
Abstract

This study represents a comparison between thermodynamic calculations (pseudosections) and the results of the experimental in-

vestigation of high-P/high-T granulites from the Bohemian Massif by Tropper et al. (2005). The experiments were conducted at 750-

1000°C at 1.6 GPa, 950°C, 1.4 GPa and 800-900°C at 1.2 GPa in order to model the high-P/high-T evolution of the south Bohemian 

granulites. Tropper et al. (2005) used granitic gneiss as starting material whose chemical composition almost perfectly matched the 

main granulite type of the Southern Bohemian Massif. To test the validity of the experiments pseudosection calculations using the 

programs THERIAK-DOMINO and PERPLEX were performed in the chemical system K O-Na O-CaO-FeO-MgO-MnO-Al O -TiO -SiO -2 2 2 3 2 2

H O (KNCFMMnTiASH). The calculations revealed that the experimentally obtained phase assemblages could very well be reprodu-2

ced despite the use of different activity models for solid solutions, compositional trends of garnet and feldspars good to satisfactorily. 

The calculations revealed two major inconsistencies: 1.) the stability of biotite is underestimated in the experiments by ca. 50-100°C 

and 2.) the amount of melt generated in the experiments is much larger than in the calculations. The reasons for these inconsisten-

cies can be explained by: 1.) electron microprobe analysis of micas from the run products which revealed high F-contents not ana-

lyzed previously by Tropper et al. (2005), which is not accounted for in relevant biotite activity models, and by: 2.) the nature of the 

experimental set-up (lack of eqilibrium in the subsolidus region and fast reaction overstep) which is responsible for generation of 

abnormously high amounts of melts. Nonetheless the combination of experimental and thermodynamic investigations and its com-

parison to natural rocks allows gathering deeper insights into the metamorphic evolution of these high-P/high-T granulites.

Das Ziel dieser Arbeit war der Vergleich zwischen thermodynamischen Berechnungen (Pseudosektionen) und den experimentellen 

Untersuchungen bezüglich der Genese der Hoch-T/Hoch-P Granulite aus der Arbeit von Tropper et al. (2005). Die Experimente wur-

den mit granitischem Ausgangsmaterial bei Temperaturen von 750-1000°C bei 1.6 GPa, bei 950°C und 1.4 GPa und bei 800-900°C 

bei 1.2 GPa durchgeführt um die P-T Entwicklung dieser südböhmischen Granulite im Experiment zu simulieren. Um die Experi-

mente hinsichtlich ihrer Reproduzierbarkeit zu untersuchen wurden Pseudosektionen mittels der Programme THERIAK-DOMINO 

und PERPLEX im chemischen System K O-Na O-CaO-FeO-MgO-MnO-Al O -TiO -SiO -H O (KNCFMMnTiASH) durchgeführt. Die 2 2 2 3 2 2 2

thermodynamischen Berechnungen haben gezeigt dass sich die Mineralparagenesen aus den Experimenten trotz der Verwendung 

verschiedener Aktivitätsmodelle für die Mischphasen sehr gut und die Mineralzusammensetzungen von Granat und Feldspat gut bis 

befriedigend reproduzieren lassen. Weiters wurden zwei grosse Inkonsistenzen zwischen den Experimenten und den Berechnungen 

festgestellt: 1.) die Stabilität von Biotit ist im Experiment ca. 50-100°C höher und 2.) die erzeugte Menge an Schmelze ist in den 

Experimenten viel höher. Die Erklärungen für diese Abweichungen sind: 1.) in der Untersuchung von Tropper et al. (2005) wurde 

kein F und Cl in Biotit und Muskovit gemessen wurde und: 2.) das experimentelle Set-up führt durch Ungleichgewicht im Subsoli-

dusbereich und raschem Überschreiten von Schmelzreaktionen zwangsläufig zur Erzeugung hoher Schmelzmengen. Diese Studie 

zeigt aber trotzdem dass die Kombination von Experimenten und thermodynamischen Berechnungen im Vergleich zu den natürli-

chen Gesteinen wertvolle Rückschlüsse auf die metamorphe Entwicklung dieser Hoch-P/Hoch-T Granulite erlaubt.

_______

_____________
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How well do pseudosection calculations reproduce 
simple experiments using natural rocks: an example 
from high-  high-  granulites of the Bohemian MassifP TTP

1. Introduction

The metamorphic evolution of a rock can be deciphered us-

ing three approaches: 1.) the practical geothermobarometric 

approach, 2.) the theoretical approach (phase diagrams, pseu-

dosections, projections) and 3.) the experimental approach. 

Whereas with the first two approaches it is possible to con-

strain several stages of the P-T-X evolution, the experimental 

approach allows mostly only the investigation of a distinct P-T 

condition of a rock. On the other hand, experimental investi-

gations allow to put additional constraints on the evolution of

a rock under defined P and T conditions (White et al., 2011). 

These constraints consider the textural evolution of a given 

sample as well as additional variables such as aH O, nH O, 2 2

fO  etc. In order to obtain results as close as possible to the 2

natural rocks it is best to use natural rocks as starting materi-

als. The disadvantage of this method being the complex che-

mical compositions of the rocks and therefore the deviation 

from chemical end-member systems (see White et al., 2011). 

Therefore experiments using natural starting materials need



to be evaluated not only 1.) in terms of their ability to repro-

duce the natural observations but also 2.) in their ability to be 

reproduced by thermodynamic calculations (pseudosections). 

Latter aspect is the aim of this study.

Experimental studies of partial melting range from chemically 

simple to complex natural systems (see White et al., 2011). 

