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ABSTRACT Garnet in metapelites from the Wölz and Rappold Complexes of the Austroalpine basement east of the
Tauern Window typically shows two distinct growth zones. A first garnet generation usually forms the
cores of garnet porphyroblasts and is separated by a prominent microstructural and chemical
discontinuity from a second garnet generation, which forms rims of variable width. Whereas the rims
were formed during the Eo-Alpine metamorphic overprint, the garnet cores represent remnants of at
least two pre-Eo-Alpine metamorphic events. The pressure and temperature estimates obtained from
garnet isopleth thermobarometry applied to the first growth increments of the pre-Eo-Alpine garnet
cores from the Wölz and Rappold Complexes cluster into two distinct domains: (i) in the Wölz Complex,
incipient growth of the first-generation garnet occurred at 4 ± 0.5 kbar and 535 ± 20 �C, (ii) in the
Rappold Complex, incipient growth of the oldest garnet cores took place at 5.3 ± 0.3 kbar and
525 ± 15 �C. The Eo-Alpine garnet generation started to grow at 6.5 ± 0.5 kbar and 540 ± 10 �C.
According to radiometric dating, the low-pressure garnet from the Wölz complex was formed during a
Permian metamorphic event. The first-generation garnet of the Rappold Complex is probably of
Variscan age.

Key words: Austroalpine basement; garnet; metapelite; Rappold Complex; Wölz Complex.

INTRODUCTION

The determination of pressure–temperature–time (P–
T–t) paths from metamorphic mineral parageneses is
an important tool in unravelling the development of
orogenic belts (Spear, 1993). Garnet isopleth thermo-
barometry has been applied to derive P–T estimates
from monometamorphic (e.g. Menard & Spear, 1993;
Vance & Mahar, 1998; Stowell et al., 2001; Zeh, 2001;
Zeh & Holness, 2003; Evans, 2004; Kim & Bell, 2005)
and polymetamorphic (e.g. Zeh et al., 2004) rocks.

A prerequisite for the application of garnet isopleth
thermobarometry is that thermodynamic equilibrium
is maintained between the rim of the garnet and the
rock matrix during garnet growth. In this case, the
composition of successive garnet growth zones is solely
determined by the P–T conditions as well as fluid
composition for any given thermodynamically relevant
bulk composition. The latter is defined as the volume
domain in a rock, over which equilibrium is main-
tained during garnet growth. Garnet growth in previ-
ously unmetamorphosed hydrous rocks or in rocks
that have only experienced low-grade metamorphism
generally occurs by dehydration reactions. During
dehydration, an aqueous fluid is likely to be present in

excess and, hence, reaction kinetics and material
transport are expected to be fast. In such cases,
chemical equilibrium is established rapidly and equi-
librium domains may develop in the hand specimen or
even on a larger scale (Carlson, 1989, 2001; Dohmen &
Chakraborty, 2003). However, rocks that consist of
prominent compositional banding may indicate the
juxtaposition of different equilibrium domains, which
has to be considered if the composition of the ther-
modynamically relevant bulk composition is to be
determined.

Thermodynamic equilibrium between garnet and the
rock matrix may be assumed, if garnet isopleth ther-
mobarometry is applied to the incipient stages of gar-
net growth, i.e. if only the composition of garnet cores
of the oldest garnet generation present in a rock is
used. In this case, equilibrium-phase relations that are
calculated by free-energy minimization for a system
with specified bulk composition (e.g. de Capitani &
Brown, 1987; Powell & Holland, 1993; Connolly &
Petrini, 2002) and an internally consistent thermo-
dynamic database (e.g. Berman, 1988; Gottschalk,
1997; Holland & Powell, 1998) can be used as theore-
tical predictions of the equilibrium assemblages that
would develop if the corresponding rock maintained
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equilibrium and the bulk composition is appropriate.
The P–T conditions that prevailed during the initial
stages of garnet growth can then be derived from
comparison of the observed garnet compositions and
the equilibrium assemblage diagrams, including con-
tours for garnet composition, calculated for the
appropriate bulk-rock composition.

A second prerequisite for the application of garnet
isopleth thermobarometry is that the original growth
zoning of garnet is preserved in its original state, i.e.
that modification of the original chemical zoning pat-
tern by intracrystalline diffusion is negligible. This is a
reasonable assumption as long as amphibolite facies
conditions are not surpassed, because of the exceed-
ingly slow rates of cation diffusion in garnet (Chakra-
borty & Ganguly, 1992). Hence, for a persuasive
modification of the original chemical pattern at low to
moderate temperatures to occur, garnet has to be ex-
posed to these temperatures for extraordinary long
durations. In contrast, only the short-term exposure of
garnet to temperatures exceeding amphibolite facies
conditions prevents them from effective modification of
the original zoning pattern. There is general agreement
on the presumption that the chemical zoning patterns
of garnet porphyroblasts provide reliable records of the
P–T evolution up to upper amphibolite facies condi-
tions (e.g. Ayres & Vance, 1997). However, Stowell
et al. (1996) demonstrated that in addition to intra-
crystalline diffusion other processes such as Ca-me-
tasomatism might affect the original growth zoning of
garnet.

As a result of the considerably slow intracrystalline
diffusion in garnet at low to moderate temperatures,
the components which are incorporated into garnet
during growth, are effectively removed from the rock
matrix (e.g. Vance & Mahar, 1998; Evans, 2004). In
general, certain components such as Mn or Fe are
preferentially fractionated into garnet. This leads to a
successive depletion of these components in the rock
matrix and may change the effective bulk-rock com-
position during garnet growth. This effect is partic-
ularly pronounced if the modal amount of newly
formed garnet is high. The fractionation effect must be
accounted for, if garnet isopleth thermobarometry is
used to reconstruct P–T paths from the compositions
of successive garnet growth increments. The progres-
sive modification of the thermodynamically relevant
bulk-rock composition during garnet growth may be
estimated from a Rayleigh fractionation model (Hol-
lister, 1966; Atherton, 1968; Evans, 2004).

In this study, we present an application of garnet
isopleth thermobarometry to polymetamorphic garnet
porphyroblasts of metapelites from the Wölz and
Rappold Complexes of the Austroalpine crystalline
basement east of the Tauern Window (Niedere Tauern,
Eastern Alps) (Table 1). It will be demonstrated that
the application of garnet isopleth thermobarometry
allows P–T estimates to be determined for incipient
garnet growth of the oldest metamorphic garnet gen-

erations preserved, employing bulk-rock chemistries
and garnet as the only relic of the preexisting mineral
parageneses. Furthermore, it will be shown that the
integration of garnet isopleth thermobarometry with
the Rayleigh fractionation model of Evans (2004) en-
ables detailed P–T paths to be predicted for garnet
growth in the course of different orogenic cycles. The
results obtained help to discriminate between distinc-
tive metamorphic events and, hence, provide insights
into the polymetamorphic evolution in the Eastern
Alps.

GEOLOGICAL SETTING

The Eastern Alps form a 500-km-long east–west-
trending fold and thrust belt. They developed in the
course of two distinct continent–continent collision
events during the Cretaceous and Tertiary (Froitzheim
et al., 1996). According to Schmid et al. (2004), three
major plate-tectonic units can be distinguished in the
Eastern Alps: the Helvetic realm and the sub-Penninic
nappes are considered to represent one major unit
which corresponds to the former southern European
margin. The Penninic nappes represent the Jurassic
and Cretaceous oceanic crust and micro-continents,
and the Austroalpine nappes represent the frontal part
of the Apulian continental microplate. In the Creta-
ceous, the Apulian microplate experienced internal
deformation because of a WNW–ESE-directed intra-
continental collision event, which is referred to as the
Eo-Alpine event. Cretaceous tectonics led to the for-
mation of large décollement nappes in the uppermost
crustal levels and substantial shortening and subduc-
tion in the deeper basement units. The northern and
tectonically deeper units of the Austroalpine basement
belong to the lower plate of the Cretaceous intracon-
tinental subduction event and experienced metamor-

Table 1. Sample locations and GPS coordinates.

Sample

Coordinatesa

Altitude (m) UnitE N

10F03 014�13¢15¢¢ 47�19¢16¢¢ 2030 Wölz

11F03 014�13¢20¢¢ 47�19¢20¢¢ 2060 Wölz

12F03 014�13¢20¢¢ 47�19¢20¢¢ 2060 Wölz

16F03 014�13¢00¢¢ 47�19¢08¢¢ 1950 Wölz

28F03 014�15¢44¢¢ 47�18¢39¢¢ 2010 Wölz

29F03A + B 014�15¢48¢¢ 47�18¢49¢¢ 2020 Wölz

32F03 014�15¢52¢¢ 47�19¢03¢¢ 2230 Wölz

37F03 014�24¢28¢¢ 47�23¢17¢¢ 2060 Wölz

39F03 014�24¢11¢¢ 47�23¢24¢¢ 2040 Wölz

40F03-1 014�24¢11¢¢ 47�23¢25¢¢ 2060 Wölz

40F03-2 014�24¢11¢¢ 47�23¢25¢¢ 2060 Wölz

41F03 014�24¢03¢¢ 47�23¢29¢¢ 2090 Wölz

42F03 014�24¢02¢¢ 47�23¢29¢¢ 2100 Wölz

43F03 014�24¢02¢¢ 47�23¢29¢¢ 2100 Wölz

44F03 014�23¢54¢¢ 47�23¢33¢¢ 2130 Wölz

19F03 014�12¢46¢¢ 47�18¢53¢¢ 1790 Rappold

24F03 014�12¢46¢¢ 47�18¢42¢¢ 1825 Rappold

31F03 014�15¢49¢¢ 47�19¢00¢¢ 2170 Rappold

33F03 014�15¢52¢¢ 47�19¢06¢¢ 2265 Rappold

35F03 014�15¢46¢¢ 47�19¢15¢¢ 2170 Rappold

aWorld Geodetic System 84 (WGS84).

4 52 F . GA ID IE S E T A L .

� 2006 Blackwell Publishing Ltd



phism ranging from greenschist to eclogite facies con-
ditions at c. 90 Ma (Thöni, 2002).

Conversely, the tectonically higher units in the
southern part of the Austroalpine basement units
pertain to the upper plate of the Cretaceous intracon-
tinental subduction event. In general, they experienced
metamorphic imprints during the Eo-Alpine collision
event ranging from greenschist facies conditions at the
base to anchizonal to diagenetic conditions in the
uppermost parts (Schuster et al., 2004). The Penninic
nappes and the Austroalpine nappe pile overrode the
former southern European margin in the course of the
closure of the Penninic Ocean during the Tertiary.

