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ABSTRACT 

 

The Gföhl gneiss is a high-grade metamorphic unit within the Moldanubian Zone, which is 

assigned to the south eastern Bohemian Massif, representing the easternmost border of the 

Variscan Orogenic belt. The studied lithology crops out in the Waldviertel, northern area of 

Lower Austria (AUT) at the border with Czech Republic. This work presents a detailed 

petrological study which aims to constrain and complete the state of the art regarding the 

nature and petrogenetic features of the Gföhl gneiss. The obtained data comprise the results 

of field work, quantitative and qualitative petrographic analysis, the application of 

conventional geothermobarometric methods and thermodynamic modelling. Whole rock 

chemistry as well as major and trace elements of the Gföhl gneiss have been also evaluated 

and compared to the Moldanubian granulite to study their common tectonometamorphic 

history. The PT conditions recovered for the grt+sil(ky)+kfs+pl+bt+qz peak assemblage are 

~800 °C and ~9 kbar. A slight gradient in pressure from north to south is indicated by the 

predominant occurrence of kyanite in the southern part and the presence of only fibrolite 

and sillimanite in the northern part. In the south sillimanite is partly replaced by kyanite 

where a well-developed foliation and biotite growth is observed. The widespread presence 

of hydrous retrograde phases (e.g. chlorite, sericite) indicates a late stage low T overprint. 

The obtained results of this study allow finally two genetic models for the Gföhl gneiss. A 

first scenario suggests that Gföhl gneiss and Moldanubian granulite share a common PT-

evolution which has been obscured by a strong metamorphic overprint (carboniferous HP-

UHT event, Friedl, 2011). A second model proposes a different PT path followed by the two 

lithologies which have been subducted at different depths. The exhumation to middle and 

upper crustal level (Finger, 2007) of both Gföhl gneiss and Moldanubian granulites develops 

then along the same retrograde path. 

Keywords: Variscan Orogen, Bohemian Massif, Moldanubian Zone, Gföhl gneiss, Granulite 

facies 

  



 
 

KURZFASSUNG 

 

Innerhalb der Böhmischen Masse bzw. des Moldanubikums stellt der Gflöhler Gneis eine 

hochgradige Einheit dar, deren geotektonische Position als auch die Relation zu den 

darunter liegenden Granuliten nicht gänzlich geklärt ist. Der Gföhler Gneis ist primär im 

nördlichen Teil Niederösterreichs (AUT) und dem südlichen Teil von Jihočeský kraj (CZ) 

aufgeschlossen. Die hier vorliegende Arbeit stellt eine ausführliche petrologische 

Untersuchung dar, wofür insgesamt 76 Proben genommen wurden, welche petrographisch, 

mineralchemisch und geochemisch analysiert wurden. Mit Hilfe von GASP und Granat-Biotit-

Plagioklas-Quarz Barometrie, sowie Ti- in Biotit, Zweifeldspat, Granat – Monazit und Xenotim 

- Monazit Thermometrie, und mittels thermodynamischer Modellierung wurde versucht die 

die PT Bedingungen und die geodynamische Entwicklung dieser Lithologie zu bestimmen. Für 

die peak-Mineralparagenese grt+sil(ky)+kfs+pl+bt+qz wurden ca. ~800 °C und ~9 kbar 

bestimmt. Der Vergleich von Haupt- und Spurenelemente von Gföhler Gneis und 

Moldanubischem Granulite weist auf einen gemeinsamen Protolith hin. Außerdem konnte 

ein Druckgradient von Nord nach Süd festgestellt werden, welcher durch den Ersatz von 

Kyanit durch Sillimanit gekennzeichnet ist. Eine spätere LT Überprägung wird durch das 

vermehrte Auftreten von hydrierten retrograden Phasen in der Mineralparagenese im 

nördlichen Teil belegt. Aus den hier gewonnen Resultaten werden zwei genetische Modelle 

für den Gföhler Gneis vorgeschlagen: ein mögliches Szenario ist dass, Gföhler Gneis und 

Moldanubischer Granulit die gleiche PT Geschichte erlebt haben und um ca. 340 Ma (Friedl, 

2011) von einem HP/UHT Event überprägt wurden. Eine andere Möglichkeit wäre ein 

unterschiedlicher PT-Pfad der beiden Lithologien und Subduktion auf unterschiedliche 

Tiefen. Die anschließend gemeinsame Exhumierung auf mittleres bis oberes Krustenniveau 

(Finger, 2007) des Gföhler Gneis und der Moldanubischen Granulite erfolgte entlang des 

gleichen retrograden Pfades. 

Schlagwörter: Variszische Orogenese, Böhmische Masse, Moldanubische Zone, Gföhler 

Gneis, Granulit Fazies 
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INTRODUCTION 

 

The Gföhl gneiss of the Moldanubian Zone (south-eastern Bohemian Massif) is a well-known 

unit within the Moldanubian nappe stack in eastern Austria but lacks a modern petrological 

study. The present study is meant to give some deeper knowledge on the petrology of the 

Gföhl gneiss. 

As already observed by previous authors (Tollmann, 1982, Matura, 1976) the Gföhl gneiss is 

always associated with occurrences of Moldanubian granulite to the west (Fuchs, 1971, 

1976); Fuchs & Matura in 1980 reported of local similarities between the two lithologies 

with the occurrence of gneiss-like parts within the granulites and granulitic layers in the 

Gföhl gneiss.  

The petrogenetic, as well as the structural relationship, between Gföhl gneiss and 

Moldanubian granulite represents one of the most interesting features of the area, and, at 

the same time, a matter of strong debate. Solving this key question would allow geologists 

to either find constraints to the already existing theories, or to rethink the geodynamics and 

petrochemical history of part of the south-eastern area of the Bohemian Massif. 

The study area is located in north-eastern Austria, in the region of Lower Austria, in the so-

called “Waldviertel”. It covers an area of approximately 60 km2 which goes from the Danube 

close to the city of Krems an der Donau, to about 10 km north of the Czech Republic border 

(see Fig. 1). The Waldviertel represents one of the south-eastern portions of the Bohemian 

Massif, which is the easternmost part of the unmodified Variscan orogenic belt. Its 

landscape is mostly made of forests, hills and cultivated fields. The typical smooth shape of 

the reliefs combined with the presence of thick soils is due to erosional processes that affect 

the area since millions of years and justifies the difficulties encountered by geologists in 

finding fresh and unaltered outcrops. 
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Fig. 1a-b a) Map of Austria indicating the studied area, b) shows the investigated gneiss bodies 

and sample locations (black dots).  
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GEOLOGICAL SETTING 

 

Geodynamics 

The Variscan orogenic belt stretches from the Appalachian (North America) in the west, to 

the Bohemian Massif in the east (Europe), resulting in an 8000 km broad and 1000 km wide 

discontinuous chain. 

The entire orogeny evolves in early Ordovician (480 Ma) and lasts until the late Permian (250 

Ma) (Matte, 1986, 1991 & 2001; Burg et al., 1987; Ledru et al., 1989). 

In the early Paleozoic almost the whole continental crust present on the earth built up the 

supercontinent Gondwana. Between Laurentia and Baltica there were Avalonia and 

Armorica, intermediate continental microplates, formed by an Early Ordovician (480 Ma) 

detachment from Gondwana. The northward motion caused the progressive closure of the 

Iapetus Ocean between Avalonia, Laurentia and Baltica and the closure of its lateral branch 

(Tornqvist Ocean) between Avalonia and Baltica, leading to the collision and formation of a 

new continent: Laurussia (Fig. 2). The collision resulted in a belt formation called Caledonian 

orogeny in the Silurian (440Ma) (Matte, 2001). 

  

Fig. 2 Geodynamic sketch of the Early Palaeozoic.  The black -filled 

continent is Armorica, A-C: Avalonia: (modified after Murphy, 2011).  

The portion of the sea between Avalonia and Baltica (4 65Ma) is the so-

called Tornqvist Ocean (modified after Murphy, 2011).  
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Variscan Orogen 

The southernmost part of Laurussia -Avalonia- and Armorica were divided by the Rheic 

Ocean. The closure of this ocean, accommodated by a bilateral subduction (Franke 1984), 

brought to the collision between Laurussia+Armorica -to the NW- and Gondwana -to the SE- 

leading to the Devonian Variscan orogeny. 

The collision was followed by folding-, metamorphic-, intrusive- and uplift events that 

reached their maximum expression during the Carboniferous (P.Matte, 2001). 

The closure of the Iapetus Ocean resulted also in the formation of the supercontinent 

Pangaea (300Ma). Between the early Jurassic (175 Ma) and late Cretaceous (60 Ma) Pangaea 

broke up leading to the current continental positioning. 

Nowadays the Variscan belt can be distinguished based on its geographical position: the 

North-American- and the European Variscan belt.  

