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Editorial

Foreword to the special volume on ‘Field, analytical and  
experimental approaches to silicic magmatism in collisional  
orogens’

Despite more than two hundred years of vigorous scientific interest, granite plutons are still in fashion and their origin 
continues to be hotly debated. This special issue of the Journal of Geosciences is intended to be a modest contribution 
to the recent granite debate by collecting process-oriented research papers on a wide range of related topics. These 
include the significance of granitoid intrusions for reconstructing plate tectonics, pluton emplacement, and interpreta-
tion of magma sources and granite petrogenesis. Despite the fact that the papers published in this special issue mostly 
focus on Variscan plutons in Europe (Spain, France, Slovakia, Czech Republic) and also from other areas (Mongolia), 
they may hopefully provide case examples with a broad outreach.

The issue is introduced by Bonin who reviews the state of the art of A-type silicic magmatism in the Variscan and 
Alpine Europe. This paper defines varieties of A-type granites, their plutonic and volcanic associations as well as their 
salient petrographic, geochemical and isotopic features. Two major problems of current research on A-type igneous 
suites are discussed in detail: 1) uranium-thorium mobility, phase transformations of zircon and its utility for geo-
chronological studies, and 2) preservation of A-type chemical signature during regional metamorphism. An exhaustive 
review of European occurrences provides background for temporal cyclicity of the A-type events. One group marks 
post-orogenic settings whereas the other is associated with continental break-up, rifting and formation of new oceanic 
basins. The European occurrences cluster at Cambrian–Ordovician and Carboniferous–Triassic boundaries, each of 
the events spanning approx. 60 Ma and both separated by a gap reflecting existence of the Paleotethys Ocean.

The paper by Dietl and Koyi addresses the formation of tabular plutons using analogue modelling. These authors 
set up a stratified model consisting of multiple plasticine layers and demonstrate how buoyant material develops into 
tabular sills, the space for which is made by floor downdrop. As the most important outcome of this study, the authors 
demostrate that during growth of tabular plutons, the feeder channels may become blocked as a result of subsidence 
of the pluton floors. 

The geochemical study by Villaseca and co-authors is devoted to peraluminous granites of the Montes de Toledo 
Batholith of the Central Iberian belt. This batholith comprises a sequence of chemically distinct intrusive units, which 
differ in degree of peraluminosity, and calcium and phosphorus abundances. A detailed survey of neodymium and 
lead isotope systematics has revealed a mixed source with distinct proportions of two end-members: Neoproterozoic 
metasediments and lower crustal, metaigneous precursors. As an additional peculiarity, these granites contain a vari-
ety of magmatic aluminosilicate phases including coexisting andalusite and sillimanite. This mineral couple, rarely 
recorded elsewhere, provides independent constraints on the emplacement conditions and crystallization history of 
this batholith. 

Leichmann and Höck provide a detailed petrographic and geochemical review of the Brno Batholith, which is a 
composite body located in the Brunovistulian Unit at the eastern margin of the Variscan orogenic belt. The batholith 
consists of two granitic complexes, which are separated by an ophiolite unit. The Eastern Granitic Complex represents 
an exposed, primitive magmatic arc related to the Cadomian (Pan-African) convergence. In contrast, the Western 
Granitic Complex is an assembly of three suites, with S-, I- and A-type affinities, which were produced by melting 
of lower-crustal metasedimentary lithologies underplated by mafic magmas. The geological and geochronological 
data point to similarities between the Brunovistulian magmatic activity and that in the Egyptian Eastern Desert and 
demonstrate their affiliation with the Gondwanan margin in Neoproterozoic. 