The Austroalpine basement units in the Niedere
Tauern (Fig. 1), which were part of the tectonic lower
plate during Cretaceous orogeny, are primarily
composed of paragneisses and metapelites with sub-
ordinate intercalations of amphibolites, quartzites,
calcsilicate rocks and marbles. Because of widespread
greenschist to amphibolite facies metamorphic over-
print during the Eo-Alpine metamorphic event, low- to
medium-grade parageneses of pre-Cretaceous age have
largely been obliterated (e.g. Schuster & Thöni, 1996;
Schuster & Frank, 1999; Schuster et al., 2001, 2004).

The investigation of metamorphic assemblages from
those parts of the Austroalpine realm which were less
intensely affected during the Cretaceous yielded con-
ditions ranging between 570 and 710 �C at <4 kbar
during the Permo-Triassic (e.g. Habler & Thöni, 2001;
Schuster et al., 2001).

The Wölz and the tectonically overlying Rappold
Complex are prominent lithostratigraphic units in the
Niedere Tauern (Figs 1 & 2). Both complexes are se-
parated from one another by a Cretaceous thrust fault
and belong to the Upper Austroalpine basement
nappes (Schmid et al., 2004; Schuster et al., 2004).
Garnet porphyroblasts with two distinct growth zones
in metapelites of the Wölz and Rappold Complexes
demonstrate the polymetamorphic history of both
units (e.g. Schuster & Thöni, 1996; Bernhard &
Hoinkes, 1999; Schuster & Frank, 1999; Schuster
et al., 2001; Faryad & Hoinkes, 2003). Based on the
microstructural relationship to the main schistosity
and on radiometric age determinations it is inferred
that the second garnet generation, which commonly
constitutes rims enclosing the first-generation garnet,
grew synchronously to the formation of the Eo-Alpine
foliation (Abart & Martinelli, 1991; Schuster & Frank,

Fig. 1. Simplified tectonic map of the Austroalpine units to the east of the Tauern Window showing the location of the Wölz and
Rappold Complexes. BC, Bundschuh Complex; GNS, Gurktal nappe system; SC, Schladming Complex; ScC, Seckau Complex; S-KC,
Saualpe-Koralpe Complex. RW, Ramingstein Window and RC, Radenthein Complex are part of the Wölz Complex.

POLYMETAMORPHISM IN THE AUSTROALP INE BASEMENT 45 3

� 2006 Blackwell Publishing Ltd



1999) at �550–600 �C and 10–12 kbar (e.g. Hoinkes
et al., 1999; Schuster & Frank, 1999; Faryad &
Hoinkes, 2003).

In contrast, data on the formation conditions and
ages are scarce for the first-generation garnet that
forms the core of the garnet porphyroblasts. A garnet
core from the Wölz Complex, which was dated to
269 ± 4 Ma using the Sm-Nd garnet–whole-rock
method (Schuster & Thöni, 1996; Schuster & Frank,
1999; Thöni, 2002), suggests the formation of the first-
generation garnet during Permian times. As the first-
generation garnet is the only remnant of Permian
metamorphic assemblages in the Wölz Complex and in
many cases, quartz and ilmenite are the only mineral
inclusions in that garnet, detailed information about
the P–T conditions during Permian metamorphism in
the Wölz Complex are not known (e.g. Schuster &
Frank, 1999; Faryad & Hoinkes, 2003).

From thermobarometry applied to inclusions of
biotite, muscovite, plagioclase, quartz, ilmenite and
rutile in first-generation garnet of a metapelite from the
Rappold Complex, Faryad & Hoinkes (2003) derived
P–T conditions of �540 ± 15 �C and 6.6 ± 0.8 kbar.
The age of this pre-Eo-Alpine metamorphic event in
the Rappold Complex is yet unknown. However, Sm-
Nd garnet–whole-rock age determinations of garnet in
metapegmatites of the Rappold Complex yielded
262 ± 2 Ma and 288 ± 4 Ma (Schuster & Thöni,
1996; Schuster et al., 2001), indicating an enhanced
geothermal gradient during the Permian in the Rapp-
old Complex.

METHODS

Sample preparation and EPMA

To get an insight into the three-dimensional geomet-
rical relationships among garnet porphyroblasts, serial

sections with a spacing of �0.6–0.8 mm were made
from a representative sample domain of approximately
1 · 2 · 3 cm size of each rock sample. Cross-sections
that contain garnet cores were located by selecting the
three thin sections with the largest diameters of a single
garnet porphyroblast. From these three thin sections,
the one which yielded the highest content of Xsps [¼
Mn/(Fe2+ + Ca + Mg + Mn)] in the central por-
tion of the garnet cross-section, was considered to re-
flect the entire growth history including the incipient
stages of garnet growth.
Electron probe micro-analysis was performed using

a JEOL JXA-8600 at the Mineralogical and Petro-
graphical Institute at the University of Basel and with
JEOL JXA-8200 at ETH Zurich. The accelerating
voltage was 15 kV for a beam current of 10 and 20 nA,
respectively. Matrix corrections were performed with a
PhiRhoZ routine. The garnet compositions were
measured along two profiles that are perpendicular to
each other for each of the three selected sections.
Furthermore, concentration contour maps were ob-
tained for Ca, Fe, Mg and Mn from calibrated X-ray
maps and are shown in Figs 4, 6 and 8. The Xgrs [¼Ca/
(Fe2+ + Ca + Mg + Mn)] and Xprp [¼Mg/(Fe2+ +
Ca + Mg + Mn)] contents are generally rather con-
stant in the garnet core regions so that the spacing of
isopleths is rather wide in these parts of the garnet.
Compositional data for the incipient growth incre-
ments of three different garnet types are given in
Table 2. The complete electron probe microanalysis
(EPMA) data set is provided in Appendix A1.

Combustion analyses and WDXRFA

Samples of �1 kg, which were devoid of alteration and
macroscopically detectable compositional heterogen-
eity, were carefully chosen. From these rock volumes,
blocks of approximately 1 · 2 · 3 cm in size were

Fig. 2. Tectonic map of the study area
showing sample locations.
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extracted for EPMA, and the rest was crushed and
ground to a fine powder for combustion analysis using
a LECO combustion analyser and to prepare glass
pellets for bulk chemical analysis. The major element
compositions were obtained by wavelength-dispersive
X-ray fluorescence analysis (WDXRFA) using Bruker
AXS SRS-3400. Both combustion analysis and
WDXRFA were performed at the Mineralogical and
Petrographical Institute at University of Basel. Rep-
resentative whole-rock chemistries of three samples are
shown in Table 3. The complete data set is provided in
Appendix A2.

Garnet isopleth thermobarometry

Rock-specific equilibrium assemblage diagrams were
calculated in the simplified model system MnO-Na2O-
CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2 (MnNC-

FMASHT). This choice of components ensures that
most of the common rock-forming minerals in
metapelites can be considered. TiO2 was chosen as a
system component to consider ilmenite. Ilmenite is
ubiquitous in metapelites from the Wölz and Rappold
Complexes. It may contain significant quantities of
manganese and may thus have a strong influence on
the low-temperature stability limit of garnet (e.g.
Symmes & Ferry, 1992; Mahar et al., 1997). Thermo-
dynamic calculations were performed using the PER-
PLEX software (Connolly, 1990; Connolly & Petrini,
2002), adopting a gridded Gibbs free-energy mini-
mization approach (Connolly, 2005), and the internally
consistent and updated thermodynamic data set of
Holland & Powell (1998) (thermodynamic database of
THERMOCALC, version 3.21). The results obtained
for three representative samples are presented in that
study. Supplementary material, which covers the entire
set of P–T phase diagram sections obtained for all the
samples studied, is provided in Appendix A3.

The following notations, compositions (w, x, y and z
are fractions varying between zero and unity and are
determined as a function of pressure and temperature
by free-energy minimization), and solution models
have been employed: Grt [garnet, Fe3xCa3y
Mg3zMn3(1)x)y)z)Al2Si3O12; Holland & Powell, 1998],
Chl [chlorite, (MgxFewMn1)x)w)5)y+zAl2(1+y)z)
Si3)y+zO10(OH)8; Holland et al., 1998], AbPl [albite-
rich side of the plagioclase solvus, NaxCa1)x Al2)x
Si2+xO8, x > 1/3; Newton et al., 1980], AnPl
[anorthite-rich side of the plagioclase solvus, Nax
Ca1)xAl2)xSi2+xO8, x < 1/3; Newton et al., 1980], Bt
[biotite, K(MgxFeyMn1)x)y)3)wAl1+2wSi3)wO10(OH)2;
Powell & Holland, 1999, extended to cover Fe and
Mn solutions], St [staurolite, Mg4xFe4yMn4(1)x)y)Al18
Si7.5O48H4; Holland & Powell, 1998, extended to
cover Mn-solutions], Cld [chloritoid, MgxFeyMn1)x)y
Al2SiO5(OH)2; White et al., 2000, extended to cover
Mn-solutions], Pheng [muscovite, Kx Na1)xMgyFez
Al3)2(y+z)Si3+y+zO10(OH)2, as described at http://www.
esc.cam.ac.uk/astaff/holland/ds5/muscovites/mu.html],
Camp [clinoamphibole, Ca2Naz (MgxFe1)x)3+2y+z

Al3)3ySi7+yO22(OH)2; Wei & Powell, 2003; White
et al., 2003], Ilm [ilmenite, MgxMnyFe1)x)yTiO3, ideal
ilmenite-geikielite-pyrophanite solution], Ky [kyanite,
Al2SiO5], And [andalusite, Al2SiO5], Sil [sillima-
nite, Al2SiO5], Zo [zoisite, Ca2Al3Si3O12(OH)], Rt
[rutile, TiO2], Sa [sanidine, KAlSi3O8], Ttn [titanite,
CaTiSiO5], Qtz [quartz, SiO2], and Mrg [margarite,
CaAl4Si2O10(OH)2]. To save computational resources,
the afchl endmember of chlorite was excluded because
its contribution to the total energy of the solution is
negligible. The influence of titanium on the stability
of biotite (Kleemann & Reinhardt, 1994) was con-
sidered using the Ti-biotite solution model of Powell &
Holland (1999) to the samples 12F03, 29F03B and
35F03. Both the results obtained by the application
of the Ti-bearing and Ti-free biotite solution model
(Powell & Holland, 1999) were compared. H2O and

Table 2. Garnet core chemistry of samples from the Wölz and
Rappold Complex.