The Appalachian and the Ouachita Mountains, along with areas with Variscan foldbelts such 

as New England, Nova Scotia and Newfoundland and Labrador represent the Variscan belt in 

USA and in Canada (P. Matte, 2001)  

In Europe, the Variscan Belt includes a 3000 km-long chain that stretches from Portugal to 

the west through Spain, France (Brittany, Massif Central, Vosges and Corsica), Ireland, 

England, Germany (Harz and Black Forest) to Czech Republic and Austria in the Bohemian 

Massif (see Fig. 3), which represents the easternmost part of the belt (Encyclopedia 

Britannica).  
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Bohemian Massif - Moldanubian Zone 

The eastern margin of the Bohemian Massif represents the metamorphic core of the 

Variscan Orogen and is made out of several basement segments that show substantial 

differences in age, lithology and metamorphic evolution (Faryad, 2011); the northernmost 

zone of the Bohemian Massif is the Saxo-Thuringian zone (Kossmat, 1927), that structurally 

belongs to the ATA (Armorican Terrane Assemblage) and consists mainly of Paleozoic pelagic 

and flysch sediments that were weakly metamorphosed during the Hercynian orogeny and 

of metamorphosed Ordovician MORB-type mafic rocks (Franke, 2000) (eclogite facies and 

MP metamorphic event, 395 Ma after Dallmeyer et al., 1995, 380 Ma from eclogites of 

Münchberg after Stosch & Lugmair, 1990). The southern part of the Saxo-Thuringian zone is 

characterized by the presence of massifs which expose felsic rocks and felsic to mafic rocks 

which have undergone HP to UHP (Saxonian Granulite Massif, Erzgebirge) dated at 340 Ma 

(von Quadt, 1993).The Saxo-Thuringian zone is delimited at south-east by the Teplá-

Barrandian Zone made out of a well preserved Cadomian basement, Cambro-Ordovician 

intrusions (Central Bohemian Pluton) and metamorphic zones along with mantle rocks at its  

  

Fig. 3 Current  subdivision of the main tectonic units of the Variscides in Europe. Detail  

of the Palaeozoic continents and suture zones (from Ballèvre, 2009).  
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northwestern and southeastern margin (Mariánská Lázně eclogite complex, 365-380 Ma 

after Timmermann et al. 2004, Dallmeyer & Urban, 1998). 

The Teplá-Barrandian Zone is fault-bounded at south-east to the Moldanubian Zone, central 

unit of the Massif in which the studied Gföhl gneiss crops out. This zone will be discussed in 

detail further on. 

At its easternmost part the Moldanubian zone is delimited by the Moravian Zone (Suess, 

1912, 1926). This zone can be regarded as the western margin of a pre-Variscan block 

consolidated during the Cadomian Orogeny called Bruno-Vistulicum (Dudek, 1980) and 

comprises granitic bodies from the Cadomian plutonic suite and metasediments dated at 

543 Ma (Waldmann, 1951, Frasl, 1968, 1983). 

All the units and subunits which form the Bohemian Massif are tectonically bound by 

thrusts-system showing a predominant east-south-east vergence.  

Although the characterization of the moldanubian units is still today a matter of debate 

Dallmeyer et al. (1995) and Franke (2000) subdivide in the most simplistic way the 

Moldanubian s.s. (Finger et al., 2007) into three geological subunits: the Gföhl Unit at the 

top which overthrusts the Drosendorf Unit, which in turn lies on the overthrusted Ostrong 

Unit; this nappe system represents the pre-Variscan (Precambrian/Early Paleozoic) crust and 

was subsequently cut by Variscan intrusions (e.g. Durbachites, South Bohemian Batholith, 

327-330 Ma after Gerdes et al., 2003) that are thought to be the result of delamination of 

the thickened lithospheric mantle during the Bavarian phase (330-315 Ma after Finger et al., 

2007). 

The Gföhl Unit is made of lower crustal rocks which underwent granulitic-facies 

metamorphism such as granulites s.s., orthogneisses, metasediments and mafic rocks; (K. 

Petrakakis, 1997; Franke, 2000, P. Hasalova et al., 2007, Zeitlhofer et al., 2013). 

The central Drosendorf Unit consists mainly of middle-grade metamorphosed rocks (up to 

amphibolite facies) formed in the middle crust namely orthogneisses (Dobra gneiss) and the 

so-called Variegated Series made out of amphibolites, metacarbonates (marbles), graphitic 

phyllites, quartzites and other mafic rocks.  
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The explanation for the high-grade Gföhl unit lying over the lower-graded Drosendorf unit is 

purely of tectonic nature: the Gföhl unit represents a nappe within the Bohemian thrust-

system (see Fig. 4b) (Finger, 2007).  

The lowest unit of the Moldanubian Zone is the Ostrong terrane (Fiala et al., 1995), which is 

also known in the older literature as Monotonous Series; the unit consists of migmatitic Grt-

Bt-Sill paragneisses, orthogneisses, and amphibolites (Hasalová et al., 2007). Although many 

authors refer to the Ostrong Terrane as an individual unit (Faryad, 2010), there are other 

authors that include it in a wider Drosendorf assemblage (Seston et al., 2000). 

In this work a special focus is given to the Gföhl unit, in particular to one of its most 

occurring lithologies, i.e. the Gföhl gneiss.  

 

  

Fig. 4a-b a) General geological Map of the easternmost part of the Variscides, the Bohemian 

Massif (modified after Faryad, 2010).    b) Focus on the strat igraphic sec tion of the Moldanubian 

thrust system, which contains the Gföhl Unit including the studied lithology, the Gföhl Gneiss 

(Modified after Linner, 2013 ).  
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Gföhl Unit 

The variety of the lithologies cropping out in the Moldanubian zone is reflected in the Gföhl 

unit, exhibiting rocks with different P-T-t histories that make the understanding of the 

petrogenesis and geodynamics of the unit not a trivial issue. Anyway, there is a main 

metamorphic episode represented by HT/HP metamorphosed felsic rocks (granulites) that 

have been equilibrated under lower crustal conditions (Carswell & O´Brien, 1993, Cooke, 

2000, Petrakakis, 1997, Kotkova, 2007, Zeitlhofer et al., 2013). 

The structurally lower part of the Gföhl unit, the Raabs unit, is made out of rocks of 

sedimentary origin and a mafic protolith representing a Paleozoic oceanic domain between 

the Moravo-Silesian terrane and the remaining Moldanubian terrane that has undergone a 

medium-pressure metamorphism forming migmatitic gneiss and metasedimentary rocks 

intercalated by amphibolites and serpentinites (Franke, 2000). The overthrusting of the hot 

Gföhl subunits (Timmerman, 2008) onto the Raabs Unit led to a progressive increase of the 

metamorphic grade from the bottom to the top of the unit itself.  

The Gföhl gneiss is made of high grade metamorphosed felsic rocks which protolith is an 

Ordovician granitoid (SHRIMP concordant zircon data, average 482±6 Ma, Friedl et al., 1998). 

The unit is represented mostly by one single lithology but its internal structure varies from 

massive to banded and in wide areas migmatic. The presence of migmatites points out to the 

partial melting of the rock due to high grade metamorphism. The Gföhl gneiss locally crops 

out along with HP-(UHP?)/UHT granulites that represent also the overlying unit of the whole 

Gföhl assembly. This so-called Moldanubian granulite occurs within the Moldanubian Zone 

as many isolated massifs (Dunkelsteiner Wald, St. Leonhard, Blumau, Blanský Les, Lišov, …) 

that have been interpreted to be klippen of an original extensive nappe (Tollmann, 1995). 
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ANALYTICAL TECHNIQUES 

 

Fieldwork was conducted from spring till summer 2015 to collect samples for further 

petrological analysis. 65 samples were collected in the field whereas additionally 11 samples 

were further provided by successive expeditions in the study area.  

The hand specimens were then reduced to polished thin sections and further analyzed under 

petrographic microscope using both transmitted- and polarized light microscopy. 

Quantitative mineral analyses (punctual measurements as well as mineral profiles and 

chemical mappings) were performed on selected representative carbon coated samples 

using a JEOL-JSM-6310 electron microscope provided with a LINK ISIS energy dispersive 

system and a MICROSPEC wavelength dispersive system. The facility was provided by the 

Institute of Earth Sciences, University of Graz, Austria. 

In addition to that further analysis and 2D chemical mappings were made possible by the 

JEOL JXA-8200 electron microprobe from the Eugen Stumpfl Laboratory at the 

Montanuniversität of Leoben, Austria. The conditions of measurement were 6 nA at the 

Scanning Electron Microscope (SEM) and 12nA at the Electron Micro Probe Analyzer beam 

current per ca.1 μm beam diameter and 15 kV acceleration voltage. Standards purchased by 

the University were used for the calibration of the elements (for the standard used see Tab. 

1).  