Basically these experiments can be divided into two types de-

pending on the nature of the starting material and the infor-

mation that can be extracted from the results. While simple 

chemical systems allow precise determination of thermody-

namic paramters of phases involved their chemical systems 

are too far away from natural rocks and hence the obtained 

results are oftentimes only of limited use. On the other hand 

experiments using very large chemical systems, such as na-

tural compositions allow a direct comparison to natural rocks 

but their ability of extracting thermodynamic data is limited. 

The main aim of these experiments is to investigate the de-

velopment of a certain mineral assemblage and investigate 

the nature of partial melting reactions. Combining experimen-

tal studies on partial melting with the geometrical analysis of

phase relationships (e.g. Grant, 1985; Vielzeuf and Holloway,

____________________

1.1 Partial melting experiments

1988) provided at least a reasonable understanding of the un-

derlying melting relationships in rocks. However, fully quantita-

tive thermodynamic calculations on melting using large, inter-

nally consistent datasets and complex activity models have 

evolved mostly over the last fifteen years as more sophistica-

ted activity models for both minerals and melt have been deve-

loped (see Holland and Powell, 1998, 2001; White et al., 2001, 

2007; White et al., 2011). Experimental studies combined with 

thermodynamic modelling have now greatly advanced our un-

derstanding of partial melting in the upper and lower crust and 

and this approach provides a comprehensive framework for 

the interpretation of migmatites, residual granulites and gra-

nites (see White et al., 2011). Experimental investigations of 

granulite-facies migmatites are therefore particularly important 

for understanding the origin of high-temperature, H O-undersa-2

turated granitic magmas. On the other hand direct comparison 

to natural high-grade rocks is hampered by the fact that they 

represent the end-product of a number of metamorphic and de-

formation processes that operate subsequently after the peak 

of metamorphism in the deep continental crust.

So far to date only relatively few studies have attempted to 

model the results of experiments on synthetic or natural com-

positions (e.g. Johnson et al., 2008; Tajcmanová et al., 2009;

____________

Figure 1: BSE images of selected experimental run products sho-

wing biotite and muscovite stability. (A): 800°C/1.6 GPa, (B): 800°C/1.2 

GPa and (C): 750°C/1.6 GPa. All mineral abbreviations are according 

to Whitney and Evans (2010) except for K-Akf: K-rich alkali-feldspar 

and Na-Akf: Na-rich alkali-feldspar._____________________________
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Grant, 2009; White et al., 2011). The nature of the chemical 

system used in the experiment dictates whether experiments 

and theoretical calculations can directly be compared or not.

For instance a direct comparison of thermodynamic modelling 

and experiments can be undertaken if the experimental com-

position used is in the same system as the composition used 

in the modelling (e.g. KFMASH or NCKFMASH). Unfortuna-

tely a greater challenge arises when the composition used in 

the experiments is a natural rock powder that contains many 

components not accounted for in thermodynamic modelling 
3+(e.g. Mn, Ti, Fe , Cr, Zn, F, Cl etc.). Here, direct constraints 

which of a large number of potential sources is responsible 

for differences in the results is extremely difficult (White et al., 

2011). Nevertheless, these experiments still do provide useful 

constraints on the metamorphic evolution (P-T-X) of high-grade 

rocks and when combined with thermodynamic calculations 

activity/composition relationships of minerals can be tested. 

While calculations can be undertaken in increasingly large 

chemical systems today such as NCKFMASHTO (Na O-CaO-2

K O-FeO-MgO-Al O -SiO -H O-TiO -Fe O ) such systems repre-2 2 3 2 2 2 2 3

sent still a significant simplification of nature and the effects of 

other components on the phase equilibria are still unconstrained.

Felsic granulites with the assemblage quartz + ternary feld-

1.2 High- /high-  granulites in the Bohemain 

Massif

P T

spar (mesoperthite) + garnet + rutile ± kyanite are a promi-

nent lithology of the Moldanubian domain (Schulmann et al., 

2005, 2008; Guy et al., 2010; Lexa et al., 2011). The protolith 

rock was most likely an effectively dry granite (e.g. Kotková  

and Harley, 1999; Finger et al., 2003; Janoušek et al., 2004, 

2006; Tropper et al., 2005; Janoušek and Holub, 2007) with 

a low modal abundance of biotite and the absence of visible 

melt segregations implying that these rocks were fluid-defici-

ent during metamorphism. This view is supported by the low 

modal proportion of melt (<3 vol.%.) calculated in P-T pseudo-

sections by Tajcmanová et al. (2006, 2009, 2010), Štípská et 

al. (2010) and Franek et al. (2011). This feature is not suppor-

ted by the experimental investigations of Tropper et al. (2005) 

who concluded that both, the high-P, high-T formation stage 

and the subsequent exhumation to mid crustal levels, took 

place in the presence of a partial melt. Tropper et al. (2005) 

tried to assess the processes of high-P/high-T granulite for-

mation by conducting fluid-absent piston cylinder experiments 

using a granitic gneiss with the assemblage K-feldspar + pla-

gioclase + quartz + biotite + muscovite as starting material. 

The experimental conditions were chosen to simulate the me-

tamorphic P-T path determined for the granulites, with runs at 

750-1000 °C/1.6 GPa, (prograde path) and 950 °C/1.4 GPa 

and 800-900 °C/1.2 GPa (retrograde path). The results of their 

study were consistent with the model of Roberts and Finger 

(1997) for granulite formation in the South Bohemian Massif,

P T

Table 1: Piston-cylinder experiment conditions, observed and calculated mineral assemblages using THERIAK-DOMINO and PERPLEX._______
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according to which both, the high-P, high-T formation stage 

and the subsequent exhumation to mid crustal levels, took 

place in the presence of a partial melt. However they also no-

ted that the modal amounts of melt observed in the experi-

ments were generally much higher than those modelled by 

Roberts and Finger (1997).