Sample

Wölz Complex Rappold Complex

12F03 29F03B 35F03

SiO2 37.47 37.59 37.09

TiO2 0.05 0.16 0.06

Al2O3 21.45 20.32 20.10

FeO 33.83 30.43 33.60

MnO 5.85 3.30 3.67

MgO 1.57 0.97 1.28

CaO 1.59 7.98 4.70

Total 101.81 100.75 100.50

Oxygen 12 12 12

Si 3.00 3.01 3.00

Ti 0.00 0.01 0.00

Al 2.02 1.92 1.92

Fe3+ 0.00 0.04 0.08

Fe2+ 2.26 2.00 2.19

Mn 0.40 0.22 0.25

Mg 0.19 0.12 0.15

Ca 0.14 0.69 0.41

Fe/(Fe + Mg) 0.92 0.95 0.93

Mg/(Fe + Mg) 0.08 0.06 0.07

Xalm 0.76 0.66 0.73

Xprp 0.06 0.04 0.05

Xgrs 0.05 0.23 0.14

Xsps 0.13 0.07 0.08

Table 3. Representative bulk-rock geochemical data of samples
from the Wölz and Rappold Complex (wt%).

Sample

Wölz Complex Rappold Complex

Average pelitea12F03 29F03B 35F03

SiO2 57.51 64.04 48.02 59.77

TiO2 1.19 0.83 0.97

Al2O3 20.98 18.02 26.21 16.57

Fe2O3 9.48 7.70 10.52 6.53

MnO 0.11 0.10 0.06 0.07

MgO 2.28 2.10 2.61 2.62

CaO 0.46 0.52 0.36 2.17

Na2O 1.23 1.06 0.64 1.73

K2O 3.73 3.43 5.84 3.53

H2O 2.75 2.68 3.21 2.49

CO2 0.44 0.34 0.60 5.16

Total 100.16 100.82 99.04 100.64

aFrom Symmes & Ferry (1991).
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SiO2 were considered as excess phases implying the
presence of quartz and an aqueous fluid throughout
the entire P–T range of interest. To consider the
influence of changing H2O and CO2 activities during
garnet growth, a graphite-buffered and carbon-, oxy-
gen-, and hydrogen-bearing (GCOH-) fluid (Connolly
& Cesare, 1993) was applied and compared with a P–T
phase diagram section obtained with pure H2O.

Although it is known that Zn strongly partitions
into staurolite (e.g. Griffen, 1981; Proyer & Dachs,
2000), this feature could not be considered in our cal-
culations because of the lack of thermodynamic data
on Zn-staurolite. In the garnet analysed by EPMA, the
recalculated Fe3+/Fetot varies between 0.00 and 0.04
(see Table 2), indicating that iron is predominantly
present in the ferrous state. Thus, Fe3+ was not con-
sidered in our calculations.

The algorithm used in PERPLEX involves discreti-
zation of solid-solution compositions by series of so-
called pseudocompounds with a fixed composition.
For garnet solid solution, the spacing of the pseudo-
compounds was set to 0.2–0.3 mol.% for the respective
garnet endmembers. For practical purposes, a pseu-
docompound spacing of 1–2.5 mol.% was chosen for
chlorite and biotite solid solution. The database file,
one solution-model file, and one input file used with
PERPLEX is provided in Appendix A4.

The Xsps, Xgrs and Xalm [¼Fe2+/(Fe2+ + Ca +
Mg + Mn)] isopleths were used as the three independ-
ent thermodynamic variables to describe the com-
positional variation of garnet in P–T space. The
intersections of the isopleths that represent the observed
garnet compositions are used to estimate the P–T con-
ditions of the respective increment of garnet growth.

Calculation of the thermodynamically relevant bulk
composition

To adequately predict the order of magnitude of the
effect of chemical fractionation during garnet growth
on garnet stability and composition, the method des-
cribed by Evans (2004) is applied. According to Hol-
lister (1966), the following relation is used to account
for chemical fractionation:

CGrt
MnO ¼ Crock

MnO � kdð1�MÞkd�1;

where CGrt
MnO is the weight fraction of MnO in garnet,

Crock
MnO is the initial weight fraction of MnO in the rock,

kd is the distribution coefficient by weight of MnO
between garnet and the rock matrix, and M corres-
ponds to the weight fraction of garnet that has already
crystallized in the rock. The amount of garnet crys-
tallized from the above relation was calculated for
several compositions along the microprobe traverses
presented in this study. The garnet–matrix distribution
coefficient for Mn kd was assumed constant during
garnet growth and was approximated by the ratio be-
tween CGrt

MnO in the oldest garnet portion and Crock
MnO of

the unfractionated bulk-rock chemistry. This is justi-
fied by the notion that neither temperature nor equi-
librium-phase relations change drastically during the
stage of incipient garnet growth. The bulk fraction-
ation is obtained from integration over the successive
growth increments (Fig. 11). The chemical shift of the
thermodynamically relevant bulk composition of the
rock matrix is finally obtained by subtraction of
the material that is fractionated into garnet from
the respective bulk-rock composition. The M values
calculated for different points within the garnet
porphyroblasts, as well as the corresponding garnet and
matrix compositions are given in Tables 4, 5 and 6.

SAMPLE DESCRIPTION

Twenty-one samples are discussed in this study and
were taken from both the Wölz and the Rappold

Table 4. Garnet composition at points (1) to (4) of a garnet from
the Wölz Complex with two growth zones (sample 12F03) and
composition of the bulk chemistries corrected for chemical
fractionation during garnet growth.

Normalized composition of garnet point (in wt%)

(1) (2) (3) (4)

SiO2 36.80 36.73 36.85 36.99

TiO2 0.05 0.05 0.02 0.07

Al2O3 21.07 21.13 21.14 21.31

FeO 33.23 33.77 35.03 30.71

MnO 5.75 5.16 3.75 2.98

MgO 1.55 1.66 1.73 1.25

CaO 1.56 1.51 1.48 6.70

Total 100.00 100.00 100.00 100.00

Oxygen 12 12 12 12

Si 3.00 2.99 3.00 2.98

Ti 0.00 0.00 0.00 0.00

Al 2.02 2.03 2.03 2.02

Fe3+ 0.00 0.00 0.00 0.02

Fe2+ 2.26 2.30 2.38 2.05

Mn 0.40 0.36 0.26 0.20

Mg 0.19 0.20 0.21 0.15

Ca 0.14 0.13 0.13 0.58

Fe/(Fe + Mg) 0.92 0.92 0.92 0.93

Mg/(Fe + Mg) 0.08 0.08 0.08 0.07

Xalm 0.76 0.77 0.80 0.69

Xprp 0.06 0.07 0.07 0.05

Xgrs 0.05 0.04 0.04 0.19

Xsps 0.13 0.12 0.09 0.07

Ma 0.001 0.003 0.009 0.013

Normalized effective bulk chemistry for the growth of

garnet (in wt%)

(1)b,c (2)c (3)c

SiO2 59.89 59.93 60.07

TiO2 1.24 1.24 1.25

Al2O3 21.85 21.85 21.85

FeO 8.89 8.84 8.69

MnO 0.11 0.10 0.08

MgO 2.37 2.38 2.38

CaO 0.48 0.48 0.47

Na2O 1.28 1.28 1.29

K2O 3.88 3.89 3.91

Total 100.00 100.00 100.00

aWeight fraction of crystallized garnet.
bCorresponds to unfractionated bulk-rock chemistry in Table 3.
cFor kd ¼ 55.
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Complexes. Their geographical locations are given in
Table 1 and Fig. 2. Three samples, which are consid-
ered as being representative of the entire set of samples,
are described in some detail. Samples 12F03 (Fig. 3a)
and 29F03B (Fig. 3b) are micaschists of the Wölz
Complex with garnet grains containing two distinct
growth zones and one growth zone, respectively. The
sample 35F03 is a garnet-bearing metapelite of the
Rappold Complex with polyphase garnet porphyro-
blasts (Fig. 3c).

Metapelite with polyphase garnet porphyroblasts from the
Wölz Complex (sample 12F03)

The rock-matrix is composed of quartz, biotite, mus-
covite, tourmaline, ilmenite, rutile, retrograde chlorite
and plagioclase. Biotite, muscovite and ilmenite define

the pervasive foliation of the rock. The garnet por-
phyroblasts, which are up to 6 mm in diameter, are
composed of two distinct growth zones. Abundant
inclusions of finely dispersed graphite and ilmenite are
concentrated along the boundaries between the two
growth zones, which makes it easy to discern them
even macroscopically.

The first-generation garnet is �4 mm in diameter
and contains inclusions of quartz, ilmenite, tourmaline
and small muscovite grains. The second-generation
garnet is �1.5 mm in size and forms rims enclosing the
first-generation garnet. Mineral inclusions of ilmenite,
rutile, tourmaline, muscovite and quartz are perceived
in the second-generation garnet. Additionally, an in-
tense graphitic pigmentation is observed in the inner
portions, which decreases towards the outer portions
of the rim. Similarly, the abundance of ilmenite

Table 5. Garnet composition at points (1) to (3) of a garnet from
the Rappold Complex with two growth zones (sample 35F03)
and composition of the bulk chemistries corrected for chemical
fractionation during garnet growth.

Normalized composition of garnet point (in wt%)

(1) (2) (3)

SiO2 36.91 36.98 36.91

TiO2 0.05 0.18 0.06

Al2O3 20.00 20.17 20.24

FeO 33.44 33.48 36.76

MnO 3.65 3.21 1.07

MgO 1.28 1.35 1.73

CaO 4.68 4.63 3.24

Total 100.00 100.00 100.00

Oxygen 12 12 12

Si 3.00 3.00 3.00

Ti 0.00 0.01 0.00

Al 1.92 1.93 1.94

Fe3+ 0.08 0.05 0.06

Fe2+ 2.19 2.23 2.44

Mn 0.25 0.22 0.07

Mg 0.15 0.16 0.21

Ca 0.41 0.40 0.28

Fe/(Fe + Mg) 0.93 0.93 0.92

Mg/(Fe + Mg) 0.07 0.07 0.08

Xalm 0.73 0.74 0.81

Xprp 0.05 0.05 0.07

Xgrs 0.14 0.13 0.09

Xsps 0.08 0.07 0.03

Ma 0.000 0.002 0.020

Normalized effective bulk chemistry for the growth of

garnet (in wt%)

(1)b (2)c (3)c

SiO2 50.98 51.01 51.27

TiO2 1.03 1.03 1.05

Al2O3 27.83 27.84 27.98

FeO 10.06 10.01 9.54

MnO 0.06 0.06 0.02

MgO 2.77 2.77 2.80

CaO 0.38 0.37 0.31

Na2O 0.68 0.68 0.69

K2O 6.20 6.21 6.33

Total 100.00 100.00 100.00

aWeight fraction of crystallized garnet.
bCorresponds to unfractionated bulk-rock chemistry in Table 3.
cFor kd ¼ 61.