For whole rock composition analysis 100g of every sample was crushed and prepared as 

glassy disk (“melt tab”). The major- and trace elements were measured by X-ray 

fluorescence with a WDXRF-spectrometer Bruke Pioneer S4.  

The mineral abbreviations used for this work are after Whitney & Evans (2010) whereas in 

the equilibrium phase diagrams the mineral abbreviations used are after the thermodynamic 

data set of Holland & Powell, 1998. 
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Tab. 1a-b Standard used for a) SEM- and b) EPMA-analysis.  
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PETROGRAPHY AND MINERAL CHEMISTRY 

 

Macroscopically most of the samples display a certain stage of weathering and are pale to 

grayish in colour, fine-grained with a coarse to well-developed foliation. The single minerals 

are mostly visible with the naked eye. The lighter bands and lenses include quartz, K-feldspar 

and plagioclase whereas the darker parts mostly comprise biotite. Garnets occur as 

porphyroblasts within the finer groundmass showing a partly irregular shape. Aluminum 

silicate grains are also occasionally visible. Some samples show the typical gneissic banding, 

due to the alternation of lighter and darker bands, some show a more massive texture. The 

rock exhibits recurrent intergrowth structures. 

As described in the older literature and confirmed by the present study the Gföhl Gneiss is a 

fine-grained orthogneiss that shows the typical paragenesis of grt+sil (ky)+kfs+pl+bt+qz (see 

Fig. 5).  
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Fig. 5a-b Photomicrograph taken under the microscope on  a) crossed and b) parallel  

Nicols  showing the characteristic mineral assemblage of the Gföhl gneiss, 

Moldanubian Zone. Sample G96.  
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Garnet 

Garnet shows a subhedral-euhedral shape and is characterized by a poikiloblastic texture 

and irregular cracks within the single grains. The size varies from more than 1mm (up to 

5mm) for equilibrium garnets and less than 200 μm for recrystallized ones. Texturally stable 

garnets are almost absent; the approximate contours and irregular shape suggests a 

considerable resorption of the garnet by other phases or rapid growth along grain 

boundaries. The inclusions occupy in some cases greater parts of the core giving the garnet 

an atoll shape as shown by the first two images (sample G16a and G31) of Fig. 6. Inclusions 

such as apatite, quartz, K-feldspars and biotite occur with a higher frequency than rare-earth 

phosphates (monazite) and Fe-Ti-oxides (rutile, ilmenite).  

 Petrographic observations and mineral chemistry analysis did not allow identifying some 

kind of zoning pattern within the garnet although a slight variation in the Xgrs amount from 

core to the rim has been detected (sample G28_2 from Fig. 6, Fig. 7, Tab. 2). In garnet profile 

from sample G28_2 (Fig. 6) this variation can be more clearly observed; Xgrs measured at 

the core is 0.21 whereas at the rim is 0.42.  

While garnet is frequently found in samples from the southern part of the investigated area 

(Danube valley), it was only rarely found in the northern part (close to Czech boundary). A 

more consistent sampling could be useful for determining an eventual decreasing trend from 

south to north. 
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Fig. 6 BSE image of garnets from sample G16a  (0.88 mm),  G31 (0.96 mm) G28_1 (4.21 mm), G28_2 

(3.82 mm),  G6_1 (1.53 mm), G6_2 (1.95 mm) (from top of page 14 to bottom of present page).  The 

thin red lines show the path followed by the compositional profi le on the right  
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Feldspars and quartz 

Feldspars together with quartz have an anhedral shape and make up the framework of the 

rock: a rough statistical analysis under the microscope suggests the K-feldspar to be the 

most recurrent Feldspar with a ratio of about 9:1 relative to plagioclase. K-feldspar as well as 

plagioclase can be found mainly as part of the matrix but can also appear as inclusion in 

garnet. Matrix feldspars are mostly fine- to middle grained (size up to 7mm) and exhibit 

subhedral habitus. K-feldspars show frequently their characteristic cross-hatched- twinning, 

which is typical for microcline, along with Carlsbad twinning; plagioclases are mostly 

identifiable based on the polysynthetic twinning (see Fig. 8a).  

Perthites are also frequent and are mostly rather thin (≤7μm) and elongated. Exsolutions 

within K-feldspars occur typically during cooling. Due to decreasing temperature that 

doesn´t allow anymore the substitution of K (1.33Å) and Na (0.97Å) into the same crystal 

lattice, the ternary feldspar starts to form a K-rich- and a Na-rich phase (Dutch, 1999).  

  

Fig. 7 Element distribution maps of Mg-Ca-Mn-Fe in a garnet crystal from sample G26. Note the 

slight variat ion of Ca distr ibution whereas th e other elements show a more homogeneous pattern.  
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The presence of two generations of perthites differing in their crystallographic orientation 

(by 90°) (Fig. 8d) indicates that exsolution occurred at different temperatures during the 

retrograde cooling path of the Gföhl gneiss. Blebs of albitic plagioclase occur also as a kind of 

exsolution in K-feldspar (see Fig. 8b-c).  

Mineral chemical analysis yield an average composition of Xab 0-0.22 -Xan 0-0.01 -Xor 0.75-0.93 for 

K-feldspar and Xab 0.65-0.90 -Xan 0.10-0.45 -Xor0-0.2 for plagioclase (oligoclase). Gneisses sampled 

in the northern portion of the investigated area have higher anorthite components 

(Xan=0.45) in contrast to samples of the central and southern part which show a lower Xan 

(0.1-0.3) (see Fig. 9).  

For chemical compositions see Tab. 3. 
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Fig. 8 a-b-c-d a) Detail of a K-Feldspar including both Car lsbad- and Microcline twinning, Sample 

G24. b) K-feldspars with iso-oriented perthitic exsolutions varying in size (from lamellae to blebs).  

Sample G26. c) EBS image of a K-feldspar showing perthitic exsolutions, heterogeneously distributed 

along the grain. The detai l shows another type of exsolution characterised by tiny blebs of albitic 

plagioclase. Sample G26. d) Electron microprobe photo indicating two distinct generations of perthites 

forming an angle of 90° from each other. Sample G98.  
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Aluminum silicates (kyanite/sillimanite) 

Al-silicates also occur with varying abundances within the whole gneissic body. The most 

common Al-silicate is the high T-polymorph sillimanite, which occurs mostly in “clouds” of 

fibrous aggregates (fibrolite) or thin prismatic needles and less frequently as coarser 

subhedral-shaped prismatic crystals that reach up to 800μm. Kyanite is barely observed; it 

occurs only in the south of the Gföhl gneiss body with an euhedral habitus and the 

characteristic columnar shape (Fig. 10 and Fig. 12). 

Fibrolite and fine grained prismatic sillimanite are observed in thin section partly oriented 

parallel to scistosity, partly growing perpendicular to the planes of scistosity; prismatic 

sillimanite also grows at the expense of kyanite (Fig. 11). 

A handful of samples (G96, G98) from the south show some subhedral-euhedral crystals of 

kyanite in addition to sillimanite identified by their typical blue coloration (Fig. 10b). 

  

Fig. 9 Ternary classification diagrams Ab-An-Or representing (a) the composition of K-feldspar and 

plagioclase of samples from the study area. In (b) the plotted samples are labelled as a function of their 

spatial distribution  
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Fig. 11 Fibrous aggregates of sil limanite growing at the expenses of a garnet. In the 

picture the (retrograde and T°-dependent) reaction  𝑮𝒓𝒕 + 𝒌𝒇𝒔 + 𝑯𝟐𝑶 → 𝑺𝒊𝒍𝒍 + 𝒃𝒕 + 𝒒𝒛 is  

represented. Sample GG82  

Fig. 10a-b Microphotographs of a)  kyanite under thin section at crossed Nicols and of b) euhedral 

isolated crystals of kyanite taken from the south of the Gföhl gneiss -body near Mautern an der Donau.  

Notice the typical blue colouring. Sample G98 .  
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Biotite 

Biotite is the only mica building up the peak assemblage of the Gföhl gneiss and is usually 

oriented parallel to foliation. In some places it occurs also as isolated nests. The chemical 

composition of biotite is relatively homogeneous within samples but differs between 

samples with Xmg between 0.25 and 0.64, TiO2 values of 1-5.5 wt% and F (Tab. 4), which 

values ranges between 0.09 to 2.83 wt%. The Ti-richest samples were collected in the 

northern-central part of the study area (G28, GG57) whereas the samples from the south 

have basically lower Ti values. F doesn’t´ indicate any trend from north to south. Fig. 13 

shows the composition of biotite after a classification of Guidotti, 1984. 

 

Muscovite and Chlorite 

Muscovite and chlorite can be observed as retrograde phases as well as secondary alteration 

by a reaction with an aqueous fluid. Plagioclase frequently undergoes sericitization with the 

formation of fine grained muscovite (i.e. sericite) (Fig. 16).  

