence, would also be rather slow. Furthermore,
14), indicate that the rocks had attained pressures of retrograde reaction to biotite is very limited in these
2·5–4 kbar after cooling to ~400–500°C. rocks.

Retrograde PT data, including the growth of biotite

in assemblages 3a and 3b, fall into the same range as for

all other gneisses: PT coordinate C in Fig. 15 was
Assemblages 3a and 3b

calculated in the same way as for assemblage 2 in
In these rocks, the number and chemical variation of Fig. 14, whereas point D was derived by calculation of
phases in both metapelitic assemblages without K-feld- equilibria (17), (18) and (19) with rutile and ilmenite.
spar is fairly restricted, in particular for a treatment with The calculation of water-dependent reaction (2) with
conventional geothermobarometry. On the other hand, average mineral compositions of an assemblage including
Ti-muscovite barometry may be applied extensively. phengite with Si=3·3 p.f.u. and a theoretical K-feldspar
Using core compositions of matrix phengites and phengite (curve 3 in Fig. 15) indicates that water activities have
inclusions in garnet, a wide pressure range between 12 generally exceeded 0·4 in all rocks of assemblage 3 at
and 24 kbar at an assumed maximum 700–800°C results maximum PT conditions and during decompression.
(dashed curves B in Fig. 15), whereby the inclusion Hence those assemblages lacking K-feldspar were in
phengites consistently yield higher pressures in all samples fact the most hydrous assemblages during maximum PT
(curves A in Fig. 15). In Fig. 15 somewhat lower tem- conditions among the rocks studied. Kyanite was never
peratures are assumed during equilibration of the in- found altered to sillimanite in rocks of paragenesis 3a
clusion phengites relative to the first equilibration of the within the entire unit, again indicating that most probably
matrix phengites in accordance to the observations made the entire retrograde PT path lay within the kyanite
with the other assemblages. The following major con- stability field.
clusions may be extracted from these relationships and

should also be applicable to all other rocks of the Gneiss–

Eclogite Unit.

A large difference in the maximum pressures attained

seems to exist between different rocks of the Gneiss– CONCLUSIONS
Eclogite Unit. Some acid rocks of the Gneiss–Eclogite Most quartzo-feldspathic and metapelitic rocks of the
Unit may in fact even have equilibrated in the jadeite Gneiss–Eclogite Unit in the Central Erzgebirge were
stability field. Hence the quartzo-feldspathic rocks of the subjected to HP–HT metamorphism leading to ubi-
unit delineate a metamorphic array rather than a unique quitous prograde biotite breakdown and the formation
PT path at maximum pressures. The remarkable pressure of grossular-rich garnet in granitoid rock compositions
differences consistently indicated by core compositions in the uppermost stability field of albite, with phengite
of the matrix phengites and of the inclusion phengites in part stable and in part absent in the presence of quartz.
for different samples are independently corroborated by Thus metamorphism under maximum PT conditions
the evident differences in the Si contents of the white occurred within the extremely wide transitional field of
micas. These presumably record pressure differences, the granulite, eclogite and amphibolite facies. The lower
because they mostly occur in a limiting assemblage with limit of stability of such Ca-rich garnets in albite-bearing
garnet, kyanite and quartz. The resulting multivariant rocks of granitic composition is probably ~10–12 kbar
barometer reaction (see Fig. 10) at 700°C, as such maximum conditions prevailed in the

underlying Red and Grey Gneiss Unit where granitoid
(26)AceWM + Ky = MsWM + PyGrt + Qtz

orthogneisses mostly lack garnet (Klemm, 1995; Rötzler,

1995; Kröner et al., 1995). Separation of the pressureis also water independent (however, owing to the very
and temperature maximum—where at all possible—waslow activities of pyrope in garnet this reaction was not
minor, indicating no major thermal relaxation after theused for barometry). There is no recognizable regional
pressure peak, i.e. exhumation and cooling were suffi-trend in the distribution of these calculated maximum

pressures, because the tectonic position of the samples is ciently rapid to prevent the temperature increase that
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WILLNER et al. PRESSURE–TEMPERATURE AND FLUID EVOLUTION