The Variscan silicic activity exposed in the present-day Carpathians was investigated by Kohút and Nabelek using 
a combination of radiogenic and stable isotope methods. The Western Carpathians offer outcrops of unparalleled geo-
chemical varieties of granitic rocks, which include potassic-magnesian, potassic-ferroan, calc-alkaline, peraluminous, 
subalkaline as well as alkaline-anorogenic types. Both the strontium and neodymium isotopes rule out a single-source, 
mantle or crustal model for their origin but require an involvement of several sources, which may have been provided 
by melting of a vertically zoned crustal sequence. The oxygen isotope data span a broad array as well, and this reflects 
significant and variable proportions of mafic to silicic igneous precursors. 

Chudík and co-authors present a detailed mineralogical study of extremely evolved, highly peraluminous pegmatitic 
system from Považský Inovec in the Western Slovakia. The unusually high budget of high-field strength elements 
is stored in abundant accessory phases – columbite–tantalite, tapiolite and zircon, which are associated with garnet-
sillimanite-bearing assemblage. The first two accessories do not show significant variations of divalent cations (Mn, 
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Fe) with distinct compatibility but oscillatory zoning in Ta and Nb, which partly overlaps with the tantalite–tapiolite 
miscibility gap defined by previous investigations. This pegmatitic system provides another example of Zr/Hf and 
Nb/Ta decoupling in magmatic reservoirs, being probably related to local extreme fractionation.

The paper by Economos and others combines field observations, structural data, and geochemistry from the Chand-
man Granite Massif, Mongolia, to resolve its geologic history and to outline implications for tectonic evolution in the 
nearby metamorphic terranes. The authors show that this intrusion cannot be related to Caledonian events as thought 
previously, but instead may reflect a subduction-related volcanic-arc magmatism of Early Carboniferous age, first 
reported in the western Gobi-Altay Terrane.

This issue shall provide a cross-section through various magmatic products of Variscan orogeny in time and space. 
We hope that the breadth and multitude of approaches presented in the following papers will stimulate new studies 
and applications of state-of-the-art analytical techniques to enhance our understanding of geodynamics in continental 
collisional zones. 

We express our gratitude to all the authors who have contributed such a variety of thought-provoking articles to this 
Special Issue. Last but not least, we would like to acknowledge the reviewers of the above papers who volunteered 
their time and effort to improve the quality of this special issue.

Guest editors:
David Dolejš 

Institute of Petrology and Structural Geology,  
Charles University, Prague

Jiří Žák 
Institute of Geology and Paleontology,  

Charles University, Prague
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by discrete A-type granite igneous events: the case  
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Granitoids occupy large areas of the Variscan–Alpine Europe. The specific group of A-type granites identifies post-
collisional (post-orogenic) and anorogenic geodynamic settings. Post-orogenic igneous provinces are emplaced during 
the very last episodes of supercontinent amalgamation. Anorogenic igneous provinces accompany continental break-up 
and predate the development of new oceanic basins. Though not voluminous compared with the other granite types, 
A-type granites substantiate critical periods of the life of supercontinents. 
Their ages of emplacement in the Variscan–Alpine Europe span the entire Cambrian–Triassic time interval. They are 
not random, however, and correspond to discrete episodes. Two major age groupings, both with a c. 60 My duration, 
are distinguished. The Early Cambrian–Early Ordovician period corresponds to Pannotia amalgamation, followed by 
its break-up and the development of the Rheic–Proto-Tethys Ocean. The Late Carboniferous–Early Triassic period 
corresponds to Rheic closure and Pangaea amalgamation, followed by its break-up and the development of the Neo-
Tethys Ocean. Devonian–Early Carboniferous A-type igneous episodes, scarce in Europe but widespread in Central 
Asia, accompanied the development of the Palaeo-Tethys Ocean.
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1. Introduction

Granitoids are extensively studied for the following rea-
sons: (i) they are the most abundant rocks in the Earth’s 
upper continental crust, (ii) like other igneous rocks, they 
represent probes into the deep planetary interiors, and 
(iii) they are closely connected with tectonics as well as 
geodynamics. Even now, the proportion of granitoids and 
associated volcanic rocks present on Earth is low, about 
0.1 % of the Bulk Earth (Clarke 1996). Such a small 
proportion corresponds nevertheless to a total mass of 
at least 1022 kg and a volume of about 3.74 × 109 km3 
(Bonin et al. 2002). Roughly 86 vol. % of the upper con-
tinental crust is granitic in composition (Wedepohl 1991). 
Granite occurs also, albeit in smaller amounts, within 
lower continental crust, oceanic crust, upper mantle and 
meteorites (Bonin et al. 2002; Bonin and Bébien 2005, 
and references therein).