Due to the anhydrous, high-T high-P nature of the experi-

ments and the relatively simple phase assemblage obtained 

(e.g. no amphiboles) the experimental investigation of Tropper 

et al. (2005) in the metagranitic system represents an ideal 

case for a comparison between thermodynamic calculations 

and experimental results which was the impetus for this study.

Tropper et al. (2005) conducted experiments at 750°C/1.6 

GPa, 800°C/1.6 GPa, 850°C/1.6 GPa, 900°C/1.6 GP and 

1000°C/1.6 GPa (prograde path) and 950°C/1.4 GPa, 900°C/ 

1.2 GPa and 800°C/1.2 GPa (retrograde path). The experi-

ments in the temperature range 850-1000°C all yielded the 

typical granulite assemblage garnet + K-rich alkali-feldspar 

(Ab28-48) ± Na-rich alkali-feldspar (Ab ) + quartz ± kyanite 63-92

± rutile (Table 1). At 1000°C/1.6 GPa roughly 30 to 40 vol.% 

partial melt was present, and large melt volumes persisted a-

lso on the retrograde path (>40! vol.% at 950°C/1.4 GPa, ~25 

vol.% at 900°C/1.2 GPa, Table 1). The high-P (>1.6 GPa) melt-

forming reaction observed in the experiments is (Grant, 1985; 

Vielzeuf and Holloway, 1988; Vielzeuf and Schmidt, 2001):

Biotite + Plagioclase + Muscovite + Quartz = Garnet + ternary 

Alkali-feldspar + Melt

At pressures of 1.6 GPa, this reaction commences at tempe-

ratures >750°C and goes to completion between 800°C and 

850°C. In the isobaric section at 1.6 GPa, both biotite and 

muscovite are present at 750°C and 800°C. Up to 850°C, two 

feldspars (K-rich- and Na-rich alkali-feldspar) are present in 

the experiments. In runs at 900°C and 1000 °C the assem-

blage garnet + K-rich alkali-feldspar + kyanite + melt is stable. 

Experiments at 1.2 GPa show assemblages and textures si-

milar to runs at 1.6 GPa with biotite being stable up to 800°C 

and Na-rich alkali-feldspar disappears between 800°C and 

900°C. Muscovite was not observed in the 1.2 GPa runs. Se-

lected observed phase relations concerning biotite and mus-

covite stability are shown in Figure 1.

Tropper et al. (2005) infered that equilibrium was approa-

ched reasonably well based on systematic changes in phase 

compositions and proportions with T (and P). As an additional 

test they calculated pressures using the GASP barometer re-

action 3anorthite = grossular + 2kyanite + quartz and resul-

ting pressures were in good agreement with nominal run pres-

sures and reproduced the experimental P-conditions to within

0.15-0.2 GPa. In this study we applied the two-feldspar geo-

thermometer to test whether temperatures could also be re-

produced in runs where two feldspars were present. To ac-

count for possible compositional modification of feldspar com-

positions equilibration temperatures were calculated with an

____________________________

__

___________________

2. Petrography of the experiments by Trop-

per et al. (2005)

EXCEL spreadsheet using the two-feldspar thermometer ex-

pression of Benisek et al. (2004) and the feldspar mixing mo-

del of Benisek et al. (2010). The rationale for using the Benisek 

et al. (2004) method is their consideration of resetting of feld-

spar compositions according to the approach of Kroll et al. 

(1993), which corrects for compositional modifications due 

largely different diffusion kinetics which occur between the 

coupled substitution CaAlNa Si  and the simple ionic substitu--1 -1

tions NaK  by minimizing the variance in the calculated tem--1

peratures by changing feldspar compositions along the albite-

K-feldspar join. By using the compositional data of the feld-

spars from Tropper et al. (2005, Tables 6A, B) the resulting 

temperatures are 794°C for the 750°C/1.6 GPa experiment 

(JKI-39), 798°C for the 800°C/1.6 GPa experiment (JKI-38), 

838°C for the 850°C/1.6 GPa experiment (JKI-35) and 754°C 

for the 800°C/1.2 GPa experiment (JKI-36). The deviations in 

two experiments (750°C/1.6 GPa and 800°C/1.2 GPa) indica-

tes most likely a lack of equilibration in these experiments, 

which can be tested by using the pseudosection technique.

Electron microprobe analysis: A JEOL 8100 SUPERPROBE 

electron microprobe was used for analysing biotite and mus-

covite compositions at the Institute of Mineralogy and Petro-

graphy at the University of Innsbruck. Analytical conditions 

were 15 kV acceleration voltage and 10 nA beam current. Na-

tural and synthetic mineral standards were used for calibra-

tion. The counting times were 20 sec. for the peak and 10 sec. 

for the background.

Pseudosection calculations: The bulk composition for the 

pseudosection calculations in the system KNCFMMnTiASH 

from Tropper et al. (2005) is: SiO : 77.40%; Al O : 12.30%; 2 2 3

CaO: 0.54%; K O: 4.64%; Na O: 2.87%; MnO: 0.02 %, MgO: 2 2

0.18%; FeO: 1.69%; H O: 0.40%.2

THERIAK-DOMINO (De Capitani and Petrakakis, 2010): Pseu-

dosection calculations were undertaken using the updated 

version of the internally consistent data set of Holland and 

Powell (1998, data set tcdb55c2d), and extended A-X models 

after White et al. (2001, 2007).

PERPLEX (Connolly and Petrini, 2005): The activity models 

used in the calculations are: garnet and melt after White et al. 

(2001, 2007); biotite after Tajcmanova et al. (2009), feldspar 

after Benisek et al. (2010) and muscovite after Chatterjee and 

Froese (1975) extended with an ideal phengite solution model. 