Table 6. Garnet composition at points (1) to (3) of a garnet from
the Wölz Complex with a single growth zone (sample 29F03) and
composition of the bulk chemistries corrected for chemical
fractionation during garnet growth.

Normalized composition of garnet point (in wt%)

(1) (2) (3)

SiO2 37.31 37.33 37.45

TiO2 0.16 0.21 0.12

Al2O3 20.17 20.25 20.34

FeO 30.20 30.54 32.25

MnO 3.28 2.38 0.90

MgO 0.96 1.05 1.50

CaO 7.92 8.23 7.44

Total 100.00 100.00 100.00

Oxygen 12 12 12

Si 3.01 3.01 3.01

Ti 0.01 0.01 0.01

Al 1.92 1.92 1.93

Fe3+ 0.04 0.03 0.04

Fe2+ 2.00 2.03 2.13

Mn 0.22 0.16 0.06

Mg 0.12 0.13 0.18

Ca 0.69 0.71 0.64

Fe/(Fe + Mg) 0.95 0.94 0.92

Mg/(Fe + Mg) 0.06 0.06 0.08

Xalm 0.66 0.67 0.71

Xprp 0.04 0.04 0.06

Xgrs 0.23 0.24 0.21

Xsps 0.07 0.05 0.02

Ma 0.001 0.011

Normalized effective bulk chemistry for the growth of

garnet (in wt%)

(1)b (2)c (3)c

SiO2 66.00 66.33 67.16

TiO2 0.86 0.86 0.88

Al2O3 18.57 18.55 18.50

FeO 7.15 6.87 6.16

MnO 0.10 0.07 0.03

MgO 2.16 2.18 2.20

CaO 0.54 0.45 0.25

Na2O 1.09 1.11 1.14

K2O 3.53 3.58 3.68

Total 100.00 100.00 100.00

aWeight fraction of crystallized garnet.
bCorresponds to unfractionated bulk-rock chemistry in Table 3.
cFor kd ¼ 34.
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decreases outwards whereas the abundance of rutile
increases (Fig. 5).

Metapelite with garnet porphyroblasts with only a single
growth zone from the Wölz Complex (sample 29F03B)

The typical matrix mineral assemblage is quartz,
muscovite, rutile, plagioclase and biotite. Kyanite
porphyroblasts with undulatory extinction are com-
monly observed. They are up to 8 mm long and are
often intergrown with staurolite porphyroblasts. They
contain abundant inclusions of rutile and graphite.
The garnet porphyroblasts are up to 8 mm in diam-
eter and only show a single growth zone (Fig. 3b).
Garnet inclusion suites are dominated by graphite,
ilmenite, rutile, quartz, tourmaline, clinozoisite and
allanite. The inclusions of ilmenite display, when
elongate, a pre-existing foliation but are not found
when rutile inclusions appear in the garnet rim. In
few cases, inclusions of kyanite are observed in the
outermost parts of garnet. Graphite inclusions are
elongated and aligned, which together with ilmenite
presumably represent a foliation that existed during
garnet growth. Based on their microstructural rela-
tionship to the main schistosity, it is deduced that the
garnet porphyroblasts grew at the same time as the
Eo-Alpine foliation.

Metapelite with polyphase garnet porphyroblasts from the
Rappold Complex (sample 35F03)

Biotite and muscovite, which trace the main foliation
of the rock, as well as ilmenite, tourmaline, quartz and
minor plagioclase, are the most abundant minerals of
the matrix. Furthermore, up to 1-mm-size strongly
resorbed staurolite blasts with abundant finely dis-
persed graphitic inclusions are observed, which
occasionally rim the first growth zone of garnet por-
phyroblasts. Equilibrium textures are observed
between staurolite and the first-generation garnet
including straight interphase boundaries.
The two growth zones of garnet porphyroblasts

differ significantly in size (Figs 8 & 9). The first gen-
eration is strongly graphitic and up to 7 mm in diam-
eter (Fig. 3c). Ilmenite (up to 0.5 mm in size), quartz,
muscovite, small chloritoid grains, tourmaline, as well
as biotite in the outermost portions were observed as
mineral inclusions in the first-generation garnet. The
needle-shaped tourmaline grains and the graphite
inclusions, when elongate, are generally parallel or
sub-parallel to the included fabric.
The second-generation garnet is present as single-

phase individual crystals and as a <1-mm-wide over-
growth on the large garnet cores enclosing quartz,
tourmaline, ilmenite, biotite and muscovite (Fig. 9). In

(a) (b)

(c)

Fig. 3. Metapelites with (a) garnet porphyroblasts from the Wölz
Complex with one and two distinct growth zones (sample 12F03),
(b) garnet porphyroblasts from the Wölz Complex with one
growth zone (sample 29F03B) and (c) garnet porphyroblasts from
the Rappold Complex with one and two distinct growth zones
(sample 35F03). Mu, muscovite; Grt, garnet; Bt, biotite; Chl,
chlorite; Qtz, quartz; Tour, tourmaline; Rt, rutile; St, staurolite;
Ky, kyanite; Ilm, ilmenite.

4 58 F . GA ID IE S E T A L .

� 2006 Blackwell Publishing Ltd



several cases, indications of the replacement of staur-
olite by the second-generation garnet are observed.

RESULTS

Garnet chemistry

Polyphase garnet porphyroblasts from the Wölz Complex
(sample 12F03)

The chemical composition of the first-generation gar-
net is characterized by a shallow continuous increase
of Xalm and Xprp from the centre towards the rim,
whereas Fe/(Fe + Mg), Xsps and Xgrs decrease
(Fig. 4). The Xsps isopleths in Fig. 5 document the
almost euhedral growth zoning pattern and only the
0.08 Xsps isopleth shows a local irregularity.

The transition between the first- and the second-
generation garnet is characterized by a rapid increase
of Xgrs from �0.04 at the outermost part of the core to
more than 0.17 at the innermost portion of the rim
(Fig. 4). Furthermore, Xalm and Xprp drop off sharply
from �0.80 to 0.70 and from 0.07 to �0.05, respect-
ively. Fe/(Fe + Mg) increases from �0.92 to 0.93 at
the transition between the inner and outer garnet
growth zone.

The compositional gradients of the second-genera-
tion garnet are much larger than in the first-generation

garnet. Xgrs shows a sharp outward decrease to values
of �0.01 to 0.02 at the outer edge. Xprp is somewhat
lower in the innermost portion of the second-genera-
tion garnet (�0.05) compared with that in the outer-
most portion of the first-generation garnet (�0.07) and
it shows a continuous outward increase to 0.16 to 0.20
at the outer edge of the rim. In places, the innermost
portion of the second-generation garnet is character-
ized by a short stage with increasing Fe/(Fe + Mg)
and Xgrs and a concomitant decrease in Xalm, Xprp and
Xsps (see right-hand side of the profile in Fig. 4). In the
central portion of the garnet rim, a �shoulder� in the
Xgrs profile, which interrupts the general trend of
outward falling Xgrs, is observed. Xalm is relatively low
in the innermost and outermost portions of the second-
generation garnet and passes through a maximum in
the central portion. A decrease in Xprp and a con-
comitant increase in Fe/(Fe + Mg) is commonly ob-
served in the outermost, several tens of micrometres
wide zone of the rim (see left-hand side of the profile in
Fig. 4).

Garnet porphyroblasts from the Wölz Complex with only a
single growth zone (sample 29F03B)

In the core region of the garnet, the concentration of
Xgrs is substantially higher and Xalm and Xprp are
lower than in the central portion of the first-genera-
tion garnet of polyphase garnet from the Wölz
Complex (Figs 4 & 6). Furthermore, Xgrs and Fe/
(Fe + Mg) decrease more steeply and Xalm as well as
Xprp rise more rapidly from core to rim. Qualitatively,
the zoning pattern of the one-phase garnet is similar
to the zoning pattern of the second-generation garnet
of polyphase garnet porphyroblasts of the Wölz
Complex. The composition of the innermost portion
of the one-phase garnet (Fig. 6) closely resembles the
composition of the earliest portion of the second-
generation garnet (Fig. 4). The number of mineral
inclusions (Fig. 7) and the fluctuations in Xgrs and
Xalm (Fig. 6) are, however, higher in the one-phase
garnet than in the second-generation garnet of the
polyphase garnet.

Polyphase garnet porphyroblasts from the Rappold Complex
(sample 35F03)

The Xgrs, Xsps and Fe/(Fe + Mg) of the first-genera-
tion garnet decrease, whereas Xalm and Xprp increase
from the centre outwards (Fig. 8). In their outermost
growth increments, the first-generation garnet shows a
local maximum in Xalm. In this respect, it is similar to
the second-generation garnet of the polyphase garnet
from the Wölz Complex (Fig. 4). The first-generation
garnet from the Rappold Complex is markedly more
compositionally heterogeneous than the garnet core
phase from the Wölz Complex. A condensation of the
Xsps isopleths in the upper right portion (Fig. 9) is
observed.

A B

Fig. 4. Compositional profile across a garnet porphyroblast
with two growth zones (sample 12F03, Wölz Complex). Note the
sharp increase of grossular and concomitant decrease of al-
mandine contents at the transition from the first to the second
growth zone. P–T estimates for points (1) to (4) are given in
Fig. 12.
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In its innermost growth increment, the second-gen-
eration garnet shows higher values of Xgrs than the
first-generation garnet. The higher values of Xgrs mark
the transition between garnet core and rim. Within the
garnet rim, Xalm shows a substantial outward increase.
In the outermost 10–20 lm, Fe/(Fe + Mg) increases
sharply, with a concomitant decrease in Xprp.