In this Special Issue devoted to ‘Field, analytical and 
experimental approaches to silicic magmatism in col-
lisional orogens’, the aim of this paper is to provide an 
overview of the occurrences and geodynamic settings 
of Cambrian to Triassic A-type granites within the Va-
riscan–Alpine Europe, i.e. the peri-Gondwanan terranes 
that collided with Baltica during the Palaeozoic era, 
before being collided by the rest of Gondwana during 
the Permian.

A-type granites were first named by Loiselle and 
Wones (1979). Further refinements (for a review, see Bo-
nin 2007) led to a proposal of clear criteria that are com-
monly used to distinguish A-type granites from the other 
granite types worldwide (Tab. 1). They were ascribed for 
a long time (e.g., Billings 1945; Black et al. 1985) to the 
specific geodynamic settings, namely post-collisional to 
within-plate, which gives them the popular name of ‘ano-
rogenic’. Examples of tectonic settings of A-type igneous 
provinces occurring in Europe are listed in Tab. 2.

Three issues will be addressed. The first concerns the 
so-called “crustal signatures” yielded by radiogenic iso-
topes in otherwise mantle-derived rocks. The second is 
the problem of identifying undoubtedly A-type granites 
emplaced within polygenetic orogenic belts, after they 
suffered deformation and alteration and were converted 
into orthogneisses. The last one consists of a critical 
overview of A-type igneous provinces emplaced during 
the build-up of the Variscan–Alpine Europe.

2. What is A-type granite?

A-type granites constitute a well-defined type of si-
licic igneous rocks. The concept and usage of the term 
“A-type” follow closely the recommendations of the 
UNESCO-IGCP Project 510 “A-type granites and related 
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rocks through time” discussed in its first meeting in 2005 
(Bonin 2007). Clear criteria, involving specific petrologi-
cal–mineralogical features and geochemical compositions 
(e.g., Pearce et al. 1984; Whalen et al. 1987; Eby 1990) 
commonly used to identify A-type granites, are listed 
in Tab. 1. In addition, A-type granites are not emplaced 
randomly in continental areas, as their tectonic settings 
involve always some amounts of extension (Tab. 2). Last, 
in agreement with their original definition (Loiselle and 
Wones 1979), they are associated with coeval mafic to 
intermediate rocks within compositionally expanded 
igneous suites (e.g., Bonin et al. 2008).

2.1. A-type granites and A-type granites?

No radiogenic and stable isotopic criteria (e.g., Sr, Nd, Hf, 
Pb, O) can define A-type granites unambiguously, thus rais-
ing the question whether we are dealing with a too vague 
concept. Most popular textbooks on igneous petrology 
usually consider granites as a specific entity genetically 
unrelated to other igneous, plutonic and volcanic, suites. 
Because they yield variable isotopic signatures, granites 
are also frequently regarded as entirely of crustal deriva-
tion, with or without hybridization by varying amounts of 
mantle-derived mafic magmas. This is, in particular, the 
basic scheme of the S – I – M alphabetical classification. 
However, A-type granites differ from the other granite 
types in that, though crustal sources seem to be evidenced 
in many cases by the isotopic record, no migmatitic ter-
ranes on Earth have yielded any leucosomes of A-type 
compositions, nor had experimental petrology succeeded 
in producing unambiguous A-type liquids from crustal 
materials (for a discussion, see Bonin 2007 and references 
therein). On the contrary, occurrences of A-type granites 
within oceanic islands and even on the Moon indicate 
they are likely to form through mineral fractionation, not 
partial melting, of mafic magmas, even in the absence of 
significant amounts of H2O (Bonin et al. 2002).