In order to test different models for biotite and muscovite the 

activity model of White et al. (2007) for biotite and the model of 

Coggon and Holland (2002) with extensions from Auzanneau 

et al. (2010) for muscovite were also used for comparison.

Figure 2A shows the pseudosection in the system KNCF-

__

__________________________________

_______________________

_________________________

__

3. Analytical methods

4. Results

4.1 Comparison between observed and calcu-

lated mineral assemblages using THERIAK-

DOMINO
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Table 2: A: Observed and calculated modal proportions (vol.%) of the run products using THERIAK-DOMINO. B: Observed and calculated modal 

proportions (vol.%) of the run products using PERPLEX.___________________________________________________________________________

MMnTiASH calculated with THERIAK-DOMINO and Table 1A 

gives the calculated mineral assemblages for each experiment 

and Table 2A gives the observed and calculated mineral modes. 

In the experiments at 1.6 GPa biotite is stable in the 750°C and 

800°C experiments, while in the calculations biotite occurs only 

at 750°C at 1.6 GPa. Muscovite is stable in the 750°C and 

800°C experiments at 1.6 GPa, which also agrees with the 

calculations since the calculated muscovite stability field ter-

minates between 850°C and 900°C at 1.6 GPa. Na-rich alkali-

feldspar is stable in the 850°C experiment while the calcula-

tions predict a larger stability field up to 950°C (Fig. 2A). Al-

though in the 750°C and 1.6 GPa experiment, no melting was 

visible (perhaps due to the very low degree of melting) the 

calculations predict melting to begin slightly below 750°C at 

1.6 GPa as can be seen in Figure 2A. In the 1.2 GPa expe-

riments at 800°C and 900°C neither biotite nor muscovite 

should occur according to the calculations but biotite does 

occur at 800°C. Na-rich alkali-feldspar also occurs at 900°C 

and 1.2 GPa according to the calculations (Fig. 2A). In con-

trast to the observed mineral assemblages the calculations

yielded ilmenite (<0.1 moles) in some of the experiments. 

Table 2A shows the comparison between the observed and 

calculated modal proportions of the minerals and Figue 3A 

shows the modal evolution of K-rich alkali-feldspar, Na-rich 

alkalifeldspar and melt as a function of T at 1.6 GPa. Figure 

3A shows that the observed and calculated modal trends con-

cerning K-rich alkali-feldspar strongly differ. While the obser-

ved modal amounts indicate decreasing K-rich alkali-feldspar 

contents, the calculations yield increasing contents. Although 

the modal trends for Na-rich alkali-feldspar and melt agree 

with their directions, the absolute amounts strongly differ. While 

in the experiments more than 30 vol.% melt were observed the 

calculations only yielded up to 10 vol.%! also the calculations 

predict lower Na-rich alkali-feldspar contents (7 vol.%) than 

the actual observations (18 vol.%) at 750°C.

Figure 2B shows the pseudosection in the system KNCF-

MMnTiASH calculated with PERPLEX and Table 1 again gives

______________

__

4.2 Comparison between observed and calcu-

lated mineral assemblages using PERPLEX

Peter TROPPER &  Christoph HAUZENBERGER



Sample Fi12/94 which was used for the experiments contai-

ned ca. 1000 ppm F. Hence significant F substitution in biotite 

and muscovite could occur which was not investigated by 

Tropper et al. (2005). Therefore in the course of this study a 

wavelength-dispersive (WDS) re-investigation of mica com-

Figure 2: A: THERIAK-DOMINO pseudosection of starting mate-

rial Fi94 in the system K O-Na O-CaO-MnO-FeO-MgO-Al O -TiO -SiO -2 2 2 3 2 2

H O (KNCMnFMATSOH) and using the a-X relations from White et al. 2

(2001, 2007). The relevant mineral assemblages and their stability fields 

are shown. Black circles indicate the P-T conditions of the experiments 

from Tropper et al. (2005). Calculated phases with abundances <0.01 

vol.% have been omitted from the diagram. The thick line indicates 

the onset of melting. B: PERPLEX pseudosection of starting material 

Fi94 in the system K O-Na O-CaO-MnO-FeO-MgO-Al O -TiO -SiO -H O 2 2 2 3 2 2 2

(KNCMnFMATSOH) using the a-X relations of garnet and melt after 

White et al. (2001, 2007); biotite after Tajcmanova et al. (2009), feld-

spar after Benisek et al. (2010) and muscovite after Chatterjee and 

Froese (1975). The relevant mineral assemblages and their stability 

fields are shown. Black circles indicate the P-T conditions of the expe-

riments. Calculated phases with abundances <0.01 vol.% have also 

been omitted from the diagram. All mineral abbreviations are accor-

ding to Whitney and Evans (2010) except for L: melt.______________

the calculated mineral assemblages and Table 2B gives the 

observed and calculated mineral modes for each experiment. 

In the calculations biotite is not stable at the P-T conditions 

where experiments were conducted but muscovite occurs at 

the same conditions as in the experiments at 750°C and 800°C 

at 1.6 GPa. Na-rich alkali-feldspar is also stable only up to 

850°C experiment and the calculated onset of melting occurs 

slightly below 800°C. Again in the 1.2 GPa experiments at 

800°C and 900°C neither biotite nor muscovite occur accor-

ding to the calculations and Na-rich alkali-feldspar also occurs 

only up to 850°C and 1.2 GPa. Similar to the observations the 

calculations yielded only rutile (0.1 vol.%) and no ilmenite. 

Figue 3B shows the modal evolution of K-rich alkali-feldspar, 

Na-rich alkali-feldspar and melt as a function of T at 1.6 GPa. 