Whole-rock chemistry

The bulk-rock compositions and the compositions of
the garnet cores, which were used for garnet isopleth
thermobarometry, are plotted in AFM and ACF dia-
grams in Fig. 10. The composition of the average pelite
of Symmes & Ferry (1991) (Table 3), which is very
similar to the composition of the average low-grade
pelite of Shaw (1956), is shown for reference. Although

there is some scatter in the data, on average, the gar-
net-bearing metapelites of the Wölz and Rappold
Complexes are similar in terms of their compositions.
In the AFM diagram, all samples show distinctively
lower relative concentrations of MgO than the average
pelite of Symmes & Ferry (1991), and in the ACF
diagram, they generally plot at somewhat higher A-
values than the reference sample (Fig. 10). The com-
positions of garnet cores differ significantly from the
average bulk-rock compositions. In the AFM projec-
tion, the compositions of garnet cores are at higher XFe

than the respective bulk rock and they are at lower A-
values in the ACF diagram. It is interesting to note
that the compositions of garnet cores from the Wölz
Complex define a linear trend in the ACF diagram,
which represents variable C/F ratios at constant A
value. This indicates that the values of Xgrs are highly

(a)

(c) (d)

(b)

Fig. 5. (a) Textural and (b–d) compositional maps (in mol.%) of a garnet porphyroblast from the Wölz Complex with two growth
zones (sample 12F03). Rutile appears at the outermost rim of the second-generation garnet, and ilmenite disappears at the same time.
Small dashed lines represent graphitic pigmentation, which is restricted to the inner part of the second-generation garnet. The location
of the profile A–B as shown in Fig. 4 is indicated.
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variable in garnet cores from the Wölz Complex
(Fig. 10b). In contrast, garnet cores from the Rappold
Complex do not show any variation in their C/F ratios.

P–T estimates

The first-generation garnet of polyphase garnet from the
Wölz Complex

Figure 12a–c illustrates the variation of garnet com-
position with pressure and temperature. Compo-
sitional isopleths were calculated for the original
bulk-rock composition of sample 12F03 obtained
from XRF analysis without correction for the effect
of chemical fractionation associated with garnet
growth (solid lines) and for the effective bulk com-
position that corresponds to the garnet growth stage
represented by point (3) in Fig. 4 (dashed lines). The
shift of the garnet stability field and of the composi-
tional isopleths produced by chemical fractionation is
minute for this specific sample. The effect of chemical
fractionation at point (2) of Fig. 4 is not shown in
Fig. 12a–c for the sake of legibility, but it is given in
Table 4.

The isopleths corresponding to the garnet composi-
tions of the growth stages represented by points (1), (2)
and (3) of Fig. 4 are shown in Fig. 12d. For the inci-
pient stages of garnet growth (point 1), the isopleths
intersect close to the low-temperature stability limit of

garnet. The centre of the area of isopleth intersection is
at �4 kbar and 540 �C; this reflects the conditions
during incipient garnet growth. As the influence of
chemical fractionation during the growth stages (1) to
(3) (Fig. 4) on garnet stability and composition is
negligible for this particular rock sample, equilibrium-
phase relations calculated for the bulk-rock composi-
tion of sample 12F03 (Table 3) are valid for the three
garnet growth stages studied (Fig. 12e). The area of
isopleth intersection that corresponds to incipient
garnet growth in sample 12F03 [point (1) in Fig. 4]
occurs in the stability field of the assemblage garnet,
staurolite, chlorite, albite-rich plagioclase, quartz,
ilmenite and muscovite. The P–T estimates obtained
for incipient garnet growth of other first-generation
garnet from the Wölz Complex yield conditions of
�4 ± 0.5 kbar and 535 ± 20 �C (Fig. 15). The P–T
conditions derived from the composition of the out-
ermost portion of the first-generation garnet [point (3)]
are 4.3 kbar and �550 �C. The equilibrium assemblage
remained unchanged during garnet growth from point
(1) to point (3) (Figs 4 & 12e).

The second-generation garnet of polyphase garnet from the
Wölz Complex (sample 12F03)

Point (4) of the compositional profile depicted in Fig. 4
pertains to the second-generation garnet in the Wölz
Complex. The effects on the effective bulk composition
of partial resorption of the garnet core and of succes-
sive fractionation during rim growth cannot be quan-
tified. This is why the effective bulk composition that
was calculated for point (3) (Table 4) was used for
garnet isopleth thermobarometry. The resulting P–T
estimates are at �6.25 kbar and 530 �C for the growth
stage represented by point (4) (Fig. 12e) and occur in
the assemblage garnet, chlorite, muscovite, albite-rich
plagioclase, quartz and ilmenite.

The one-phase garnet from the Wölz Complex (sample
29F03B)

Garnet isopleth thermobarometry yielded �7.0 kbar
and 530 �C as the conditions during incipient growth
(Fig. 14). Calculated phase relations indicate that
incipient garnet growth occurred in the assemblage
garnet, chlorite, muscovite, albite-rich plagioclase,
quartz and ilmenite. On average, conditions of
�6.5 ± 0.5 kbar and 540 ± 10 �C are obtained from
the central portions of other one-phase garnet from the
Wölz Complex (Fig. 15).

Taking into account the effect of chemical frac-
tionation during garnet growth, conditions of
�7.2 kbar and 535 �C and �8.7 kbar and 550 �C have
been derived for the growth stages represented by the
points (2) and (3), respectively (see compositional
profile illustrated in Fig. 6). The predicted equilibrium
assemblage of point (3) is composed of muscovite,
biotite, chlorite, ilmenite, garnet and quartz.

A B

Fig. 6. Compositional profile across a garnet porphyroblast
from the Wölz Complex with one growth zone (sample 29F03B).
P–T estimates for points (1), (2) and (3) are given in Fig. 14.
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The first-generation garnet of polyphase garnet from the
Rappold Complex (sample 35F03)

From the composition of the oldest growth increment
conditions of �5.2 kbar and 535 �C have been derived
(Fig. 13). The corresponding equilibrium assemblage
consists of garnet, chloritoid, chlorite, muscovite, al-
bite-rich plagioclase, quartz and ilmenite. As shown in
Fig. 15, the cores of other first-generation garnet from

the Rappold Complex yield P–T conditions of
�5.3 ± 0.3 kbar and 525 ± 15 �C. The P–T condi-
tions calculated for the growth stage represented by
point (2) are �5.4 kbar and 535 �C; this is within
uncertainties identical to the conditions obtained for
incipient garnet growth. For point (3), P–T conditions
of �5 kbar and 550 �C and the assemblage garnet,
chlorite, muscovite, staurolite, albite-rich plagioclase,
ilmenite and quartz are derived. The area of isopleth

(a)

(c) (d)

(b)

Fig. 7. (a) Textural and (b–d) compositional maps (in mol.%) of a garnet porphyroblast from the Wölz Complex with one growth
zone (sample 29F03B). The location of the profile A–B as shown in Fig. 6 is indicated. The original growth zoning is modified along
cracks and around mineral inclusions. Note the presence of allanite and the radial cracks surrounding it. The small dashed lines
indicate an intense �s-shaped� graphitic pigmentation, which disappears in the outermost portion of the garnet.
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intersection is comparatively large for this growth
stage, and the uncertainties are accordingly large.

DISCUSSION

P–T estimates for incipient garnet growth

In medium grade metamorphic schists and gneisses,
Xgrs is sensitive to pressure during garnet growth (e.g.
Kretz, 1964; Koziol & Newton, 1988, 1989). From
the observation that the CaO/(CaO + FeO +
MgO + MnO) ratios of first growth increments of the
first- and the second-generation garnet from the Wölz
Complex vary systematically despite relatively con-
stant bulk-rock compositions (Fig. 10), it may be in-
ferred that these garnet portions were formed at
several stages with different pressure conditions in the
Wölz Complex. It must be noted, however, that reac-
tions with a Ca-bearing accessory phase and/or pre-
existing chemical heterogeneities may also influence the
grossular content of the first garnet growth increments.
In contrast, all garnet cores appear to have been
formed at a single stage of their polymetamorphic
evolution in the Rappold Complex.

Garnet from the Wölz Complex

The application of garnet isopleth thermobarometry to
the central portions of all the first-generation garnet

studied (Fig. 15) testifies to garnet growth at relatively
low pressures during the Permian metamorphic event
with a geotherm of �40 �C km)1.

The Cretaceous second-generation garnet is consid-
ered problematic in the context of garnet isopleth
thermobarometry because it forms overgrowths on
pre-existing garnet, i.e. it grew in rocks, which already
contained garnet that was formed during pre-Eo-Al-
pine stages. These rocks underwent substantial dehy-
dration during pre-Eo-Alpine times and the extent of
chemical equilibration, i.e. the size of equilibration
domains that developed during the Eo-Alpine event is
not known. However, the area of isopleth intersection
obtained for the first-growth increments of the second-
generation garnet considering garnet fractionation is
small (Fig. 12). In addition, the calculated equilibrium-
phase assemblage is observed as mineral inclusions in
the second-generation garnet with the exception of
chlorite and plagioclase, which might have been part of
the matrix. Hence, the pronounced difference in the
composition of the oldest growth increment of the
Permian first-generation garnet and of the Eo-Alpine
second-generation garnet is interpreted to reflect a
pressure difference of �2 kbar between the Permian
and Eo-Alpine metamorphic events, at least during the
stages of incipient garnet growth.

The most promising candidate for garnet isopleth
thermobarometry on Eo-Alpine parageneses is garnet
from the Wölz Complex with a single growth zone. As
shown in Fig. 15, conditions of �6.5 ± 0.5 kbar and
540 ± 10 �C are obtained for their incipient forma-
tion.

The similarities of the P–T conditions indicated for
incipient growth of garnet with a single growth zone
and those indicated for the earliest growth stages of the
second-generation garnet confirm that both were
formed during the same Eo-Alpine metamorphic
event. During the incipient growth stages of Eo-Alpine
garnet, the geothermal gradient was at �20 �C km)1.
This is markedly lower than a thermally relaxed con-
tinental geotherm and indicates that Eo-Alpine garnet
started to grow during a fast subduction process,
where thermal relaxation could not keep up with rapid
pressure increase.