2.2. The crustal issue

The isotopic “crustal signature” constitutes an important 
issue to address. Geoscientists involved in upper mantle 

studies are well aware of enriched compositions that 
can mimic crustal values. In the lack of evidence for 
preserved primitive mantle reservoirs, occurrences of 
various enriched mantle end-members are explained by 
subduction-induced incorporation of crustal (oceanic and 
continental) materials into depleted upper mantle of the 
overriding lithospheric plate.

Consider a depleted mantle of harzburgitic composi-
tion and add either continental upper crustal materials, 
or TTG-like silicic liquids produced from oceanic crust. 
Abundances of incompatible elements within harzburgite 
are exceedingly low. Addition of small volumes of prod-
ucts rich in incompatible elements results in harzburgite 
converted into re-fertilized lherzolite and/or websterite, 
with an overall signature strongly influenced by crustal 
materials. Isotopic initial ratios and Nd depleted-mantle 
model ages yielded by magmas originating from such a 
[depleted mantle + crust] mixture stand, therefore, closer 
to the crustal than to the depleted mantle end-member.

There is, therefore, no need for a key role played 
by continental wall rocks, which A-type magmas pass 
through, or are emplaced in. As baffling as this idea can 
appear at a first glance, crustal signatures have little to 
do with the exposed crust. They have to be searched at 
deeper levels within the lithospheric keels of continental 
plates. Evolved low-P specialized granites can be strongly 
contaminated by exogenous elements carried by reactive 
Cl- and F-rich hydrothermal fluids. Their high initial 
87Sr/86Sr ratios and low εNd(t) values, totally unrelated 
to magma sources, constitute apparent exceptions that 
should be mentioned (e.g., Zinnwald–Cínovec granite).

2.3. A unified view

In the following pages, A-type granites will not be con-
sidered as a discrete entity unrelated to other coeval igne-
ous rocks. The concept of A-type igneous suite involves 
not only A-type granites, but also mafic and intermediate, 
volcanic and plutonic, igneous rocks. Such suites include 
bimodal associations derived from tholeiitic and mildly 
alkaline basaltic magmas (Frost and Frost 2008). Though 
following apparently different evolutionary paths, their 
real unity was recognized for a long time within plu-

Tab. 2 Selected Phanerozoic A-type igneous suites in Europe (adapted from Bonin 2007)

Orogenic stages Tectonic settings Examples Ages

Post-collision Transcurrent shear zones
Assynt Igneous Province, Scotland
Western Mediterranean Province

Comendite, San Pietro Island, Italy

440–425 Ma
280–235 Ma

15 Ma

Rifts Extensional regime
Midland Valley, Scotland

Oslo Rift, Norway
Pantellerite, Pantelleria Island, Italy

c. 345 Ma
280–250 Ma

0.33–0.003 Ma

Passive margins Extensional regime
Peralkaline gneisses, Galicia, Spain

Rheinisches Schiefergebirge, Germany
British Tertiary Igneous Province

500–480 Ma
390–380 Ma

c. 50 Ma
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tonic–volcanic provinces, but it is still underestimated 
in granite studies. Keeping this idea in mind, it is not 
surprising that A-type granites do not have to be of only 
crustal derivation.

3. The A-type orthogneiss conundrum

A-type igneous suites are fairly easy to discriminate and 
have specific ferroan alkali-calcic to alkaline bulk-rock 
compositions. However, aluminous subsolvus granites 
do not have to yield specific features of A-type granite. 
In the case of post-orogenic igneous suites, in which 
they are abundant, it is not always straightforward to 
define whether they are A-type, or not. Field criteria are 
helpful, such as textures including euhedral shape of 
purple–brown–black quartz crystals and anhedral shape 
of biotite flakes.