Similar to Figure 3A the observed and calculated modal trends 

concerning K-rich alkali-feldspar strongly differ. While the ob-

served modal amounts indicate decreasing K-rich alkali-feld-

spar contents, the calculations yield strongly increasing con-

tents especially >900°C. Although the directions of the modal 

trends for Na-rich alkali-feldspar and melt agree, the absolute 

amounts differ strongly for both. While in the experiments less 

than 10 vol.% Na-rich alkali-feldspar occur, the calculations 

yielded more than 25 vol.% below 800°C! The calculated 

amount of melt is also very low (<10 vol.%) when compared 

with the experiments (>30 vol.%).

Table 1 shows that both programs show a similar level of 

success in the comparison between predicted thermodyna-

mically stable mineral assemblages and observed assembla-

ges, but one has to keep in mind that in both calculations dif-

ferent activity models were used. So a direct comparison be-

tween both programs is indeed not possible and hence we 

only highlight certain features from both calculations to illus-

trate to comparison between the experimental and computa-

tional results. While the agreement between the observed 

and calculated mineral assemblages (Na-rich alkaki-feldspar 

stability at 1.6 GPa, onset of melting, presence of rutile) is 

slightly better when using PERPLEX with the selected activity 

models, THERIAK-DOMINO predicts biotite to be stable at 

least at 750°C/1.6 GPa and also predicts Na-rich alkali-feld-

spar to be stable at 950°C/1.4 GPa (Table 1). On the other 

hand when looking at the absolute modal amounts large devi-

ations occur in both calculations (Figs. 3A, B). Both calcula-

tions predict similar amounts of melt (<10 vol.%) which are in 

strong contrast to the experimental results. It is also note-

worthy that both calculations yieded a discrepancy between 

observed and calculated biotite stability regions (Table 1). In 

the calculations using THERIAK-DOMINO biotite at least oc-

curs at 750°C/1.6 GPa while in the calculations using PER-

PLEX biotite is not stable at any of the experimental condi-

tions. On the other hand muscovite stability was correctly cal-

culated at 750°C and 800°C at 1.6 GPa using both programs 

and the activity models (Table 1). One of the reasons for the 

discrepancy concerning biotite stability could be the occur-

rence of minor element substitution in biotite not accounted 

for in the experimental investigations of Tropper et al. (2005).

______________________
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Figure 3: Calculated (open symbols) vs. observed (black symbols) modal amounts of K-rich alkali-feldspar (K-Akf, square), Na-rich alkalifeldspar 

(Na-Akf, diamond) and melt (Liq, circle) as a function of T at 1.6 GPa with (A) THERIAK-DOMINO and (B) PERPLEX. The continuous and dashed 

lines show the observed and calculated trends.__________________________________________________________________________________

positions with special emphasis on F and Cl was undertaken.

Mineral formulae of biotite and muscovite were calculated on 

a basis of 11 oxygens. Chemical analyses of both minerals are 

given in Table 3. For comparison additional mica analyses (al-

though without F and Cl) are in Tropper et al. (2005, Table 7).

Biotite: Biotite is stable in three experiments at 750°C/1.6 

GPa, 800°C/1.6 GPa and 800°C/1.2 GPa. In contrast to the 

EDS analyses from Tropper et al. (2005) biotite contains sig-

nificant F contents ranging from 1.68 ± 0.19 wt.% to 2.51 ± 

0.11 wt.%. This corresponds to F contents of 0.411 ± 0.048 to 

0.584 ± 0.027 a.p.f.u. F also shows a positive correlation with 

increasing T from 750°C to 800°C at 1.6 GPa. The Cl contents 

are low at all conditions with 0.12 ± 0.02 wt.%.

Muscovite: Muscovite was observed only in two experiments 

at 750°C/1.6 GPa and 800°C/1.6 GPa coexisting with biotite. 

Again in contrast to the EDS analyses given by Tropper et al. 

(2005) significant F contents of 1.46 ± 0.05 wt.% and 1.88 ± 

0.09 wt.% occur. This corresponds to increasing F contents 

of 0.305 ± 0.011 (750°C/1.6 GPa) and 0.392 ± 0.018 a.p.f.u. 

(800°C/1.6 GPa). The Cl contents are very low at all condi-

tions with up to 0.03 ± 0.03 wt.%.

Figures 4A-F and Tables 4A, B show the comparison be-

tween the observed and calculated mineral compositions of

5. Mineral chemistry

5.1 Biotite and muscovite analyses from 

the experiments of Tropper et al. (2005)

5.2 Observed and calculated mineral com-

positions using THERIAK-DOMINO and PER-

PLEX

_

____________

______________________

garnet, K-rich alkali-feldspar and Na-rich alkali-feldspar as a 

function of T at 1.6 GPa using THERIAK-DOMINO (Figs. 4A, 

C, E) and PERPLEX (Figs. 4B, D, F). The observed compo-

sitions of garnet and feldspars are from Tropper et al. (2005, 

Tables 5, 6A, B).

THERIAK-DOMINO: While the amount and trend of the gros-

sular component agrees between calculations and observa-

tions, pyrope contents differ but the trend is predicted cor-

rectly (Fig. 4A). In contrast almandine contents differ with res-

pect to the amount and the trend evolution since the observa-

tion yielded decreasing almandine content and the calcula-

tions yielded increasing almandine contents (Fig. 4A). On the 

other hand, the agreement between observed and calculated 

components of K-rich alkali-feldspar is very good (Fig. 4C). 

The agreement between observed and calculated components 

and their compositional trends in coexisting Na-rich alkali-feld-

spar is very good only up to 800°C, at 850°C the observed 

albite component is much lower while the observed K-feldspar 

component is much higher (Fig. 4E). The Ti content of biotite 

of 0.11 a.p.f.u. at 750°C and 1.6 GPa agrees very well with 

the calculations (0.11 a.p.f.u.) also Si contents of muscovite of 

3.30 a.p.f.u. at 750°C and 3.19 a.p.f.u.at could be reproduced 

satisfactorily (Table 4A).