  

Fig. 12  Kyanite is decomposed by si llimanite. An example of decompression reaction from the 

southern sample WG221  
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Accessory phases 

The accessory phases that have been observed are mostly apatite, zircon, monazite (along 

with its thorium end-member huttonite) (Fig. 14), pyrite, and oxides  Phosphates occur in 

matrix as well as inclusions in feldspar, garnet and biotite and reach a maximum size of 

1mm. Zircon and monazite produce typical pleochroic haloes in biotite crystals. 

The identification of Ti-(Fe)-oxides in the peak assemblage allows qualitative pressure 

estimation where ilmenite occurs at lower pressures and rutile at elevated pressures. The 

small amount of Ti in the rock (~ 0.3 wt %) is incorporated in biotite leaving insufficient Ti for 

the formation of large ilmenite or rutile crystals. Anyway detailed petrography allowed to 

locate small crystals of rutile in the matrix and included in garnets. Ilmenite was observed 

exclusively as exsolution phase in biotite (i.e. not in equilibrium with the peak assemblage). 

X-ray powder diffraction analysis has been done in order to distinguish the Ti-oxides but 

failed since the peaks are too weak and got caught in the background noise. 

 

  

Fig. 13 Classification of biotite via Mg/(Mg+Fe) versus Si/Al ( I V)  diagram (modified after    

Guidotti,  1984).  
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Fig. 14 BSE picture of a monazite with highlighted Th -sil icate 

huttonite.  
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Melt related textures 

As indicated above, recurring partial melting has affected the Gföhl gneisses as indicated by 

the occurrence of migmatised sections in the rock: at those positions the lighter parts 

(leucosomes) formed by mineral assemblages such as kalifeldspar, plagioclase and quartz are 

alternating to darker restites (melanosomes) formed in most cases by biotite. Many samples 

contain also other typical textures of partial molten rocks such as myrmekites, where rods of 

quartz are worm-like intergrown with plagioclase/K-feldspar (Fig. 15). 

  

Fig. 15 a-b-c a) Photo taken under the microscope 

showing 1) the margin between leucosome and 

melanosome (crossed Nicols). The 2) darker 

portion of rock is formed by biotite and garnet, the 

lighter part is formed by K-Feldspar (parallel 

Nicols). Sample GG57. b) EBSM image with 

characteristic migmatic intergrowths between 

quartz and feldspars (granophyre). Sample G28. c)  

Detail of the shape of quartz, crystallized from the 

melt.  Sample G28.  
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Fig. 16a-b Two examples of retrograde alteration patterns:  

chloritisation (a)  and sericitization (b). Samples GG60 (a) and 

GG78 (b).  

Late stage Overprint 

The rocks from the north show a stronger retrograde overprint than the southern one as 

indicated by the higher occurrence of sericite and chlorite replacing feldspar and 

biotite/garnet, respectively (Fig. 16). Fluid infiltration during the retrograde path acts as a 

reaction booster facilitating retrograde metamorphism. One example is given in the 

northern-central part of the study area in which retrograde fibrolite grows recurrently at the 

expenses of garnet (Fig. 11) following the reaction: 

𝑠𝑖𝑙 + 𝑞𝑧 + 𝑏𝑡 ↔ 𝑔𝑟𝑡 + 𝑘𝑓𝑠 + 𝐻2𝑂  

Eq. 1 

 

  

a) 

b) 
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MAJOR- AND TRACE - ELEMENT WHOLE ROCK CHEMISTRY 

 

Although there is still a certain grade of uncertainty about the ages of the moldanubian 

protolith (/s?) for the Gföhl gneiss (Franke, 2000), its petrologic nature is well known and has 

been confirmed over the years by the literature (Tollmann, 1982, Matura; 1976, 2003). 

In order to obtain additional geochemical data for characterizing the Gföhl gneiss, especially 

its relationship with the overlying granulites 20 different samples have been analyzed by XRF 

(X-Ray Fluorescence Analysis). The data collected show consistent results relative to the 

older ones;  

The protolith of the Gföhl gneiss is a fractionated subalkaline granite-granodiorite with SiO2-

content ranging between 65.68 and 76.45 wt% (Fig. 17). The AFM diagram (Irvine & Baragar, 

1971) shows a calc-alkaline trend which is underlined in the Harker diagrams by a decrease 

in major elements TiO2, Al2O3, MgO and CaO with ongoing fractionation (increasing SiO2) 

(Fig. 18 and Tab. 5). Regarding the trace elements incompatible Rb shows a positive 

correlation with increasing SiO2 whereas Ba and Sr indicate a negative scattered correlation 

with increasing SiO2, as they were incorporated in crystallizing feldspars. Ce and Nd show 

also a decreasing trend with increasing SiO2 content since they are incorporated in 

phosphates (apatite and monazite). Zr also shows a negative correlation with increasing SiO2 

pointing out at a conspicuous zircon fractionation (Tab. 6). K/Rb values indicate typical 

crustal level (~0.023). 

Loss on ignition (LOI) shows values between 0.32 and 2.05%.For further compositions see. 

Tab. 7. 
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Fig. 18 AFM diagram after Irvine and Baragar, 1971.  

Fig. 17 TAS diagram after Cox et al. ,  1979  
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It has been initially thought that the migmatization of the rock could have led to a change in 

its chemistry resulting in the different observed mineral paragenesis since garnet and 

Al2SiO5-phases don´t occur everywhere within the gneissic body. The partial melting of a 

rock presumes a melt extraction from the system, where possible, that could modify its 

original chemical composition. For this reason the whole rock chemistry of a series of 

migmatised samples has been compared to that of non-migmatic ones (Tab. 8). The chemical 

composition of both sample types is similar indicating that melt extraction did not play an 

important role during migmatization. 

  

Tab. 8 Whole rock chemistry of selected migmatised and non-migmatised samples from the 

Gföhl gneiss  
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GEOTHERMOBAROMETRY 

 

Geothermobarometric analysis is a powerful tool in the service of a petrologist in order to 

reconstruct the P-T-history based on the fact that mineral assemblages (two or more) modify 

their composition as a function of pressure and temperature. Accordingly to the final results 

it should be then possible not only to track down the P-T-path followed by the observed 

lithology but also to set up a specific tectonic scenario. In the specific case of the Gföhl 

gneiss the geothermobarometry alone is inadequate because of the strong retrograde 

overprinting and alteration. This kind of analysis needs hence to be reinforced and constraint 

by a second analytic method namely thermodynamic modelling with the aid of the so called 

pseudosections. Those equilibrium phase diagrams display the different stable phase 

assemblages for a single bulk-rock composition in a P-T grid and will be discussed in detail in 

the next chapter. In principle, once the peak mineral assemblage has been determined 

under the optical microscope it will correspond to one stability field on the pseudosection. 

Now, in ideal cases P/T punctual analyses from the geothermobarometry will plot into that 

field.  

The geobarometers that have been applied to the Gföhl Gneiss are the GASP (Koziol, 1989) 

and the Garnet-Biotite-Plagioclase-Quartz (Hoisch, 1990).  

Following geothermometers have been used: a monazite-garnet thermometer (Pyle & Spear 

et. al.2001), a monazite-xenotime thermometer (Gratz & Heinrich, 1997), a two-feldspar 

thermometer (Putirka, 2008) and titanium in biotite thermometer (Henry et al., 2005). The 

garnet – biotite Fe-Mg exchange thermometer was excluded since diffusional resetting 

always affected this thermometer in the high grade Gföhl gneiss. The calculation of the 

geothermobarometers was executed with the support of PET, a Mathematica package for 

petrologists (Dachs, 2004). For the calculation of the pseudosections two petrological 

software packages have been used: PERPLEX (Connolly, 2005) and Theriak/Domino 

(DeCapitani & Petrakakis, 2010). 
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GEOBAROMETRY 

 

GASP barometer 

The GASP barometer is best suited for metapelites (Franz, 2016) in which garnet has middle 

to high XGrs values. The Gföhl gneiss is a high grade metamorphosed rock of magmatic origin 

and has very low XGrs, Therefore obtained results include a larger error due to uncertainties 

in the activity of grossular component. 

For the GASP geobarometry the refined version of Koziol & Newton (1988) has been 

considered and 7 homogeneously distributed samples have been analyzed. Although the 

flatness of the reaction lines should point at an acceptable geobarometer the pressure range 

covered by the samples is wide with ΔP = 5 kbar (Fig. 19). From Fig. 19 and Fig. 20 can be 

observed that the highest concentration of reaction lines plots, at an estimated T of 750 °C, 

between 9.7-10.9 kbar (ΔP ~1.2kbar). Fig. 20 could partially explain the wide P interval 

identifying among the samples those which were collected in the north, center and south. It 

appears to be present at least a trend between northern and southern samples. For further 

observations see the chapter Discussion and Conclusions. 