3.1. Interpretation of metamorphic textures 
and compositions

Evidence for A-type granites highly deformed and in-
volved within orogenic fold belts is generally not easy to 
decipher, because they lost partly their petrological and 
geochemical characteristics through mineral breakdown, 
leaching and/or re-crystallization. A-type orthogneisses 
usually carry a subsolvus feldspar assemblage, with 
K-feldspar only slightly to non-perthitic (Floor 1974). 
Alkali loss and silicification result into bulk rocks hav-
ing non-igneous compositions, with less than 8 wt. % 
of Na2O + K2O and more than 78 wt. % SiO2. A-type 
metagranites, with primary (igneous) peraluminous and 
metaluminous compositions, can yield metamorphically-
induced, strongly peraluminous compositions that appar-
ently resemble evolved S-type rocks. In orthogneisses 
issued from strongly peralkaline granites, though (Na 
+ K)/Al ratios can remain higher than 1.0, alkali loss is 
reflected by occurrence of newly formed bipyramidal 
zircon crystals and metamorphic riebeckite, a sodic 
amphibole with empty A-site, replacing igneous arfved-
sonite, characterised by full occupancy of the A-site 
(Floor 1974). The HFSE contents can decrease through 
leaching by hydrothermal F-bearing fluids. In most cases, 
immobile elements can help, such as, e.g., fairly low  
(< 14–15 wt. %) Al2O3 contents, low MgO/FeOT ratios 
and gull-wing shapes of REE patterns, diagnostic of A-
type granite compositions.

The Randa orthogneiss (Thélin 1987) offers a pertinent 
example: this Permian (269 ± 2 Ma, Roadian, Bussy et al. 
1996) A-type granite underwent Alpine tectonic episodes 
under greenschist-facies conditions. The slightly deformed 
core of the massif yields its original ferroan alkali-calcic 
composition, with low Fe2O3/FeO ratio, 40–50 ppm Y and 

15–30 ppm Nb, corresponding to the Within-Plate Gran-
ite (WPG) field of Pearce et al. (1984). The still ferroan 
sheared margins are highly silicic, with up to 81.5 wt. % 
SiO2, and calc-alkaline, due to decreasing alkali contents. 
They yield high Fe2O3/FeO ratios, low TiO2 contents, fair-
ly constant (20–40 ppm) Y contents and low (< 10 ppm) 
to very low (below detection limit by the XRF method) 
Nb contents. They plot no longer in the WPG, but in the 
Volcanic-Arc Granite (VAG) field. Positive Y–Zr cor-
relations indicate that zircon is the main carrier of Y and 
that this element remains stable during the metamorphic 
overprint. Positive Nb–TiO2 and negative Nb–Fe2O3 cor-
relations suggest breakdown of Nb-bearing Fe–Ti oxides 
and Nb mobility through oxidizing fluids.

3.2. The problem of age determination of 
A-type orthogneiss protoliths

High LILE mobility favours partial to complete reset-
ting of Rb-Sr isotopic systems; even Sm-Nd systems 
can be disturbed in the presence of F-bearing fluids. 
The isochron method is, therefore, unable to provide 
reliable emplacement ages for the igneous protoliths. In 
the most favourable cases of complete resetting during 
major metamorphic events, it can provide ages of those 
events. Like the Rb-Sr isotopic system, the U-Th-Pb 
isotopic system is also susceptible to variable amounts 
of resetting through Pb loss during hydrothermally medi-
ated events. Zircon is currently in systematic use for age 
determination purposes, as well as other U-Th-bearing 
minerals, such as monazite and titanite. Abundant in non-
peralkaline A-type granites, zircon precipitates either as 
early euhedral prismatic (100) crystals in fluid-deficient 
conditions, or as late euhedral to anhedral bipyramidal 
crystals in fluid-rich environments (Pupin et al. 1978). 
Early prismatic crystals are limpid, while late bipyrami-
dal crystals are often metamict. Zircon usually cannot 
crystallize in Zr-rich peralkaline A-type granites, because 
of its high solubility in the magma, and is replaced by 
elpidite, a hydrous alkali zirconosilicate (Tab. 1).