PERPLEX: Figure 4B shows a very similar compositional evo-

lution of garnet to the calculations using THERIAK-DOMINO 

(Fig. 4A) only the predicted grossular contents are slightly lo-

wer when using PERPLEX. The agreement between observed 

and calculated components of K-rich alkali-feldspar is also 

very good (Fig. 4D). The agreement between observed and 

calculated components and their compositional trends in co-

existing Na-rich alkali-feldspar is not good since the calculated 

albite component is significantly lower while the K-feldspar

______________________________
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Table 3: Biotite and muscovite analyses from the experiments.___________________________________________________________________
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Figure 4: Calculated (open symbols) vs. observed (black symbols) mineral compositions of garnet (A, B), K-rich alkali-feldspar (C, D) and Na-rich 

alkali-feldspar (E, F) as a function of T at 1.6 GPa with THERIAK-DOMINO (A, C, E) and PERPLEX (B, D, F). Calculated (open symbols) vs. observed 

(black symbols) mineral compositions of garnet (D), K-rich alkali-feldspar (E) and Na-rich alkali-feldspar (F) as a function of T at 1.6 GPa with PERPLEX. 

The variables in (A, B) are: almandine (circles), pyrope (squares) and grossular (diamonds). The variables in (C, D) are: K-feldspar (circles), albite 

(squares) and anorthite (diamonds) and the variables in (E, F) are: albite (circles), anorthite (squares) and K-feldspar (diamonds). The observed mineral 

compositions are from Tropper et al. (2005, Tables 5, 6A, B).________________________________________________________________________
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component is higher compared to the experiments (Fig. 4F). 

No Ti contents of biotites could be calculated and the Si con-

tents of muscovites of 3.42 a.p.f.u. at 750°C and 3.32 a.p.f.u. 

are slightly higher than observed in experiments (Table 4B).

Comparison between observed and calculated biotite stabi-

lity: Despite using different activity models both calculations 

of this study show an underestimation of biotite stability with 

respect to the experimental observations from Tropper et al. 

(2005). While THERIAK-DOMINO with activity models from 

White et al. (2001, 2007) correctly predict biotite stability at 

750°C/1.6 GPa, which still underestimates the observed sta-

bility by <100°C, no stable biotite could be calculated using 

PERPLEX even when the most recent biotite activity model of 

Tajcmanová et al. (2009) is used. This discrepancy between 

calculated and observed biotite stability has already been ob-

served by Tajcmanová et al. (2009) who made a comparison 

of biotite compositions predicted with the White et al. (2007) 

solution model and experimental determinations (Vielzeuf and 

Montel, 1994) for a metagreywacke composition. This revea-

led that at granulite-facies conditions the predicted Ti-content

of biotite was significantly lower than the experimentally ob-

served Ti content. The stability of biotite is not only a function 

of additional elemental substitutions but also a function of the 

other activity models used in the calculations and hence can 

vary strongly depending on the models used for white mica, 

feldspars etc. In order to explore the influence of a different 

muscovite activity model on biotite stability two pseudosec-

tions were calculated (Fig. 6A, B). The first pseudosection 

uses the muscovite activity model of Coggon and Holland 

(2002) and the extension of Azanneau et al. (2010) and the 

biotite activity model of White et al. (2007) as shown in Figure

_

6. Discussion

Figure 5: Calculated stability fields of biotite (A) and muscovite (B) using THERIAK-DOMINO and the a-X expressions from White et al. (2001, 

2007). The black circles indicate the P-T conditions where biotite and muscovite are stable in the experiments of Tropper et al. (2005).____________

6A. The second calculation uses the same muscovite activity 

model but the more recent biotite activity model of Tajcma-

nova et al. (2009) and is shown in Figure 6B. The biotite sta-

bility field in both calculations (Figure 6A,B) is even smaller 

when compared to the stability predicted using the Chatterjee 

and Froese (1975) muscovite model with ideal phengite ex-

tension (Figure 2B). Thus the discrepancy in biotite stability 

between the THERIAK-DOMINO and PERPLEX calculations 

is mainly due to the use of different feldspar models, which is 

from Baldwin et al. (2005) based on the model of Holland and 

Powell (2003) in THERIAK-DOMINO and from Benisek et al. 

(2010) in PERPLEX. Since the Chatterjee and Froese (1975) 

model does not account for Ti, rutile is stable in biotite-absent 

phase fields since no other mineral solution model incorpora-

tes Ti. Nevertheless the Chatterjee and Froese (1975) musco-

vite model with the ideal phengite extension has been shown 

in our study to better reproduce the observed Si contents of 

muscovites than any other muscovite model so far.

The role F in biotite and muscovite: The presence of F and 

Ti in natural biotite has significanct effects on the temperature 

of fluid-absent melting reactions associated with granulite-fa-

cies metamorphism of crustal rocks. The increase in the ther-

mal stability of F-bearing over OH mica was reported by Mu-

noz and Luddington (1974), Peterson et al. (1991) and Valley 

et al. (1992), and a similar effect for Ti-bearing micas has been 

reported by Tronnes et al. (1985) and Patiño Douce (1993). The 

combined effect of the F and Ti content in phlogopite on ist sta-

bility temperatures in the KMASH system has been found to

be additive in relation to those containing only F or Ti. The be-

havior of phlogopite in the F-bearing system was experimen-

tally studied by Peterson et al. (1991), who determined the 

fluid-absent melting relations of the assemblage F-rich phlo-

gopite + quartz. Dooley and Patiño-Douce (1996) investigated

________
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Table 4: A: Comparison between selected observed and calculated compositional parameters using THERIAK-DOMINO. B: Comparison between 

selected observed and calculated compositional parameters using PERPLEX.__________________________________________________________

the reaction F-phlogopite + quartz + rutile = enstatite + melt.