  



37 
 

 

  

Fig. 19 GASP barometer for P estimation (Koziol, 1989). Different colored lines show the 

different sample analyzed. The reaction lines represent  following reaction:  

3CaAl2Si2O8 ↔ Ca3Al2Si3O12+ 2Al2SiO5+SiO2.  

Fig. 20  GASP barometry distinguishing samples taken from the southern - central-  and 

northern part of the studied area. Shadowed domains show the presence of  a pressure 

trend which varies from north to south suggesting an eventual subdivision of the 

gneissic body.  
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Garnet-plagioclase-biotite-quartz barometer 

Besides using the GASP reaction, a second geobarometer, based on the equilibrium reaction 

between garnet, plagioclase, biotite and quartz was used to constrain the pressure. As well 

as for the GASP barometer 7 samples have been considered. 

From the six equilibria calibrated as geobarometers in the work of Thomas Hoisch (1990) 

two were taken into account namely the reaction involving the Mg- and Fe-endmembers of 

garnet and biotite (Eq. 2 a-b). However, both reactions also include grossular and the same 

uncertainty as for the GASP reaction, caused by the low activity of grossular, applied here. 

 

 (a)                 
1

3
𝑃𝑦𝑟𝑜𝑝𝑒 +

2

3
𝐺𝑟𝑜𝑠𝑠𝑢𝑙𝑎𝑟 + 𝐸𝑎𝑠𝑡𝑜𝑛𝑖𝑡𝑒 + 2𝑄𝑢𝑎𝑟𝑡𝑧 ↔ 2𝐴𝑛𝑜𝑟𝑡ℎ𝑖𝑡𝑒 + 𝑃ℎ𝑙𝑜𝑔𝑜𝑝𝑖𝑡𝑒   

(b)                  
1

3
𝐴𝑙𝑚𝑎𝑛𝑑𝑖𝑛𝑒 +

2

3
𝐺𝑟𝑜𝑠𝑠𝑢𝑙𝑎𝑟 + 𝑆𝑖𝑑𝑒𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑖𝑡𝑒 + 2𝑄𝑢𝑎𝑟𝑡𝑧 ↔ 2𝐴𝑛𝑜𝑟𝑡ℎ𝑖𝑡𝑒 + 𝐴𝑛𝑛𝑖𝑡𝑒 

Eq. 2 a-b 

 

Results from Eq. 2b are more reliable since Mg-reactions are less sensitive to diffusion 

processes. For the Mg-reaction 3 samples out of 7 show higher pressures of 8.3-9.1 kbar (Fig. 

21). Although the P range covered by all samples is quite wide there still seems to be a NS-

trend with increasing pressure from north to south (Fig. 22).  
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1

3
𝑀𝑔3𝐴𝑙2𝑆𝑖3𝑂12 +

2

3
𝐶𝑎3𝐴𝑙2𝑆𝑖3𝑂12 + 𝐾(𝑀𝑔2𝐴𝑙)(𝑆𝑖2𝐴𝑙2)𝑂10(𝑂𝐻)2 + 2𝑆𝑖𝑂2 ↔ 2𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 + 𝐾𝑀𝑔3(𝐴𝑙𝑆𝑖3)𝑂10(𝑂𝐻)2 

Fig. 21  Application of the Garnet -Plagioclase-Biotite-Quartz barometer for P estimation (Hoisch,  

1990).  Different colored lines show the different sample analyzed. The reaction lines represent 

following reaction:  

 

Fig. 22 Garnet-Plagioclase-Biotite-Quartz barometry distinguishing samples taken from the southern - 

central- and northern part of the studied area. Shadowed domains show the presence of a pressure trend 

which varies from north to south suggesting an eventual  subdiv ision of the gneissic body.  
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The equilibrium reaction calibrated as geobarometer in which the Fe-endmembers of garnet 

and biotite occur shows similar P values as the GASP analysis. The major part of the samples 

hit an area included between 8.7-10.13 kbar with 𝛥P= 1.43kbar and a NS-trend is still visible 

(Fig. 23 and Fig. 24). 

 

  

𝟏

𝟑
𝑭𝒆𝟑𝑨𝒍𝟐𝑺𝒊𝟑𝑶𝟏𝟐 +

𝟐

𝟑
𝑪𝒂𝟑𝑨𝒍𝟐𝑺𝒊𝟑𝑶𝟏𝟐 + 𝑲(𝑭𝒆𝟐𝑨𝒍)(𝑺𝒊𝟐𝑨𝒍𝟐)𝑶𝟏𝟎(𝑶𝑯)𝟐 + 𝟐𝑺𝒊𝑶𝟐 ↔ 𝟐𝑪𝒂𝑨𝒍𝟐𝑺𝒊𝟐𝑶𝟖 + 𝑲𝑭𝒆𝟑(𝑨𝒍𝑺𝒊𝟑)𝑶𝟏𝟎(𝑶𝑯)𝟐 

Fig. 23 Application of the Garnet -Plagioclase-Bioti te-Quartz barometer for P estimation (Koziol, 

1989).  Different colored lines show the different sample analyzed. The reaction lines represent 

following reaction:  
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Fig. 24 Garnet-Plagioclase-Biotite-Quartz barometry distinguishing sample s taken from the 

southern- central- and northern part of the studied area. Shadowed domains show the 

presence of a pressure trend which varies from north to south suggesting an eventual  

subdivision of the gneissic body .  
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GEOTHERMOMETRY 

 

Monazite-garnet thermometer 

As the work of Pyle and Spear in 2001 confirmed, monazite and garnet show a systematic 

relationship as a function of temperature. The thermometer they proposed is based on the 

partitioning of yttrium between those two phases both recurring in the Gföhl gneiss too. 

The mass transfer reaction between monazite and garnet involves other mineral phases as 

shown below (Eq. 3): 

𝑌3𝐴𝑙2𝐴𝑙3𝑂12 + 𝐶𝑎5(𝑃𝑂4)3(𝑂𝐻) + (
25

4
) 𝑆𝑖𝑂2 = (

5

4
) 𝐶𝑎3𝐴𝑙2𝑆𝑖3𝑂12 + (

5

4
) 𝐶𝑎 𝐴𝑙2𝑆𝑖2𝑂8 + 3𝑌𝑃𝑂4 + (

1

2
) 𝐻2𝑂  

   (YAG in Grt)        (OH-Ap in Ap)                   Qtz                          grs in Grt                           an in Plg       YPO4 in Monazite       Fluid 

Eq. 3 

 

The parameters listed in Tab. 10 the equilibrium reaction have been used to calculate the 

equilibrium constant KEq, which is a function of composition. 

YAG in garnet, OH in apatite, grossular in garnet, anorthite in plagioclase and yttrium in 

monazite were measured with the electron microprob. The water fugacity was calculated 

with Perplex at P and T using the modified compensated Redlich-Kwong equation of Holland 

& Powell, 1991, 1998. Quartz is assumed to be pure. Pressure was fixed at 8 kbar. 

𝑇(°𝐶) = [ 
−1.45𝑃(𝑏𝑎𝑟) + 447772(±32052)

567(±40) − 𝑅𝑙𝑛(𝐾𝐸𝑞)
] − 273.15  

Eq. 4 

 

The table shows the calculated parameters and the temperatures carried out by the 

relationship for the equilibrium between temperature and KEq expressed above (Eq. 3, Eq. 4, 

Tab. 9). Three samples were taken into account. 
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The temperatures don´t fit in any way the values suggested by the literature (750°-900°C). 

The data could be erroneous due to the fact that this thermometer is calibrated on 

metapelites having different bulk chemistry from the Gföhl gneiss (especially water content). 

The scarcity of the data collected for the apatites due to its irregular occurrence could play 

an important role since even a small variation of X OH in apatite coincides with a strong 

variation in the resulting equilibrium constant KEq. 

  

Tab. 9 
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Monazite-xenotime thermometer 

This geothermo(-baro)meter offers the opportunity to measure the temperature of an 

igneous or metamorphic rock on the basis of the existing miscibility gap between monazite 

and xenotime that is due to that different crystal structure of the two phosphates (Gratz & 

Heinrich, 1997)(Fig. 25). Both coexisting phases can incorporate yttrium, to a different 

extent, in their octahedral position as a function of temperature and pressure.  

 

 

Temperature conditions were calculated starting from Eq. 5 where P is given in kbar and T in 

°C: 

𝑋𝑌
𝑚𝑜𝑛𝑎𝑧𝑖𝑡𝑒 =  

(1.459 + 0.0852𝑃)𝑒0.002274𝑇

100
 

Eq. 5 

  

Fig. 25 Diagram showing the miscibility gap in  the binary system 

Ce(PO)4  -Y(PO)4  (Finger, 2015). 
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The geothermometer was applied to 3 samples that in the bulk chemistry indicate the 

highest values for Ce and Y. An excel sheet was created (Tab. 10) in which Xyttrium in monazite 

was first calculated and then applied to the equation (Eq. 5) at fixed pressures of 7, 7.5, 8, 

8.5, 9 kbar. 