Garnet from the Rappold Complex

Garnet isopleth thermobarometry applied to the oldest
growth increments of first-generation garnet yields P–
T conditions of �5.3 ± 0.3 kbar and 525 ± 15 �C
(Fig. 15). These temperatures are within uncertainties
identical to those obtained by Faryad & Hoinkes
(2003). The pressures, however, are lower by
�1.3 kbar. The fact, that this garnet constitutes a
group, which is clearly separated in P–T space from
the first-generation, low-pressure garnet from the Wölz
Complex, suggests that they pertain to a different
metamorphic event, possibly of Variscan age. Alter-
natively, the garnet cores of the Rappold Complex

A B

Fig. 8. Compositional profile across a garnet porphyroblast
from the Rappold Complex with two growth zones (sample
35F03). The increase in the grossular content at the outer parts
of the garnet marks the transition between the two growth zones.
P–T estimates for points (1), (2) and (3) are given in Fig. 13.
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may also have formed during the Permian but in a dif-
ferent crustal segment than the first-generation garnet
of the Wölz Complex. According to our P–T estimates,
the geothermal gradient was at �30 �C km)1 during
this pre-Eo-Alpine event.

Chemical zoning of garnet and estimated P–T paths for
progressive garnet growth

The general zoning patterns observed in garnet por-
phyroblasts from the Rappold and Wölz Complexes,
in particular, the bell-shaped distribution of Xsps,
(Figs 4, 6 & 8) are typical for garnet growth under
greenschist and amphibolite facies conditions during a
prograde P–T path (e.g. Hollister, 1966; Tracy et al.,
1976; Spear, 1993). The successive outward decrease of
Xsps reflects the progressive Mn depletion of the matrix
caused by fractionation of Mn into garnet. Depending
on the P–T path, certain components such as Mg or Fe

tend to be preferentially fractionated into garnet as
well. By this mechanism, the thermodynamically rele-
vant bulk composition can substantially change during
garnet growth. As shown in Fig. 10, the compositions
of the garnet cores from the Wölz and Rappold
Complexes differ significantly from the average bulk-
rock compositions. This implies that the composition
of the equilibrium domain was progressively changed
by chemical fractionation during garnet growth espe-
cially if the modal percentage of newly formed garnet
was high.
To account for the effects of chemical fractionation

during garnet growth, the fractionation model of
Evans (2004) was employed to estimate the P–T
conditions during garnet growth although the distri-
bution coefficient of MnO between garnet and the
rock matrix cannot be assumed constant as the tem-
perature changes and the composition of the garnet-
bearing phase assemblage is possibly modified during

(a) (b) (c)

(d)

Fig. 9. (a) Textural and (b–d) compositional maps (in mol.%)
of a strongly fractured and resorbed garnet porphyroblast
from the Rappold Complex with two growth zones (sample
35F03). Both garnet generations are characterised by an in-
tense graphitic pigmentation. The location of the profile A–B
as shown in Fig. 8 is indicated.
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garnet evolution. In spite of this insufficiency, the
obtained areas of isopleth intersection are small
(Figs 12d, 13d & 14d). This indicates that the frac-
tionation model correctly describes the modification
of the thermodynamically relevant bulk composition
associated with garnet growth for the samples stu-
died.

Two-phase garnet from the Wölz Complex

The almost euhedral growth zoning pattern of the
Permian first-generation garnet documented by the
spessartine isopleths (Fig. 5) indicates the preservation
of the primary zoning pattern. Only the 0.08 Xsps iso-
pleth shows a local irregularity, which is probably
caused by a late-stage alteration along a crack. The
smooth zoning of the major components (Fig. 4)
reflects growth in the course of temporally continuous
reactions, where the nutrients for garnet formation
were continuously liberated by the breakdown of the
precursor phases and transported to the sites of garnet
formation.

The P–T path for the formation of the entire first-
generation garnet obtained by garnet isopleth ther-
mobarometry and the fractionation model of Evans
(2004) is relatively flat [points (1) to (3) in Fig. 12d].
The areas of isopleth intersection are comparatively
small and the predicted influence of garnet fraction-
ation on garnet stability and composition is almost
negligible even for the last growth stage of garnet
growth. It is interesting to note that garnet growth
along such a P–T path produces a successive decrease
in Xgrs despite growth during slightly increasing pres-
sure.

The equilibrium phase assemblage predicted for the
three garnet growth stages [points (1) to (3) in Fig. 12e]
is not completely preserved as inclusions in the first-
generation garnet. Only ilmenite, quartz, muscovite
and tourmaline inclusions are observed. Chlorite,
staurolite and albite-rich plagioclase are interpreted to
have been part of the Permian matrix assemblage. The
P–T estimates for incipient and progressive growth
increments of the first-generation garnet support the
hypothesis of a Permian extensional event for this part

(a) (b)

Fig. 10. Bulk-rock XRF geochemical data and garnet core compositions of all the samples used for garnet isopleth thermobarometry
plotted in an (a) AFM projection from muscovite, quartz and H2O (Thompson, 1957) and (b) ACF projection from quartz and H2O.
Total iron in all samples is assumed to be FeO.
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of the Austroalpine Basement (e.g. Miller & Thöni,
1995; Schuster & Thöni, 1996; Schuster et al., 2001).

The innermost portions of the Cretaceous second-
generation garnet are characterized by a continuous
increase of Fe/(Fe + Mg) from 0.93 to 0.94 and sim-
ultaneous decrease of Xalm, Xprp, and Xsps and con-
comitant increase of Xgrs (see right-hand side of the
profile in Fig. 4). According to Spear et al. (1991), this
may be interpreted as a result of garnet growth during
increasing pressure and decreasing temperature con-
ditions. Such a P–T trajectory would, however, imply a
very special tectonic evolution, which is not known for
the Eo-Alpine orogenic event in the Eastern Alps.
Alternatively, the peculiar zoning pattern may be ex-
plained by modification through diffusional exchange
across the interface between first and second growth
stage of garnet porphyroblasts. The �shoulder� in the
Xgrs trend (Fig. 4) defines a separate stage of second-
generation garnet growth. This feature is observed in
almost every second-generation garnet from polyphase
garnet of the Wölz Complex. It reflects a period of
enhanced availability of calcium, which may be due to
the breakdown of a Ca-bearing phase such as epidote
rather than large changes in P–T conditions. The de-
crease in Xprp and concomitant increase in Fe/
(Fe + Mg), which is observed in the outermost por-
tions of the second-generation garnet, is ascribed to
diffusive Fe-Mg exchange between garnet and matrix

phases during retrogression. Hence, the compositions
of the outermost garnet rims cannot be considered as
equilibrium relations at peak metamorphic conditions.
They reflect the element partitioning between garnet
and matrix phases at some stage during cooling, which
makes it difficult to apply conventional thermobar-
ometry to these rocks.
Quantitative information about the P–T conditions

during progressive growth of the Cretaceous second-
generation garnet, which rims the Permian first-gen-
eration garnet, could not be obtained employing garnet
isopleth thermobarometry and the fractionation
model. The areas of isopleth intersection are large and
the uncertainties in P–T estimates are accordingly large
for the outermost portions of Eo-Alpine garnet. This
is, at least in part, due to the fact that the Xalm-, Xsps-
and Xgrs-isopleths tend to become parallel to each
other and become pressure-independent at pressures in
excess of �7 kbar (Fig. 12). In addition, as mentioned
above, the size of equilibration domains may have been
rather limited during the Eo-Alpine metamorphic
overprint in the rocks, which already had experienced
earlier medium-grade metamorphism. This is why
bulk-rock compositions combined with a simple frac-
tionation model are no longer an adequate description
of the thermodynamically relevant bulk composition.
Disequilibrium between the garnet rim and the matrix
phases at later stages of garnet growth can also be
invoked.
Nevertheless, qualitative information on the P–T

conditions during the growth of the second-generation
garnet can be deduced from the calculated phase
relations in Fig. 12. The local maximum in Xalm in the
outer part of the second-generation garnet (Fig. 4)
indicates that the rocks followed a P–T path, which
passes through the predicted maximum in Xalm

(Fig. 12a). The existence of a local maximum in Xalm in
P–T space is predicted for all bulk-rock compositions
investigated in this study. It generally falls into the
chlorite stability field and approximately coincides
with the low-temperature stability limit of biotite
(Figs 12, 13 & 14). A chemical zoning pattern similar
to that of the second-generation garnet from the Wölz
Complex (Fig. 4), in particular, a maximum in Xalm

combined with a concomitant decrease of Xgrs and Fe/
(Fe + Mg) was obtained by Spear et al. (1991) from
numerical simulations that implied increasing pres-
sures and temperatures during garnet growth. Such
zoning patterns have also been reported from several
other prograde garnet growth stages by Vance &
Holland (1993) and by Vance & Mahar (1998) and
interpreted as a primary, reaction-controlled feature.
From a simulation of garnet growth at the expense of
chlorite, Inui & Toriumi (2004) suggest that the rapid
rise of XMg and the concomitant decrease in Xalm

is due to an increase in the relative amounts of
clinochlore [Mg5Al2Si3O10(OH)8] and amesite [Mg4Al4
Si2O10(OH)8] and a decrease of daphnite [Fe5Al2
Si3O10(OH)8] in chlorite with increasing temperature.

Fig. 11. Relationship between M (weight fraction of crystallized
garnet) and the chemical composition of the successive growth
increments of first-generation garnet from the Wölz Complex
(sample 12F03). Points (1), (2) and (3) correspond to the garnet
points in Fig. 4. For kd (distribution coefficient of MnO) a value
of 55 was used.
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(a) (b)

(c)

(e)

(d)

Fig. 12. Calculated garnet composition (a–c), composi-
tional contours corresponding to the observed garnet
compositions (d), and P–T phase diagram section (e) for a
metapelite from the Wölz Complex containing garnet with
two growth zones (sample 12F03). The grey-shaded area
and stippled lines in (a–c) show the stability field and
composition of garnet considering chemical fractionation
during the growth from point (1) to the outermost rim of
the first-generation garnet [point (3) in Fig. 4]. Unbroken
lines refer to the garnet, which grew before fractionation
started [point (1) in Fig. 4]. The dark-grey-shaded areas in
(d) mark the areas of isopleth intersection for points (1),
(2), (3) and (4) in Fig. 4. The stippled line in (d) corres-
ponds to the lower stability limit of garnet predicted for the
growth of point (2); (e) was calculated using the bulk-rock
composition.
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The position of the high-pressure limit of the Xalm-
maximum is slightly shifted to higher pressures because
of chemical fractionation associated with garnet
growth (Figs 12a, 13a & 14a). In contrast, the position
of the low-pressure limit is not affected. Garnet, which
grew in a similar chemical system but at higher pres-
sure than the second-generation garnet from the Wölz
Complex may pass by the predicted maximum in Xalm

and thus lack the local Xalm-maximum in their che-
mical zoning pattern.