Their results indicate that the thermal stability of F-rich phlo-

gopite + quartz + rutile is extended by as much as 450°C re-

lative to the KMASH system and by 300°C relative to the Ti-

free KFMASH system. The most recent biotite activity models 

are from White et al. (2007) and Tajcmanova et al. (2009)

3+which consider Fe  and Ti in the system KFMASHTO by in-

troducing titanium biotite and ferric biotite end-members. The 

difference between both models lies in the fact that Tajcma-

nova et al. (2009) assume Ti to mix on the M2 site while White 

et al. (2007) assume it to mix on the M1 site. While both mo-

dels consider O substitution on the OH site, equivavlent to
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Figure 6: Pseudosections calculated with PERPLEX; (A) calcula-

tion using the muscovite activity model of Coggon and Holland (2002) 

and the extension of Azanneau et al. (2010) and the biotite activity mo-

del of White et al. (2007); (B) calculation using the muscovite activity 

model of Coggon and Holland (2002) and the extension of Azanneau 

et al. (2010) together with the biotite activity model of Tajcmanova et 

al. (2009). The white circles indicate the P-T conditions of the experi-

ments of Tropper et al. (2005).________________________________

the Ti contents, non of the models considers F or Cl substit-

ution on this site. Substitution of F and Cl on the OH site re-
2duces the (X )  term in the ideal activity model from 0.94 to OH,V

0.73 for biotites from the 750°C and 1.6 GPa experiments and 
2leads a significant reduction of the (X )  term from 0.88 to OH,V

0.58 in the 800°C and 1.2 GPa experiments. These activity 

reductions should lead to even higher thermal stabilites of 

biotites as predicted by the models so far, which has been 

shown in the experiments where it occurs up to 800°C and 

1.6 GPa. As shown in the experiments, biotite stability termi-

nates somewhere between 800° to 850°C at 1.6 GPa which is 

about 50-100°C higher than calculated by  THERIAK-DOMINO 

(Fig. 5) With respect to muscovite only few data exist on F 

substitution in muscovites (Munoz and Luddington, 1977; Mo-

nier and Robert, 1986). Monier and Robert (1986) conducted 

experimental investigations on muscovite stability at 0.2 GPa 

and found that F (X  = 0.3) stabilizes muscovite by ca. 50°C. F

Auzanneau et al. (2012) extend the model of Coggon and 

Holland (2002) to consider Ti on the MsB octahedral site but 

again F and Cl contents on the OH site are not accounted for. 
2When considering F on the OH site the (X )  term reduces OH,V

to 0.84 (750°C, 1.6GPa) and 0.80 (800, 1.2 GPa). However, 

calculations using both programs as carried out in this study 

correctly predict muscovite to be stable at 750°C and 800°C 

at 1.6 GPa which is in agreement with the experimental ob-

servations. Thus the enlargment of muscovite stability due to 

F substitution for OH may be much smaller and below 50°C 

(Fig. 5B).

Thermodynamic equilibrium constraints on the experiments: 

Tropper et al. (2005) assumed that high temperatures, long 

durations, geobarometric constraints and the reactivity of pha-

ses in the experiments were proof for significant equilibration 

in the experiments. While this might hold true for high-T expe-

riments >850°C the modes (K-rich- and Na-rich alkali-feldspar) 

and compositions (Na-rich alkali-feldspar, garnet) of minerals 

<850°C indicate a lack of pervasive equilibration throughout 

the samples. For instance Na-rich alkali-feldspar composition 

(X  = 0.92) at 750°C/1.6 GPa is very similar to the composi-Ab

tion of the starting plagioclase (X  = 0.93) and hence a mix-Ab

ture between magmatic and metamorphic feldspar compo-

sitions can lead to erroneous geothermometric results (e.g. 

Štípská and Powell, 2005). This fact has also been corrabora-

ted by two-feldspar geothermometry which yielded significant 

deviations in the lowest T experiments namely at 750°C/1.6

GPa and 800°C/1.2 GPa.

Contrasting amounts of melt: The results of Tropper et al. 

(2005) are consistent with the model of Roberts and Finger 

(1997) for granulite formation in the South Bohemian Massif, 

according to which both, the high-P, high-T formation stage 

and the subsequent exhumation to mid-crustal levels, takes 

place in the presence of a partial melt. However, the modal 

amounts of melt observed in the experiments are generally 

much higher than those modelled by Roberts and Finger (1997) 

and the calculations presented above. Although the shift in the 

liquidus curves of peraluminous melts to lower temperatures 

_____________________________

when compared to the haplogranitic system allows the gene-

ration of larger amounts of melt (Johannes and Holtz, 1996) 

but the presence or absence of melt during peak P-T condi-

tions in these granulites is still controversially discussed.  Kot-

ková (2007) states that it is agreed that granulite formation in 

the Bohemian Massif involved some degree of melting but the 

extent of melting and its timing in relation to the granulite P-T 

path are still under debate. While some authors (e.g. Vrána 

and Jakeš, 1982; Vrána, 1989; Jakeš, 1997; Kotková and 

Harley, 1999) suggested that the granulites represent rocks 

crystallized from high-pressure leucogranitic (or syenitic) mag-

mas formed during the Variscan subduction, others favour
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restricted partial melting at peak P-T conditions with possibly 

more significant melting at medium P along the decompres-

sional path (Roberts and Finger, 1997; Janoušek et al., 2004; 

Tropper et al., 2005). White et al. (2011) discuss the discre-

pancy between observed and calculated amounts of melt du-

ring granulite genesis. Melting experiments dealing with na-

tural rock systems such as the experiments of Tropper et al. 