The temperatures carried out by the monazite-xenotime thermometer are consistent with 

the peak assemblage of the rock. A variation in the temperature along an N-S axis seems not 

to be present whereas the strong zonation of most investigated monazites leads to a 

variation of the temperature within the single crystals (Fig. 26). Measures made at the rim 

yielded temperatures (sample G8_2p3, Tab. 10) about 550 °C at 8 kbar and temperatures 

from the core are set at about 800 °C. The results also get along with the experimental 

analysis of Gratz & Heinrich in which was observed that the Y content in monazite increases 

with increasing metamorphic grade (i.e. in the core).  

 

  

Fig. 26 Strong zoned Monazite.  Yttrium content in  monazite tends to be higher at  

the core resembling peak metamorphism conditions and lower at the rim. Sample 

WG216.  
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Tab. 10 
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Two-feldspar thermometer 

A two feldspar thermometer (Fuhrman & Lindsley, 1988, Putirka, 2008, Benisek, 2010) was 

used in attempt to constrain furthermore the temperature experienced by the Gföhl gneiss. 

The thermometer is based on the miscibility gap between K-feldspar and albite. 

 Because of the granulitic facies conditions enhancing diffusion and flexibility of the lattice 

structure the feldspar structure can accommodate both K and Na building up a solid solution 

known as ternary feldspar; under cooling conditions the ternary feldspar intercepts the 

solvus curve and K-feldspar and albitic plagioclase are formed. 

This method yields a minimum temperature since it gives the possibility to recover the 

conditions in which the ternary feldspar started to give up Na to form albitic plagioclase by 

cooling (solvus intersection) but not the conditions in which it was actually formed. 

In order to apply this thermometer the composition of feldspars, of their perthitic 

exsolutions and of surrounding plagioclases have been measured at the electron 

microprobe. 

The first part of the reintegration of the ternary feldspar consisted in reintegrating the albitic 

perthites with their host mineral. This step was made following an excel spreadsheet made 

available after Artur Benisek. The second and final reintegration of the feldspar with a 

surrounding plagioclase was made basing on the work of Putirka, 2008.  

Two equations were used both derived by the experimental data of Elkins and Grove, 1990. 

The first equation (Eq. 6) was calibrated from 30 of 41 experiments and recovers T to ± 23 °C. 

The second equation (Eq. 7) represents instead a global calibration from all 41 experimental 

observations recovering T to ±30 °C (Putirka, 2008). 

104

𝑇(°𝐶)
= 9.8 − 0.098𝑃(𝑘𝑏𝑎𝑟) − 2.46 ln (

𝑋𝐴𝑏
𝑘𝑓𝑠

𝑋𝐴𝑏
𝑝𝑙𝑔) − 14.2(𝑋𝑆𝑖

𝑘𝑓𝑠
) + 423(𝑋𝐶𝑎

𝑘𝑓𝑠
) − 2.42 ln(𝑋𝐴𝑛

𝑘𝑓𝑠
) − 11.4(𝑋𝐴𝑛

𝑝𝑙𝑔
𝑋𝐴𝑏

𝑝𝑙𝑔) 

Eq. 6 
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𝑇(°𝐶) =
−442 − 3.72𝑃(𝑘𝑏𝑎𝑟)

−0.11 + 0.1 ln (
𝑋𝐴𝑏

𝑘𝑓𝑠

𝑋𝐴𝑏
𝑝𝑙𝑔) − 3.27(𝑋𝐴𝑛

𝑘𝑓𝑠
) + 0.098 ln(𝑋𝐴𝑛

𝑘𝑓𝑠
) + 0.52(𝑋𝐴𝑛

𝑝𝑙𝑔
𝑋𝐴𝑏

𝑝𝑙𝑔
)

 

Eq. 7 

 

At a fixed pressure of 8 kbar, the temperature carried out by the thermometer fit in an 

acceptable way the previous collected data. No trend has been recognized within the N-S 

displaced gneissic body. The apparently most reliable equation infers a temperature 

comprised between 770 and 840 °C. 

Although the samples listed in Tab. 11 indicate good data most samples are too low in 

temperature to indicate the granulitic conditions that are pointed out by the displayed peak 

assemblage of the Gföhl gneiss, by the textural observations, by the calculated 

geothermometry as well as by the indications in the literature. 

  

Fig. 27 Diagram showing the solvus curve that delimits the 

stability field of the ternary feldspar. The blue arrow represents a 

cooling path (retrograde) whereas the red ar row a heating one 

(prograde path) (modified after Seck, 1972).   
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A possible source of error for this method could be the erroneous reintegration of the albitic 

exsolutions within the k-feldspar. The thinness of the perthites could have led to inaccurate 

measurements at the electron microprobe. It should also be considered that the error could 

also not be analytical: the low temperatures measured could derive from the slow cooling of 

the rock. The slower the cooling, the lower the temperature in which the diffusion between 

the perthitic exsolution and the K-feldspar has frozen. Errors can also generate by the 

recrystallization of feldspars during the cooling path resetting the original composition and 

carrying out lower temperatures. 

  

Tab. 11  
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Ti in biotite thermometer 

Biotites from the Gföhl gneiss show a proper chemical composition that allow the 

application of the Ti in biotite thermometer (Henry et al., 2005) that can be only employed 

under restraining conditions:  

The rock should present following phases in its assemblage: 

 Ilmenite or rutile 

 Graphite 

 Quartz 

 Aluminous minerals (i.e. Al2SiO2O5 polymorphs, etc.) 

Biotite should also have a composition between XMg=0.275-1.0 and Ti=0.04-0.6 apfu. 

The temperatures calculated correspond to a minimum temperature due to the absence of 

graphite in the Gföhl gneiss which causes an underestimation of the actual temperatures of 

~50°C (Henry et al., 2005). 

The pressure range in which the Ti in Biotite thermometer has been calibrated is set 

between 4-6 kbar whereas the Gföhl gneiss experienced pressures between 8-10 kbar; this 

matter of fact leads to a lower Ti content in the studied rocks and consequently to lower Ti 

in biotite temperatures (Henry et al., 2005).The temperatures have been determined with 

the following expression (Eq. 8):  

 

  𝑇(°𝐶) = ([ln(𝑇𝑖) − (−2.3594) − (−1.7283)(𝑋𝑀𝑔)
3

] 4.6482−9⁄ ) 0.333 

Eq. 8 

 

Where a, b, c are experimental coefficients, Ti is the atom per formula unit normalized to 22 

oxygens and XMg is Mg/(Mg+Fe).  

  

 a b c 
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An average temperature was set at 716 ± 44 °C. Keeping in mind that the Ti-in-Biotite 

geothermometer is best fitted for peraluminous metapelites that have equilibrated at 4-6 

kbar, the temperatures obtained seem to fit sufficiently the previous calculated data 

constraining once more the (minimum) temperature range experienced by the Gföhl gneiss 

(Tab. 12). 

  

Tab. 12  
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THERMODYNAMIC MODELLING 

 

Thermodynamic modelling is based on multiphase equilibrium calculations and on Gibbs free 

energy minimization. 

Unlike the conventional geothermobarometry that utilizes for each geothermobarometer its 

own thermodynamic dataset, the multiphase equilibrium calculations put together all the 

reactions between phases considered in a given bulk chemistry.  

The conventional geothermobarometry gives in the case of the Gföhl gneiss a more 

generalized overview on the P-T conditions experienced by the rock due to high variance 

mineral assemblages and the fact that Fe-Mg exchange equilibria are unsuitable for granulite 

facies rocks and two feldspar thermometry could not be used in many cases.  

Equilibrium phase diagrams are therefore used in the attempt to constrain PT-conditions of 

the peak assemblage and the PT-path followed by the rock.  
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Fig. 28  Geographic sketch of the Waldviertel area with overlying geologic map of the Gföhl Gneiss.  

The geothermobarometry and the thermodynamic modelling point out at  differentiation between a 

northern and a southern part  within the studied lithology.  
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Pseudosections 

The equilibrium phase diagrams (a.k.a. Pseudosections) showing the fields of stability of 

different equilibrium mineral assemblages for a single bulk-rock composition 

(serc.carleton.edu) were calculated alternatively by two software packages: Perplex_X 

(Connolly, 2005) and Theriak Domino (Capitani & Petrakakis, 2010). Both softwares are 

based on Gibbs free energy minimization. 

The analysis done with Perplex were performed with the thermodynamic data file 

hp11ver.dat of Holland & Powell, 2011;  the solution models for garnet, feldspar, biotite, 

melt, mica, cordierite, orthopyroxene and chlorite were used after WHITE et al., 2014. The 

solution model used for spinel is after WHITE, POWELL & CLARKE, 2002. 