Fig. 15. PT history for rocks of assemblages 3a and 3b. (For a discussion of equilibria A–D, see text.) 1, Holland (1980); 2, aluminosilicate
stability field after Holdaway (1971); 3, reaction calculated with the modified thermodynamic data set of Berman (1988), using average garnet
and white mica compositions.

would have occurred during any delay near maximum can show signs of this deformation. By contrast, ret-
rograde biotite in the HT mylonites is always un-metamorphic conditions.

Variable water activity governed the stability of three deformed, indicating that the D2 deformation,
characterized by extreme flattening, is associated withdifferent, predominantly biotite-free acid assemblages at

peak metamorphic conditions. Kyanite granulites, which the strong, near-isothermal decompression that followed
the equilibration stage at maximum PT. This is in-may be completely devoid of any hydrous phase (par-

ticularly phengite), are the rocks with the lowest water terpreted as large-scale, deep-seated stretching within
overthickened crust during an early retrograde ex-activity (<0·15), followed by rocks with phengite stable

together with quartz, garnet, plagioclase and K-feldspar. tensional event. Tectonic transport was in an east–west
direction, as indicated by the consistent direction of theThese indicate intermediate water activities (0·15–0·4).

Metapelitic rocks without K-feldspar but with stable stretching lineation in the entire unit.
During this event, rocks representing different depths ofphengite must have had water activities well exceeding

0·4. This means that water activity was strongly reduced burial must have been brought together. The maximum
pressures of garnet peridotites and most eclogites wellonly in some rocks, and variable in most others at

peak metamorphic conditions. Preservation of such short- exceed those of most acid rocks. Even the maximum
pressures within the metapelitic gneisses were shown torange differences in a penetratively extremely deformed

rock unit with subsequent fluid influx is good evidence differ by up to 8–10 kbar.
Retrograde biotite growth is observed in all rocks to athat later retrograde fluid flow was strongly channelized.

Variable availability of water must have had a strong highly variable degree at intermediate pressures and
temperatures between 600 and 750°C. Estimated waterinfluence on the preservation of relic deformation features

such as the HT mylonite fabric. Preservation of this activities increased to 0·4–1·0 during this stage. Ret-
rograde formation of tonalitic and granitic partial meltsfabric was only possible owing to (1) strong reduction of

prevailing water activity after formation and (2) short is observed in widespread migmatitic gneisses at the wet
solidus. Such features imply pronounced external fluidduration of high temperatures. The deformation re-

sponsible for the penetrative s2 foliation of the Gneiss– influx at this stage during uplift. However, fluid flow
was strongly channelized, as indicated by the extremeEclogite Unit may be directly observed in this preserved

relic HT mylonitic fabric and occurred after formation variability of overprint within these rocks. Willner (1994)
has shown that the local presence of Cl-rich biotitesof the peak assemblage, because all maximum PT phases
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within rocks of the Gneiss–Eclogite Unit indicates the differential rate of material availability for the growth of
new minerals, while the first garnet was resorbed duringpreservation of locally reduced water activities. This must

be a sign of localized fluid flow, because any low fluid isothermal decompression, and (2) garnet growth during
subsequent rapid cooling in a markedly changed localinflux would be sufficient to homogenize Cl activity

gradients. domain bulk composition. It is obvious that only a small
volume of the existing albite reacted at the outermostThe strong zoning observed in all phases is normally

an unexpected feature in HT rocks. The strong decrease rims, and volume diffusion within the albite grains was
extremely slow. Thus only a very restricted amount ofin Fe/(Fe+Mg) of garnet in contact with Fe–Mg phases

such as phengite and biotite, along with the marked albite in the rock was available for the retrograde reaction