(2005) cover a temperature range from fluid-absent subsoli-

dus conditions at ca. 750°C to 1000°C and several studies 

have shown that over much of this range, the assemblages 

produced in typical metapelites and metagreywackes contain 

melt volumes in excess of 15 to 20 vol.%, and at the highest 

temperatures melt volumes of 50 vol.% or more can occur. In 

these fluid-absent studies fast and significant overstepping of 

the melting reactions may be particularly important to consi-

der because in the subsolidus assemblage there is no fluid to 

facilitate diffusion between crystals and promote equilibration 

and hence it must be assumed that the high-degree of mel-

ting represents an experimental artefact. This experimental 

observation is in stark contrast to natural granulites since they 

do not follow such an evolution and efficient deformation-dri-

ven melt loss produces a residual chemistry and also preser-

ves the high-temperature assemblage. Therefore while such 

experiments as carried out by Tropper et al. (2005) have re-

levance for identifying the initial fluid-absent melting reactions 

by which granulites melted they do not mimic the melting be-

haviour of such granulites.

Thermodynamic implications for the crystallization of acces-

sory phases: Although the experimental investigations of Trop-

per et al. (2005) and theoretical calculations in this paper re-

produce the main mineral assemblage garnet + 2 feldspars + 

quartz ± biotite observed in natural high-P/high-T granulites 

well  the experiments indicated that it may be possible that 

some of the phases previously considered as belonging to 

the peak-P-T paragenesis may actually have formed during 

late-stage medium-pressure conditions. For instance, consi-

dering the peraluminous compositions of the experimentally 

produced melts and the trace amounts of kyanite present in 

the 1000°C/1.6 GPa and 950°C/1.4 GPa experiments, they 

argued it would be reasonable to assume that the kyanite of 

the South Bohemian granulites is not a phase formed under 

peak-P-T conditions but during uplift and decompression from 

a peraluminous melt. On the other hand the calculations of 

this study showed that kyanite is thermodynamically stable at

almost all P-T conditions investigated. Concerning the pre-

sence of Ti-bearing phases the experiments by Tropper et al. 

(2005) contained very little rutile and significant TiO  contents 2

in garnets. This could imply that the experiments are not rutile-

saturated at high temperatures but have the entire TiO  parti-2

tioned between garnet and melt. On the other hand most of 

the granulites in the Southern Bohemian Massif have large 

accessory rutile crystals with sizes up to 0.2-1 mm and Trop-

per et al. (2005) argued that in the felsic granulite types rutile 

may thus not belong to the peak P-T paragenesis but formed 

along the cooling path at medium pressures, in the presence

____________________________

of melt. While these arguments might hold true for individual 

granulites thermodynamic calculations carried out in this study 

have shown that rutile is thermodynamically perfectly stable at 

these high-P/high-T conditions. Calculations with THERIAK-

DOMINO have shown that rutile is stable at 850-1000°C/1.6 

GPa and ilmenite is the stable Ti-phase under all other con-

ditions. Calculations with PERPLEX have shown that rutile is 

stable under all P-T conditions considered. This clearly shows 

that one has to be extremely careful (small rutile or kyanite 

needles might have been overlooked due to their low abun-

dance) in identifying minor and accessory phases in experi-

mental run products and that thermodynamic calculations 

provide a reliable guidance which accessory phases are in-

deed stable at peak P-T conditions.

In order to compare the experimental results with thermodyna-

mic predictions pseudosections with the programs THERIAK-

DOMINO (De Capitani and Petrakakis, 2010) and PERPLEX 

(Connolly and Petrini, 2002) and the updated database of 

Holland and Powell (1998) were calculated. Despite using 

different activity models both programs yielded calculated 

phase relations and modes that are generally in good agree-

ment with the experimental results and hence in further con-

sequence with the naturally observed mineral assemblages in 

these high-P/high-T granulites. The main major discrepancies 

though lie in the stability of biotite, which is underestimated 

in the calculations using both programs (prediction is ca. 50-

100°C lower at 1.6 and 1.2 GPa) and the amount of calcula-

ted vs. observed melt. Electron microprobe analyses showed 

that biotite contains up to 5 wt.% TiO  and 2 wt.% F. Although 2

Ti contents can be considered empirically in Ti-biotite activity 

models (White et al., 2007; Tajcmanová et al., 2009) no bio-

tite activity model involving F yet exists. Thus the low F con-

tent of the starting material of 1000 ppm therefore significantly 

perturbs the calculated phase relations involving biotite and 

one has to be cautious when calculating accurate biotite phase 

relations involving F in granulite-facies metamorphic rocks. 

The discrepancy concerning the modal amounts of melt most 

likely represents a lack of equilibration in the subsolidus stage 

of the experiments due to lack of fluid and the fast, large over-

stepping of melting reactions in the course of the experiments 

(see White et al., 2011). Nonetheless these experiments pro-

vide a reliable guidance concerning the nature of the melt-for-

ming mineral reactions occurring in granulites at high-P/high-

T. The combination of experimental investigations and ther-

modynamic calculations as shown in this study helps not only 

to constrain possible equilibrium assemblages but also helps 

to identify certain non-equilibrium features otherwise not de-

tected anymore in natural granulites. The ultimate goal in con-

straining the metamorphic evolution of these high-P/high-T 

granulites is to reconcile data from experimental-thermodyna-

mic investigations with natural field- and petrographic obser-

vations. Only this comprehensive approach will then allow to 

draw firm conclusions about the evolution of these highly un-

_____________________

7. Conclusions
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usual rock types and their implication for Variscan subduction 

zone geodynamics.
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