The pseudosections calculated with Theriak Domino have been analyzed with following 

solutions models: garnet, HOLLAND & POWELL, 1998; feldspar, BENISEK et al., 2010; biotite, 

WHITE, POWELL & HOLLAND, 2007; melt, WHITE et al., 2007; mica, COGGON & HOLLAND, 

2002; cordierite, HOLLAND & POWELL, 1998; orthopyroxene, HOLLAND & POWELL, 1999; 

chlorite, GAIDIES et al., 2008; spinel, WHITE et al., 2007; All the calculations were performed 

in the ten component chemical system NCKFMASHTiMn. In all samples 15% of Fe is assumed 

to be ferric (Fe2O3). The RFA data are given in weight percent (wt %) normalized to 100. For 

thermodynamic modelling with Theriak Domino these values are converted in mole. 

 

Water content estimation 

The lack of hydrous phases in the peak assemblage of the rock (only biotite) allows only a 

rough estimation of the water content. 

To constrain a plausible water content for the Gföhl gneiss diagrams where temperature 

plots against water content (with H2O wt% = 0 to 5 at a fixed pressure of 8 and 9 kbar) were 

created (Fig. 29). Sample WG221 was chosen since it approximates well the average 

chemical composition of the Gföhl gneiss. The whole rock analysis yields a composition of 

SiO2= 72.16 wt%, TiO2= 0.35 wt%, Al2O3= 13.49 wt%, FeO= 2.23 wt%, MnO= 0.04 wt%, MgO= 

0.68 wt%, CaO= 0.91 wt%, Na2O= 2.22 wt%, K2O= 4.98 wt%, P2O5= 0.18 wt% and LOI= 0.49 

wt%. The stability field of the peak assemblage is wide and ranges from 0 wt% to more than 



55 
 

5 wt% in water content at different pressures. Therefore there is no way to set an absolute 

value but at least there is more freedom to take an arbitrary one. Basedd on the calculated 

T-X diagrams the water content set for all calculations of the pseudosections is 1 wt%. 

  

Fig. 29  T-X diagrams in which temperature plots against water 

content at fixed pressures 8 and 9 kbar.  
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PT- pseudosections 

6 Samples were chosen for thermodynamic modelling of the peak metamorphic event of the 

Gföhl gneiss.  

Samples G8, G16a and GG57 (Fig. 30, Fig. 31, Fig. 32) were collected in the north, samples 

G31, WG216, WG219 (Fig. 33Fig. 34Fig. 35) in the southern part of the study-area. 

North 

The whole rock analysis of sample G8 yields a chemical composition of SiO2= 68.92 wt%, 

TiO2= 0.48 wt%, Al2O3= 14,74 wt%, FeO= 2.48 wt%, MnO= 0.03 wt%, MgO= 0.98 wt%, CaO= 

1.61 wt%, Na2O= 2.49 wt%, K2O= 4.92 wt%, P2O5= 0.20 wt% and LOI= 0.60 wt. 

 

  

Fig. 30 Pseudosections showing the stability field of the observed peak assemblage from sample G8 

calculated in the NCKFMASHTiMn-system. Element composit ion of the sample in  mole cations:  
SI(1.1471)TI(0.0060)AL(0.2891)CA(0.0288)MG(0.0242) FE(0 .0345)K(0.1045)NA(0.0804)MN(0.0005)H(0.1110)  
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The whole rock analysis of sample G16a yields a chemical composition of SiO2= 65.68 wt%, 

TiO2= 0.71 wt%, Al2O3= 15.34 wt%, FeO= 4.48 wt%, MnO= 0.24 wt%, MgO= 1.77 wt%, CaO= 

0.70 wt%, Na2O= 1.36 wt%, K2O= 4.50 wt%, P2O5= 0.09 wt% and LOI= 2.05 wt%. 

 

 

 

 

 

 

 

  

Fig. 31 Pseudosections showing the stability field of the observed peak assemblage from sample 

G16a calculated in the NCKFMASHTiMn-system. Element composition of the sample in mole 

cations:  
SI(1.0932)TI(0.0089)AL(0.3009)CA(0.0124)MG(0.0440)FE(0 .0624)K(0.0954)NA(0.0437)MN(0.0034)H(0.1110)  
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The whole rock analysis of sample GG57 yields a chemical composition of SiO2= 68.17 wt%, 

TiO2= 0.67 wt%, Al2O3= 14.24 wt%, FeO= 5.96 wt%, MnO= 0.08 wt%, MgO= 1.92 wt%, CaO= 

2.30 wt%, Na2O= 2.24 wt%, K2O= 2.76 wt%, P2O5= 0.08 wt% and LOI= 0.68 wt%. 

 

 

  

Fig. 32 Pseudosections showing the stability field of the observed peak assemblage from sample 

GG57 calculated in  the NCKFMASHTiMn-system. Element composition of the sample in mole 

cations:  
SI(1.1346)TI(0.0084)AL(0.2794)CA(0.0410)MG(0.0476)FE(0 .0572)K(0.0587)NA(0.0721)MN(0.0012)H(0.1110)  
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South 

Since the stability field of the peak paragenesis in the south covers a wider P-range the 

pseudosections will only indicate the T-range. The visual determination of the resumed 

pressure along the southern Gföhl gneiss will be made explicit at the end of this chapter by 

showing the overlap area of all the stability fields of the paragenesis in a P-T diagram (Fig. 

36).  

 

The whole rock analysis of sample G31 yields a chemical composition of SiO2= 72.43 wt%, 

TiO2= 0.29 wt%, Al2O3= 13.40 wt%, FeO= 2.40 wt%, MnO= 0.02 wt%, MgO= 0.54 wt%, CaO= 

1.00 wt%, Na2O= 2.74 wt%, K2O= 4.77 wt%, P2O5= 0.19 wt% and LOI= 0.60 wt%. 

 

  

Fig. 33 Pseudosections showing the stability field of the observed peak assemblage from sample G31a 

calculated in the NCKFMASHTiMn-system. Element composit ion of  the sample in  mole cations:  
SI(1.2054)TI(0.0036)AL(0.2629)CA(0.0178)MG(0.0134)FE(0 .0230)K(0.1012)NA(0.0884)MN(0.0003)H(0.1110)  
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The whole rock analysis of sample WG216 yields a chemical composition of SiO2= 69.76 

wt%, TiO2= 0.32 wt%, Al2O3= 14.49 wt%, FeO= 2.37 wt%, MnO= 0.03 wt%, MgO= 0.53 wt%, 

CaO= 2.30 wt%, Na2O= 2.48 wt%, K2O= 6.61 wt%, P2O5= 0.21 wt% and LOI= 0.59 wt%. 

 

 

  

Fig. 34  Pseudosections showing the stability field of the observed peak assemblage from sample 

WG216 calculated in the NCKFMASHTiMn-system. Element composition of the sample in mole 

cations:  
SI(1.1940)TI(0.0041)AL(0.2923)CA(0.0114)MG(0.0134)FE(0 .0227)K(0.1444)NA( 0.0823)MN(0.0004)H(0.0110)  
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The whole rock analysis of sampleWG219 yields a chemical composition of SiO2= 68.78 wt%, 

TiO2= 0.16 wt%, Al2O3= 16.10 wt%, FeO= 1.23 wt%, MnO= 0.01 wt%, MgO= 0.27 wt%, CaO= 

0.85 wt%, Na2O= 2.89 wt%, K2O= 7.46 wt%, P2O5= 0.15 wt% and LOI= 0.32 wt%. 

 

Two different peak assemblages were observed from north to south pointing out at two 

different P-T conditions within the same lithology. In the south kyanite makes its first 

appearance. Apart from that, in order to constrain and clarify even further the P- and T- 

ranges experienced by the northern and southern rocks, one P-T diagram showing the 

overlapping stability fields of the two peak assemblages observed have been made (Fig. 36). 

  

Fig. 35 Pseudosections showing the stability field of the observed peak assemblage from sample WG219 

calculated in the NCKFMASHTiMn-system. Element composit ion of the sample in  mole cations:  
SI(1.1447)TI(0.0020)AL(0.3156)CA(0.0152)MG(0.0067)FE(0 .0117)K(0.1584)NA(0.0934)MN(0.0002)H(0.0110)  
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The stability fields fit in an acceptable way with one another and express following P-T 

ranges: 

Northern Gföhl gneiss  P= 9.2 ±1.4 kbar T= 790 ±50°C 

Southern Gföhl gneiss  P= 11.5 ±2.7 kbar T= 795 ±45°C 

The data point out at almost identical temperatures between northern and southern 

samples whereas the pressure increases slightly from north to south (Fig. 28). 

Fig. 36 P-T overlap obtained by plotting together samples from the no rth G8,  

G16a and GG57 (gray shades) and from the south WG216, WG219 and G31 

(red shades).  
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DISCUSSION AND CONCLUSION 

 

Defining the petrology and the petrogenetic conditions of the Gföhl gneiss represents a key 

aspect that could help decipher the geodynamic setting of the entire moldanubian area. 