One-phase garnet from the Wölz Complex

The X-ray maps of the Cretaceous one-phase garnet
show the modifying influence of crack formation and
mineral inclusions on the original garnet growth
zoning (Fig. 7). The relatively high number of mineral
inclusions compared with those in the Cretaceous
second-generation garnet of the Wölz Complex and
the fluctuations of Xalm and Xgrs may be due to a
slightly different mineralogical composition of the
preexisting matrix at the site of garnet formation or
to a higher rate of garnet growth. Assuming similar
values of volume garnet growth, the extent of radial
garnet growth strongly depends on the size of the
grain, which is overgrown. Hence, the rate of radial
garnet growth would be faster for the formation of
the one-phase garnet than for the formation of the
second-generation garnet of the polyphase garnet
porphyroblasts, which forms rims around preexisting
garnet grains.

Considering garnet fractionation (Evans, 2004), a P–
T path for the core formation of the Cretaceous one-
phase garnet [points (1) to (3) in Fig. 6] is obtained,
which passes by the predicted maximum in Xalm

(Fig. 14). Therefore, the garnet lacks a local maximum
in Xalm in its zoning pattern. The P–T path is com-
paratively steep, which is in line with the hypothesis of
garnet growth during an Eo-Alpine subduction pro-
cess.

The modelled equilibrium-phase assemblage for the
oldest garnet portion [point (1) in Figs 6 & 14e]
agrees exactly with the paragenesis predicted for the
formation of point (2) (Figs 6 & 14e), and the influ-
ence of garnet fractionation on garnet composition
and stability during this garnet growth stage is in-
significant. In contrast, fractionation throughout the
last growth stage [point (2) to (3) in Figs 6 & 14f]
results in a remarkable change of the phase diagram
topology.

Allanite and clinozoisite inclusions are observed in
central parts of garnet but are not predicted as stable
phases employing garnet isopleth thermobarometry
and garnet fractionation [points (1) to (3) in Fig. 14].
Both phases are members of the epidote group, which
is approximated as zoisite in the calculations. The
areas of isopleth intersection for points (1), (2) and (3)
are positioned at somewhat lower pressures or slightly
higher temperatures then the stability limit of zoisite-
bearing assemblages (Fig. 14f). We attribute this dis-
crepancy to reflect differences in the thermodynamic
properties of clinozoisite and allanite compared with
zoisite. Kyanite and rutile inclusions are noticed in the
outermost garnet rim, which grew subsequently to the
formation of the youngest garnet growth stage con-
sidered [point (3) in Figs 6 & 14e]. Therefore, we sug-
gest the formation of rutile and kyanite as well as
staurolite, which is commonly intergrown with kyanite
in the matrix, during and following the latest periods
of Cretaceous garnet growth accounting for their ab-
sence in the phase assemblages modelled.
The P–T conditions obtained for the growth of the

second-generation garnet from the Wölz Complex
represent parts of a Cretaceous prograde P–T path in
the course of Eo-Alpine metamorphism. However,
peak metamorphic conditions for the Eo-Alpine event
could not be obtained. They are expected to exceed the
maximum conditions achieved for the growth of the
one-phase garnet from the Wölz Complex. In this re-
spect, they would be in accordance with thermobaro-
metrical estimates of �10–11 kbar and 600–650 �C
obtained for peak metamorphic conditions during Eo-
Alpine metamorphism in the Wölz Complex by Faryad
& Hoinkes (2003). Koroknai et al. (1999) obtained
conditions of 10 kbar and 600 �C for metapelites from
the southernmost section of the Wölz Complex (Rad-
enthein Complex; Fig. 1). In contrast, peak metamor-
phic conditions for the central parts of the Wölz
Complex (Ramingstein Window; Fig. 1) were estima-
ted at �7 kbar and 570 �C by Schuster & Frank
(1999).

Polyphase garnet from the Rappold Complex

The compositional heterogeneity of the first-genera-
tion garnet (Fig. 8) may be due to the inheritance of
preexisting chemical heterogeneities, or to late-stage
diffusional modification of the chemical composition
of garnet adjacent to cracks and mineral inclusions
(Fig. 9). A condensation of the Xsps isopleths in the

Fig. 13. Calculated garnet composition (a–c), compositional contours corresponding to the observed garnet compositions (d), and P–
T phase diagram sections (e–f) for a metapelite from the Rappold Complex containing garnet with two growth zones (sample 35F03).
The grey-shaded area and stippled lines in (a–c) show the stability field and composition of garnet considering chemical fractionation
during the growth from point (1) to point (3) in Fig. 8. Unbroken lines refer to the garnet, which grew before fractionation started
[point (1) in Fig. 8]. The dark-grey-shaded areas in (d) mark the areas of isopleth intersection for points (1), (2) and (3) in Fig. 8. The
stippled line in (d) corresponds to the lower stability limit of garnet predicted for the growth of point (2); (e) and (f) were calculated
using the bulk-rock chemistry as the composition of the thermodynamic system at the initial stage of garnet growth and the calculated
effective composition for garnet growth stage (3), respectively.
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(c) (d)

(e) (f)
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upper right portion of the garnet core is observed,
which probably reflects a period of garnet resorption
(Fig. 9). The sharp increase of Fe/(Fe + Mg) and

concomitant decrease in Xprp in the outermost 10–
20 lm is supposed to indicate retrograde diffusional
exchange with matrix phases.

(a) (b)

(d)(c)

Fig. 14. Calculated garnet composition (a–c), compositional contours corresponding to the observed garnet compositions (d), and P–
T phase diagram sections (e–f) for a metapelite from the Wölz Complex containing garnet with a single growth zone (sample 29F03B).
The grey-shaded area and stippled lines in (a–c) show the stability field and composition of garnet considering chemical fractionation
during the growth from point (1) to point (3) as shown in Fig. 6. Unbroken lines refer to the garnet which grew before fractionation
started [point (1) in Fig. 6]. The dark-grey-shaded areas in (d) mark the areas of isopleth intersection for points (1), (2) and (3) in
Fig. 6. The stippled line in (d) corresponds to the lower stability limit of garnet predicted for the growth of point (2); (e) and (f) were
calculated using the bulk-rock chemistry as the composition of the thermodynamic system at the initial stage of garnet growth and the
calculated effective chemical composition at garnet growth stage (3), respectively.
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It is interesting to note that Mn is not entirely
depleted from the rock matrix even during the latest
growth increments of the first-generation garnet

(Fig. 8). This points to the presence of an additional
Mn-bearing phase, which acted as a source of Mn even
after chlorite has been entirely consumed in the course
of garnet growth.

The resulting P–T path for the growth of the central
part of the first-generation garnet proposes garnet
formation at increasing temperature and constant or
even decreasing pressure (Fig. 13d). The estimated P–
T path is aimed at the local maximum in Xalm that is
predicted for the respective bulk-rock composition (see
Fig. 13a). The reversal trend of Xalm in the composi-
tional profile (Fig. 8) implies that this feature is passed
through at later growth stages.

With the exception of chlorite and plagioclase, all
the predicted minerals are perceived as inclusions in
early portions of the first-generation garnet. Chemical
fractionation in the course of garnet growth noticeably
changes the topology of the predicted-phase assem-
blage relations (Fig. 13e,f). At point (3), staurolite in-
stead of chloritoid is calculated to be stable (Fig. 13f)
and probably corresponds to the strongly resorbed
staurolite porphyroblasts noticed in thin sections,
which enclose first-generation garnet and form equi-
librium textures with them (Fig. 3c). Biotite, which is
observed in the outermost portions of the first-gen-
eration garnet, was not predicted as part of the para-
genesis at point (3). However, the position of the lower
stability limit of biotite is located at slightly higher
temperatures as calculated for the formation of point
(3) (Fig. 13f). Hence, biotite might be part of an
equilibrium assemblage at later stages of garnet

(e) (f)

Fig. 14. Cont’d.

Fig. 15. Summary of the P–T estimates obtained for the inci-
pient stages of garnet growth in metapelites from the Wölz and
Rappold Complexes. (i) First-generation garnet of Permian age
from the Wölz Complex; (ii) first-generation garnet of unknown
age from the Rappold Complex; (iii) garnet with a single growth
zone of Cretaceous age from the Wölz Complex. Geographical
position of the samples is given in Table 1 and Fig. 2. The
respective areas of isopleth intersection are provided in Appen-
dix A3 for the entire set of samples.
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growth, which evolves, if the rock follows a P–T path
proceeding through the maximum in Xalm.

The influence of Ti-biotite and the composition of the fluid

The comparison of P–T phase diagram sections ob-
tained by the implementation of the Ti-free and Ti-
bearing solution model of biotite (Powell & Holland,
1999) yields a slightly increased stability of garnet in
equilibrium assemblages with Ti-biotite, e.g. con-
sideration of Ti in biotite shifts the garnet-in curve to
slightly lower pressures at temperatures exceeding the
lower stability limit of biotite. However, the chemical
composition of garnet is not affected. As incipient
garnet growth is assumed to occur at the expense of
chlorite, the influence of Ti-biotite on the stability of
garnet can be ignored in this case.

To assess the influence of changing H2O and CO2

activities during garnet growth on garnet composition
and phase diagram topology and to account for the
remarkable amount of graphite observed in the garnet
porphyroblasts studied, a P–T phase diagram sec-
tion was calculated (Fig. 16) considering a graphite-
buffered carbon-, oxygen- and hydrogen-bearing
(GCOH-) fluid (Connolly & Cesare, 1993). At pres-
sures of �3.5 kbar, the lower stability limit of garnet is
shifted to lower temperatures by �10 �C compared
with the respective equilibrium-phase assemblage dia-
gram calculated with pure H2O (Fig. 14e) whereas the
composition of garnet was not changed. However, the

influence of fluid composition on garnet stability
decreases as the pressure increases. At pressures
exceeding 6 kbar, the phase diagram topologies illus-
trated in Figs 14e & 16 match exactly. Figure 16 also
shows the area of isopleth intersection for incipient
garnet growth in sample 29F03B. The P–T conditions
obtained correspond to the P–T estimates acquired
using pure H2O.