Though stable under a wide range of conditions, zircon 
can re-crystallize during a metamorphic event form-
ing new crystals and/or rims around igneous cores. In 
meta-igneous peralkaline rocks, secondary bipyramidal 
crystals result from alkali loss. Associated xenotime is 
frequent (Pan 1997). There is a range of textures between 
two zircon end-members. One end-member is a pristine 
generation of igneous crystals and/or cores, character-
ized by well-developed growth zoning evidenced by 
cathodoluminescence imaging, and the other end-member 
is a package of newly formed porous to skeletal meta-
morphic crystals and/or rims intergrown with secondary 
mineral inclusions, reflecting dissolution–re-precipitation 
processes (Tomaschek et al. 2003; Bendaoud et al. 2008). 
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Thus, the crystal rims are likely to yield U-Pb ages dif-
fering from the crystal cores.

The ID-TIMS technique using populations of zircon 
crystals is unable to provide concordant isotopic dates in 
the case of rocks that have undergone multiple episodes 
of crystallization. Zircon crystals in A-type granites are 
generally devoid of inherited cores. Single crystals sub-
jected to a removal of re-crystallized and/or metamict 
rims by the air abrasion technique can give concordant 
dates that are likely to indicate the emplacement age of 
the protolith. If re-crystallized metamorphic rims remain, 
results plot along a discordia line. In the most favourable 
cases, the upper intercept with the concordia curve yields 
the age of the protolith and the lower intercept the age 
of the metamorphic overprint. In the more difficult cases 
of aluminous A-type granites containing inherited cores, 
multiple discordia chords can be computed and should 
be interpreted. The seemingly promising evaporation 
technique precludes direct investigations on the parts of 
the crystal that are removed during incremental heating 
steps and the results are less precise than those obtained 
by the ID-TIMS technique.

With modern techniques using in situ isotopic mea-
surements, these difficulties could be addressed. As 
igneous zircon incorporates U and Th, according to zir-
con/liquid distribution coefficients for the two elements, 
Th/U ratios measured in the crystals are higher than 0.2 
and frequently higher than 0.5. In the case of re-crystal-
lization in the presence of coexisting solid phases, such 
as xenotime, Th/U ratios in metamorphic zircon decrease 
considerably, down to less than 0.05 (Williams and Claes-
son 1987). In zoned crystals, igneous crystals and cores, 
with Th/U ratios higher than 0.2, can be distinguished 
from low Th/U metamorphic crystals and rims, though 
igneous-like Th/U ratios can be preserved in some meta-
morphic crystals (Tomaschek et al. 2003).

3.3. Ordovician events within parts of the 
Iberian Peninsula

The Early to Middle Ordovician igneous episodes in 
the Palaeozoic orogenic belt of Western Iberia afford a 
pertinent example. The Ossa-Morena Zone is bordered to 
the north by the autochthonous units of Central Iberia and 
Galicia–Trás-os-Montes and the Malpica–Tuy allochthon. 
The terrane assemblage, deformed and amalgamated dur-
ing the Variscan orogenic event, corresponds to a volca-
nic passive margin developed since the Ediacaran–Early 
Cambrian transition (Simancas et al. 2004; Etxebarria et 
al. 2006). A-type orthogneisses are exposed within all 
units and their zircon crystals have been analysed for U-
Pb dating (e.g., Lancelot et al. 1985; Santo Zalduegui et 
al. 1995; Valverde-Vaquero et al. 2005; Bea et al. 2006; 
Cordani et al. 2006; Montero et al. 2008).