to oligoclase. In contrast, breakdown of the Fe–Mgdecrease in garnet grossular component in all rocks

studied, is consistent with a distinctive decompression components in garnet to form new biotite would have

taken place readily at appropriate conditions after pres-path that is steeper in dP/dT slope than the curves

of constant Fe–Mg fractionation for Fe–Mg exchange sure release and increase in water availability. This would

also have favoured very rapid dissolution of the unstablereactions. The same effect is prominent in biotites from

rocks still preserving evidence of low water activity (Fig. grossular component. The combination with the con-

comitant retarded formation of more An-rich plagioclase9), in which the corresponding increase in Fe/(Fe +

Mg) is combined with decreasing Si on the order of 0·2 should have led to a transient enrichment of Ca in the

fluid phase and hence to a transient Ca-rich environmentp.f.u. Massonne (1991) has shown that such a decrease

of Si in pure phlogopite in the presence of phengite, K- in local domains of the rock. During rapid cooling after

decompression grossular-forming reactions would be cutfeldspar and quartz could correspond to an ~10 kbar in

isothermal pressure release. with a flat angle. Locally therefore, a new stable grossular-

rich garnet grew again in local equilibrium with a highLate reversal rims in garnet, in which Fe/(Fe + Mg)

once again increases, reflect predominant cooling until Ca-plagioclase showing also local equilibration with bi-

otite and phengite in the range 720–570°C and 6–8 kbara critical closing temperature for volume diffusion was

reached. These rims are very narrow and indicate that (Fig. 13).

In summary, the early stage of uplift and retrogradecooling after the initial near-isothermal decompression

was very rapid. Thus the observed zoning in garnet is a PT evolution can be characterized as follows:

(1) A HP–HT equilibration event in a region of lowfeature largely due to diffusion at very high temperatures

that was frozen-in because of later rapid cooling rates. geothermal gradient was followed by a near-isothermal

decompression of as much as 10 kbar with a minorThe restriction of late retrograde re-equilibration to local

rock domains is a further corroboration of this conclusion. temperature decrease of <100°C.

(2) The formation of the prominent penetrative s2A particularly puzzling phenomenon, intimately con-

nected with retrograde fluid infiltration, is the growth foliation is bracketed by the above HP–HT event and

medium-pressure retrograde equilibration with externalof a second grossular-enriched garnet generation after

grossular decrease and garnet resorption of the first fluid influx. A strong stretching of the crust occurred as

well as a juxtaposition of rocks subjected to differentgeneration. The possibility of a further strong increase

in pressure after an initial decompression must be rejected maximum, but invariably high pressures. Hence the

entire rock pile represents a major extensional shear zoneowing to (1) the lack of analogous zonation features in

all other phases, (2) the lack of evidence for a second in the lower part of continental crust with excess crustal

thickness. Very different levels of this lower crust weredecompression and resulting resorption phenomena in

second-generation garnet, and (3) the proven local equi- amagalmated during the D2 deformation. The process

ended with a major influx of hydrous fluids at medium-libration between the rims of coexisting phases and

the very Ca-rich plagioclase rims after the major first pressure conditions, leading to pronounced, but variable,

re-equilibration.decompression of the rocks at transient medium-pressure

conditions. External influx of Ca-rich hydrous fluids on (3) The uplift at high temperatures must have been

very rapid, because (a) strong mineral zoning duringa rather local scale may be proposed to explain Ca

enrichment in the garnet rims of plagioclase-free and HT decompression is mostly still preserved, (b) HT

deformation fabrics are locally preserved in dry rockshence Ca-poor assemblage 3a, where Ca-richer fluids

would come from surrounding plagioclase-bearing rocks. and (c) no major thermal relaxation, i.e. temperature

increase, occurred after the pressure maximum.However, it would be an improbable explanation for

garnet 2 growth in the most abundant plagioclase-bearing (4) The second part of the PT path monitoring the