Limitations of garnet isopleth thermobarometry

The P–T conditions predicted for the growth of the
most primitive garnet in samples 35F03 and 29F03B
are not exactly located at the low-temperature, low-
pressure stability limit of the garnet stability field
(Figs 13f & 14f). Several possible mechanisms may be
invoked to explain this apparent discrepancy: the po-
sition of the lower limit of the stability field of garnet
strongly depends on the amount of Mn available for
garnet growth. Thus, Mn-bearing phases that may
coexist with garnet must be taken into account during
thermodynamic modelling. If such phases are ignored
or inadequately described thermodynamically, this
may have a strong influence on the stability field of
garnet. The application of different solution models for
solid solution in feldspar (Newton et al., 1980; Baldwin
et al., 2005) clearly reflects that the quantity of Ca
available for garnet growth strongly influences the
position of the garnet-in curve. However, the choice of
the feldspar model does not significantly alter the

Fig. 16. P–T phase diagram section for
incipient garnet growth in a metapelite from
the Wölz Complex containing garnet por-
phyroblasts with a single growth zone
(sample 29F03B) considering a GCOH-fluid
(Connolly & Cesare, 1993) (for further ex-
planation see text).
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position and shape of the garnet isopleths, e.g. the
predicted composition of garnet is only slightly affec-
ted by the thermodynamic properties of feldspar solid
solution. Furthermore, errors in experimentally ob-
tained thermodynamic properties of minerals, which
are introduced via the thermodynamic database used,
have to be taken into account. Alternatively, reaction
overstepping due to kinetically impeded nucleation
and/or volume diffusion of Mn may be invoked. At the
stage of incipient growth, the garnet individuals were
supposedly very small, and the modal proportion of
garnet in the rock can be neglected (Tables 5 & 6). It
may be hypothesized that, despite the low tempera-
tures, volume diffusion of Mn was fast enough to
homogenize any growth zoning in garnet effectively, so
that the entire grains could maintain an equilibrium
distribution with the rock matrix in terms of their Mn
concentrations. In this case, garnet isopleth thermo-
barometry yields valid P–T estimates for an early
growth stage.

Of more than 40 samples investigated from both
lithostratigraphic units, about 20 have not been
deemed successful. In these cases, the areas of isopleth
intersection cover more than �1.5 kbar and �20 �C,
and are too large to obtain well-founded P–T esti-
mates. The failure of garnet isopleth thermobarometry
may be due to several reasons.

If the method is applied to late increments of garnet
growth without consideration of the effect of chemical
fractionation produced during preceding garnet
growth, i.e. if bulk-rock chemistries are used for phase
equilibrium calculations, this may result in enlarged
areas of isopleth intersection and unsatisfactory pre-
cision of the method. In the case of garnet that grew
under greenschist to amphibolite facies conditions, this
may even lead to systematic underestimation of pres-
sure and to overestimation of temperature, because of
the characteristic growth zoning of such garnet.

Furthermore, the positions of the isopleths may tend
to become parallel at high pressures as shown for the
Cretaceous second-generation garnet of sample 12F03.
This results in strongly extended areas of isopleth
intersection and unsatisfactorily large P–T uncertain-
ties for garnet grown at relatively high pressures.

In garnet isopleth thermobarometry, the bulk-rock
composition or the effective bulk-rock composition is
usually employed as the thermodynamically relevant
system composition. This is valid as long as thermo-
dynamic equilibrium is maintained over the entire rock
volume considered at any time of garnet growth. In
general, equilibration volumes will be of finite size,
depending on the efficiency of mass transport in the
rock matrix. Mass transfer in rocks may be slow so
that a single rock specimen may contain several equi-
libration domains. Garnet cores in a rock sample
which grew at the same metamorphic event and nuc-
leate at similar times but differ strongly with respect to
their chemical composition may be considered indica-
tors for the juxtaposition of different equilibration

domains. In this case, the chemical composition of the
rock sample averages out over the neighbouring equi-
libration domains and differs from the composition
that is thermodynamically relevant for the growth of
garnet within an individual equilibration domain.

The large number of fractures and mineral inclu-
sions especially in garnet from the Rappold Complex
are assumed to be responsible for secondary diffu-
sional relaxation and modification of the original
garnet composition. Moreover, garnet isopleth ther-
mobarometry could not be applied to samples con-
taining significant quantities of Fe3+-bearing phases
such as epidote or the garnet endmember andradite.
An estimation of the original amounts of Fe2O3 at the
time of incipient garnet growth could lead to more
realistic models of rock-specific equilibrium-phase
relations.

CONCLUSIONS

Estimates for the P–T conditions during incipient
garnet growth and P–T trajectories representative for
garnet growth in the course of pre-Eo-Alpine and Eo-
Alpine metamorphic events in the Austroalpine base-
ment are deduced from the investigation of bulk-rock
chemistries and compositions of zoned metamorphic
garnet porphyroblasts. The comparison of calculated
garnet chemistries obtained from P–T phase diagram
sections and garnet fractionation modelling with
observed garnet compositions suggests different pre-
Eo-Alpine metamorphic histories in the Wölz and
Rappold Complexes. Whereas the Permian garnet
from the Wölz Complex started to grow at
�4 ± 0.5 kbar and 535 ± 20 �C incipient garnet
growth of garnet from the Rappold Complex occurred
at 5.3 ± 0.3 kbar and 525 ± 15 �C. The P–T esti-
mates for the earliest growth zones of garnet from the
Wölz Complex are in line with the presumed high
temperature/low pressure conditions of the Permian
metamorphic event. The P–T estimates for garnet from
the Rappold Complex reflect a Barrow-type P–T path
typical of Variscan metamorphism in the Eastern Alps.
Investigations of Eo-Alpine garnet from the Wölz
Complex yielded P–T conditions of 6.5 ± 0.5 kbar at
540 ± 10 �C during incipient garnet growth.

The typical growth zoning patterns observed in
garnet of the Wölz and Rappold Complexes reflect
changing component availabilities at the time of garnet
growth. Besides garnet fractionation, component
availability is controlled by several poorly constrained
factors such as transport pathways and rates, the
kinetics of decomposition reactions of precursor pha-
ses and garnet nucleation and growth, as well as dif-
fusional relaxation. Therefore, the potential of garnet
isopleth thermobarometry to derive P–T paths from
zoning patterns is limited. In contrast, application of
this technique to the first increments of garnet growth
is reliable (e.g. Vance & Mahar, 1998; Stowell et al.,
2001; Zeh, 2001; Zeh & Holness, 2003; Evans, 2004).
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The application of garnet isopleth thermobarometry
together with garnet age determinations is suggested to
be an efficient approach to obtain P–T–t information
for the first metamorphic event of rocks that under-
went a polymetamorphic evolution. In particular, it
sheds light on pre-Eo-Alpine metamorphic events in
the Austroalpine realm.
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Habler, G. & Thöni, M., 2001. Preservation of Permo-Triassic
low-pressure assemblages in the Cretaceous high-pressure
metamorphic Saualpe crystalline basement (Eastern Alps,
Austria). Journal of Metamorphic Geology, 19, 679–697.

Hoinkes, G., Koller, F., Rantisch, G. et al., 1999. Alpine
metamorphism of the Eastern Alps. Schweizerische Minera-
logische und Petrographische Mitteilungen, 79, 155–181.

Holland, T. J. B. & Powell, R., 1998. An internally consistent
thermodynamic data set for phases of petrological interest.
Journal of Metamorphic Geology, 16, 309–343.

Holland, T. J. B., Baker, J. M. & Powell, R., 1998. Mixing
properties and activity- composition relationships of chlorites
in the system MgO-FeO-Al2O3-SiO2-H2O. European Journal
of Mineralogy, 10, 395–406.

Hollister, L. S., 1966. Garnet zoning: an interpretation based on
the Rayleigh fractionation model. Science, 154, 1647–1651.

Inui, M. & Toriumi, M., 2004. A theoretical study on the for-
mation of growth zoning in garnet consuming chlorite. Journal
of Petrology, 45, 1369–1392.

Kim, H. S. & Bell, T. H., 2005. Combining compositional
zoning and foliation intersection axes (FIAs) in garnet to
quantitatively determine early P–T–t paths in multiply de-
formed and metamorphosed schists: north central Massa-
chusetts, USA. Contributions to Mineralogy and Petrology,
149, 141–163.

Kleemann, U. & Reinhardt, J., 1994. Garnet-biotite thermo-
metry revisited: the effect of AlVI and Ti in biotite. European
Journal of Mineralogy, 6, 925–941.

Koroknai, B., Neubauer, F., Genser, J. & Topa, D., 1999.
Metamorphic and tectonic evolution of Austroalpine units at
the western margin of the Gurktal nappe complex, Eastern
Alps. Schweizerische Mineralogische und Petrographische
Mitteilungen, 79, 277–295.

Koziol, A. M. & Newton, R. C., 1988. Redetermination of the
anorthite breakdown reaction and improvement of the plagi-
oclase-garnet-Al2SiO5-quartz geobarometer. American
Mineralogist, 73, 216–223.

Koziol, A. M. & Newton, R. C., 1989. Grossular activity-com-
position relationships in ternary garnets determined by re-
versed displaced-equilibrium experiments. Contributions to
Mineralogy and Petrology, 103, 423–433.

Kretz, R., 1964. Analysis of equilibrium in garnet-biotite-silli-
manite gneisses from Quebec. Journal of Petrology, 5, 1–20.

Mahar, E. M., Baker, J. M., Powell, R., Holland, T. J. B. &
Howell, N., 1997. The effect of Mn on mineral stability in
metapelites. Journal of Metamorphic Geology, 15, 223–238.

4 74 F . GA ID IE S E T A L .

� 2006 Blackwell Publishing Ltd



Menard, T. & Spear, F. S., 1993. Metamorphism of calcic pelitic
schists, Strafford Dome, Vermont: compositional zoning and
reaction history. Journal of Petrology, 34, 977–1005.
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SUPPLEMENTARY MATERIAL

The following material is available online alongside the
article at: http://www.blackwell-synergy.com:

Appendix A1. EPMA dataset.
Appendix A2. Bulk-rock compositions.
Appendix A3. P–T phase diagram sections with

areas of isopleth intersection.
Appendix A4. The database file, one solution-model

file, and one input-file used with PERPLEX.
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