Defining the peak assemblage 

The distribution of the investigated Gföhl gneiss in the field extends from Znojmo (CZ) in the 

north, to Melk (AUT) in the south (Fig. 28)  

In the field and under the transmitted light microscope a change in peak assemblage from 

south to north was found. Samples from the north contain grt+sil+kfs+pl+bt+qz as peak 

assemblage where garnet´s frequency of occurrence is lower than in the south as well as the 

occurrence of Al-silicate. Al-silicate occurs in the north exclusively as fibrolite. The border 

between northern and southern domain is marked by the occurrence of sub-euhedral 

sillimanite instead of fibrolite and an increasing abundance of garnet. In the southern area of 

the Gföhl gneiss sillimanite is less common and if there replaces kyanite, which is the 

dominant Al2SiO5 phase. Large euhedral garnets are also more common. 

P-T conditions 

Equilibrium phase diagrams have been used to constrain P-T conditions in addition to the 

applied geothermobarometers. The interpretation of GASP and Garnet-plagioclase-biotite 

barometers allowed identifying a slight gradient from N to S. (Fig. 20, Fig. 22, Fig. 24). 

Three of the four applied geothermometers (Monazite-Xenotime thermometer after Gratz & 

Heinrich, 1997, two feldspars thermometer after Putirka, 2008 and Ti in biotite after Henry 

et al., 2005) gave consistent temperatures with values from 710-810 °C at P=8 kbar (Tab. 13). 

The temperatures calculated are minimum temperatures as explained in the chapter 

Geothermobarometry (Tab. 13). 
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Results from thermodynamic modelling show consistent P-T conditions and strengthen the 

presence of a slight pressure gradient from north to south. (Fig. 36) with ~9 kbar and 790 

±50°C in the north and ~11.5 kbar and 795 ±45. 

  

Tab. 13  The table lists all  the Geothermobarometer used in the present study. Pleas notice that the 

temperatures reported are average minimum temperatures and are not divided between north and south 

since only a pressure gradient is observed.  
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Gföhl gneiss and Moldanubian granulite, a common history? 

This work is meant to give some more suggestions about the genesis of the Gföhl gneiss and 

to compare it with the granulite unit. Two approaches are made here (1) comparison of 

geochemical data of the Gföhl gneiss and the Moldanubian granulite in order to determine if 

both units were derived from the magmatic arc and (2) compare the petrological evolution 

of both units. 

Comparison of geochemistry 

The analyzed Gföhl gneiss and Moldanubian granulite are subalkaline, intermediate to acid 

with SiO2 values of respectively 65.7 to 76.40 wt % and 62.9 to 76.7 wt % (Schantl, 2015). As 

shown by the TAS diagram after Cox et al. (1979) (Fig. 37) both show a compositional range 

from granite to granodiorite and a typical calc-alkaline trend (AFM diagram after Irvine & 

Baragar, 1971) (Fig. 38). Harker diagrams indicate the same negative correlation for SiO2 vs. 

TiO2, Al2O3, MgO; CaO and FeO whereas K2O (as well as K2O/Na2O ratio) increases with 

increasing fractionation (Fig. 39; Fig. 40). LOI-values cover in Gföhl gneiss a wider range and 

are generally higher (0.3 - 2.85 wt %) than in Moldanubian granulite (mainly < 1 wt %) due 

probably to a stronger retrograde overprint and alteration that the gneiss experienced. 

A trace elements comparison shows the same increase of Rb and negative correlation of Ba 

and Sr with increasing SiO2 (Fig. 40). Zirconium is also characterized by the same low values 

and by a negative correlation with increasing SiO2 
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Fig. 37  TAS diagram (Cox et al. ,  1979) of representative samples of Moldanubian 

granulites (Schantl,  2015 ) and Gföhl gneiss.  The red squares represent the granulites 

whereas the black triangles sampled gneisses.  

Fig. 38  AFM-diagram ( Irvine & Baragar, 1971 ) of representative samples of 

Moldanubian granulites (Schantl,  2015) and Gföhl gneiss. The red squares 

represent the granulites whereas the black triangles sampled gneisses.  
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Fig. 39  Binary diagrams showing the major element oxides vs. SiO 2  (wt %). The black tr iangles indicate the 

Gföhl gneiss, the red squares symbolize the moldanubian granulites.  
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Fig. 40 Binary diagrams showing the trace elements and K2O/Na2O vs. SiO2 (wt %). The black triangles 

indicate the Gföhl gneiss, the red squares symbolize the moldanubian granulites.  
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Comparison of metamorphic evolution 

A petrological investigation of the Moldanubian granulite (Dunkelsteinerwald-, Pöchlarn-

Wieselburg- and Zöbing granulite bodies) of the Gföhl Nappe made by Schantl (2015) gives 

PT conditions of ~1050 °C and ~16 kbar which are significantly higher than the peak 

metamorphic conditions recovered in this study for the Gföhl gneiss, 750 ±50 °C and ~9 kbar.  

The later MP-HT metamorphic overprint at ~760 °C and ~8 kbar experienced by the granulite 

during the exhumation stage (Schantl, 2015) is similar to the peak conditions recovered for 

the Gföhl gneiss leading to two potential scenarios for the evolution of the two lithologies. 

1. Gföhl gneiss and Moldanubian granulite share a common evolution that is not seen 

anymore since diffusive processes during a Carboniferous HP-UHT event (Becker, 1996; 

Klötzli et al., 1999; Friedl et al., 2011) modified and largely obliterated the mineral phases. 

Gföhl gneiss is the product of the retrograde re-equilibration of the Moldanubian granulite 

during the exhumation to middle crustal levels (Cooke & O´Brien, 2001).  

In this case it could be appropriate to abandon the present tectonic distinction that 

separates Gföhl gneiss from Moldanubian granulite into two separate unit packages and 

group them under the same tectonic unit.  

The petrological distinction (along with its nomenclature) between leucocratic Moldanubian 

granulite and Gföhl gneiss could also be reconsidered since the mineral assemblage as well 

as the whole rock chemistry is mostly identical (Fig. 37, Fig. 38, Fig. 39, Fig. 40). In the 

description of a hypothetical summarized lithology (e.g. leucocratic Moldanubian granulite) 

it should be noted that the mineral assemblage is constant (e.g. leucocratic granulites and 

Gföhl gneiss) as well as the metamorphic grade (granulite facies) but the texture differs from 

gneissic to strongly foliated.  

 

2. Gföhl gneiss and Moldanubian granulites are derived from the same magmatic setting but 

do not share a common metamorphic evolution. The idea is that of two paths that have a 

similar shape but different P-T conditions (Fig. 41). As the continental margin of the Rheic 

Ocean was subducted under the avalonian continent (Late Devonian to Early Carboniferous 

after Kroner et al., 2007) the common protolith of granulite and gneiss was part of the syn-



70 
 

accretionary wedge and was dragged into the subduction channel. The lower portion of it 

reached ideal conditions that determined granulite facies metamorphism, the shallower part 

underwent instead slighltly lower-grade metamorphism. Now, based on the pressure range 

obtained in this work for the Gföhl gneiss and on previous petrological investigations of the 

Moldanubian granulite (Schantl, 2015) the depth of formation can be roughly estimated: 

assuming the geostatic gradient for a subduction zone proposed by Xiao et al. (2012) the 

depth of formation of the Gföhl gneiss (8.5-9 kbar) is 27-29 km whereas the depth of 

formation of the Moldanubian granulite (14-16 kbar) is 45.5-52 km. Both units were 

exhumed at middle to lower crustal levels (Finger et al., 2007). Gneiss and granulite were 

consequently tectonically juxtaposed. The overthrusting of the Moldanubian granulite on 

the Gföhl gneiss (and moreover the thrust-system observed within the Bohemian Massif) is 

due to extension determined by the slab break-off and consequent fast exhumation during 

the Viséan (Kroner et al., 2007). At this time (post 340 Ma) the Gföhl gneiss was strongly 

metamorphic overprinted and lost its original petrographic features. 
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Fig. 41  Diagram showing an  hypothetical PT evolution for the Gföhl gneiss (dashed line). As 

proposed in the discussion,  the Gföhl gneiss could have followed a similar -shaped PT-path as the 

HP-UHT (UHT=Ultra-High Pressure) Moldanubian granulites (Schantl,  2015) at  shallower depths.  

The path of both lithologies rejoins as the retrograde overprinting takes place. UHP -HT 

metamorphism (370 Ma, after Kroner et al. ,  1988 )) is also depicted in Moldanubian granulites 

cropping out in the western sector of the moldanubian Zone ( Kutná Hora, Blanský les) in Czech 

Republic (Perraki and Faryad, 2014)  
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