final exhumation of the Gneiss–Eclogite Unit has arocks, because there is no evidence for a possible source

of Ca-richer fluids on a regional scale. different geometry and is characterized by less pro-

nounced pressure release and extensive cooling. DiscreteAs a third possibility, formation of the second grossular-

rich garnet might be due to (1) kinetic control of the ductile shear zones with normal fault kinematics radial
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to the pronounced dome structures (Fig. 1; Krohe, 1997) Willner et al., 1996; 207Pb/206Pb ages of metamorphic
zircons). Similar ages of 333–360 Ma (Sm–Nd mineral–developed during cooling to below the 500°C isotherm

at 2·5–4 kbar pressure, as indicated by recrystallized low- whole-rock isochrons) and 348–355 Ma (Ar–Ar plateau
ages for phengites) were provided by Schmädicke etSi white micas and secondary fluid inclusions. There are

no signs that this late PT evolution ever took place outside al. (1995), dating eclogites of the Gneiss–Eclogite Unit.
Abundant Ar–Ar plateau ages of white micas and horn-the kyanite stability field, in contrast to the retrograde

evolution of HP granulites in the nearby Granulite Massif blende consistently range around 338 Ma in the Gneiss–
Eclogite Unit, as in the units below and above, similar(Rötzler, 1992) or Lower Austria (Carswell & O’Brien,

1993). Very narrow retrograde re-equilibration rims in to Rb/Sr ages of white micas (Werner et al., 1996).
garnet are due to cooling and indicate a rapid transition This overlap derived from isotopic systems with different
from high temperatures near 700°C to closing tem- closure temperatures requires extremely fast tectonic
peratures of 550–600°C for diffusion processes in garnet. exhumation. Exhumation must have been terminated by
Although both markedly different branches of the PT 325 Ma at the latest, as shown by the first regional
path indicate different confining conditions, it is unlikely unconformity (Kurze, 1966). Hence all processes related
that there was a long time gap between these two episodes. to exhumation occurred during the peak of the Variscan

orogeny and were very rapid, favouring tectonic thinning

at rates on the order of those proposed by England &

Thompson (1986). The high maximum pressures re-
CONSTRAINTS FOR VARISCAN corded indicate derivation of the quartzo-feldspathic
GEODYNAMICS rocks from the lower part of a crust thickened to >60

km along a geothermal gradient slightly exceeding 10°C/This publication contributes to the understanding of a
km, thus somewhat higher than commonly inferred forrather specific group of granulites that are widespread
typical subduction metamorphism in accretionary prisms.along the Variscan chain of Europe from Spain to Poland,
From the age constraints, exhumation rates of at least 4the so-called ‘group I granulites’ of Vielzeuf & Pin (1989).
mm/yr result.These restricted and scattered occurrences are strikingly

The preserved pressure–temperature–deformationsimilar, although from widely separated areas of the
evolution is a history of continuous retrograde extensioncontinent. GASP barometry in kyanite granulites yields
responsible for exhumation. The same PT path, with itsmaximum pressures ranging from 13 to 20 kbar. As-
characteristic geometry, was also recognized by Kotkovásociated with these felsic HP granulites are mafic gran-
(1993) for granulites on the Czech side of the Erzgebirge,ulites, garnet peridotites and/or eclogites. A retrograde
also indicating that the typical conditions prevailing inamphibolite facies overprint producing dominant mig-
the Gneiss–Eclogite Unit were similar over a regionalmatitic gneisses is observed, but a later HT–LP overprint
extent. A comparable PT path was also detected in theis generally lacking. In particular, many group I granulite
HP granulites of Lower Austria, indicating widespreadunits are known surrounding the Bohemian Massif [see
similar geotectonic conditions (Carswell & O’Brien,review by O’Brien & Carswell (1993)], where PT evol-
1993).utions comparable with those in the Central Erzgebirge

HP metamorphism is commonly masked by an am-were derived, e.g. in the Polish Sudetes (Sowie Gory:
phibolite-facies overprint, but fortunately, except for theO’Brien et al., 1996; Snieznik: Steltenpohl et al., 1993;
easternmost Erzgebirge, not by the HT–LP meta-Kryza et al., 1996), the Saxonian Granulite Massif
morphism typical for the Moldanubian region further(Rötzler, 1992) or in Lower Austria (Carswell & O’Brien,
south. Hydrous fluid influx leading to a general increase1993). Although this type of metamorphism was regarded
of water activity and finally to abundant retrogradeas mainly Early Variscan in Western Europe by Vielzeuf
anatexis at the wet solidus in the most overprinted gneisses& Pin (1989), the age of the metamorphic peak in the
cannot solely be produced by dehydration reactions dur-Central European occurrences seems to range from early
ing decompression (mostly involving breakdown of theDevonian to early Carboniferous, e.g. 400 Ma in Sowie
Al-celadonite component), as proposed, for instance, byGory (O’Brien et al., 1996) and 340 Ma in the Saxonian
Heinrich (1982) for HP metapelites in the vicinity ofGranulite Massif (Von Quadt, 1993). Because high-pres-
eclogites. Although some reactions of this type certainlysure granulites seem to be rare world-wide, according to
occur, as shown above, there should at least be a ret-the review by Harley (1989), HP granulitic rocks must
rograde reduction of water activity in many acid rocks.be of special importance in the evolution of the Hercynian
However, changes in water activity could not be recordedbelt, indicating a widespread specific geotectonic en-
in the K-feldspar-free assemblages, and the ‘driest’ con-vironment (O’Brien & Carswell, 1993).
ditions invariably occurred at peak metamorphic con-As in the above occurrences, maximum peak PT con-
ditions in all K-feldspar-bearing rocks. On the otherditions in the Gneiss–Eclogite Unit were dated at 340

Ma (Kröner & Willner, 1995; Kotková et al., 1996; hand, if the HP unit were thrust onto another crustal unit
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undergoing prograde dehydration during uplift, another is also a contribution to the DFG priority programme
source for hydrous fluid influx would be provided. ‘Orogenic processes with particular reference to the Va-

Continued crustal stacking must, in fact, be expected, riscides’. J. Kopp is thanked for first introduction to the
to exhume rocks from the lower part of an overthickened field, initiation of the project and support in numerous
crust to the surface in a single orogenic cycle. By pure other ways. Careful reviews by G. T. R. Droop and
extension of the entire crust only, such rocks would P. J. O’Brien substantially improved the manuscript.
remain in the lower part of a normal isostatically equi-
librated crust (Ellis, 1987). In the case of the Central
Erzgebirge, it was shown by Rötzler (1995) and Klemm
(1995) that the underlying Red and Grey Gneiss Unit
was subjected to intermediate maximum pressures only,
and also to lower peak temperatures. Such tectonic REFERENCES
insertion of the HP–HT unit into intermediate crustal Behr, H. J., Fritsch, E. & Mansfeld, L., 1965. Die Granulite von Zöblitz

im Erzgebirge als Beispiel für Granulitbildung in tiefreichendenlevels would also provide the possibility of more rapid
Scherzonen. Krystallinikum 3, 7–29.cooling during further uplift, as indicated by the second

Bergner, R., 1990. Vergleichende Untersuchungen an tem-branch of the retrograde PT path of the Gneiss–Eclogite
peraturbetont metamorphisierten Gesteinen ausgewählter Einheiten

Unit. Towards the overlying Mica-Schist–Eclogite Unit
des Saxothuringikums. Freiberger Forschungshefte C434, 6–66.

there is also a marked ‘PT discontinuity’ to much lower
Berman, R. G., 1988. Internally-consistent thermodynamic data for

peak conditions (Rötzler, 1995). Hence, during de- minerals in the system Na2O–K2O–CaO–MgO–FeO–Fe2O3–
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