Ion microprobe and LA-ICPMS techniques allowed to 
obtain trace-element and isotopic data on zircon crystals 
of orthogneisses from Portalegre and Alcóçavas, Ossa-
Morena Zone (Cordani et al. 2006), Galiñeiro, Galicia 
(Montero et al. 2008), and Miranda do Douro, Central 
Iberian Zone (Bea et al. 2006). The evolution of Th/U 
ratios with time (Fig. 1) constitutes a good marker of the 
origin of zircon crystals. The 370–340 Ma (Variscan) 
crystals and rims yield consistently low Th contents and 
Th/U ratios, from 0.12 to 0.03, substantiating metamor-
phic crystallization.

In the Portalegre orthogneiss, a single population of 
crystals yields a concordant age of 497 ± 10 Ma, with no 
obvious inherited cores (Fig. 1). Igneous crystals yield 
109 to 363 ppm U and igneous Th/U ratios from 0.15 to 
1.43, suggesting that they crystallized at various stages 
from liquidus to solidus. One non-igneous U-rich (682 
ppm), low-Th/U (0.09), yet concordant crystal is likely 
to have precipitated in subsolidus conditions from late-
stage fluids.

In the Alcóçavas orthogneiss, two populations of 
crystals yield concordant ages of 539 ± 20 Ma and 464 
± 14 Ma, with one 2.5 Ga inherited core and one 620 
Ma highly discordant crystal. The Th/U ratios are higher 
than 0.22 in the 464 Ma crystals and 0.18 in the 539 Ma 
crystals, implying that both populations grew from mag-
mas (Fig. 1). Rounded shapes displayed by some crystals 
suggest that all 539 Ma crystals are inherited from Early 
Cambrian igneous formations. The emplacement age of 
the protolith to the Alcóçavas orthogneiss is, therefore, 
Middle Ordovician.

In the Galiñeiro peralkaline orthogneiss, abundant 
zircon crystals are brown, turbid, totally or partially 
metamict, thus apparently not suitable for U-Pb dating. 
However, SIMS analyses yield a mean common Pb-
corrected age of 482 ± 2 Ma, considered as the age of 
emplacement. U and Th contents, 265–5827 ppm and 
30–641 ppm, respectively, and Th/U ratios ranging from 
0.64–0.17 (igneous, 50 % spots) to 0.14–0.01 (secondary) 
show that zircon crystallized under magmatic to subsoli-
dus conditions and that late-stage fluids were coeval to 
the emplacement of the peralkaline protolith (Fig. 1).

Like other metavolcanic and metagranitic rocks of 
the Ollo de Sapo Formation of the Central Iberian Zone 
(Parga-Pondal et al. 1964; Montero et al. 2007), the mag-
nesian calc-alkaline Miranda do Douro orthogneiss does 
not display A-type characteristics. Its age of emplacement 
is currently a matter of controversy. Based on upper 
intercept in U-Pb concordia diagram, a 618 ± 9 Ma age 
was reported by Lancelot et al. (1985), while Bea et al. 
(2006) claimed that the dominant population of 483 ± 3 
Ma crystals reveals the true age of a granitoid produced 
by melting of Panafrican source. Using the U-Th data of 
Bea et al. (2006), it appears that the 483 ± 3 Ma concor-
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dant crystals yield non-igneous Th/U ratios lower than 
0.21 (down to 0.07), with only one crystal having high 
U and Th contents (808 ppm and 828 ppm, respectively) 
and Th/U ratio as high as 1.02. On the contrary, the 605 
± 13 Ma concordant crystals yield igneous Th/U ratios 
consistently higher than 0.21 (Fig. 1). It is suggested here 
that the Miranda do Douro orthogneiss was derived from 
an Ediacaran protolith, which underwent hydrothermal 
alteration by fluids issued from Early Ordovician A-type 
dykes and sills that are known throughout the Ollo de 
Sapo domain and are related to the Galiñeiro igneous 
episode (Floor 1974; Lancelot et al. 1985).

3.4.  Relevance of A-type orthogneisses in 
geodynamic reconstructions

A-type igneous suites can be recognized fairly well, 
if, after their emplacement and cooling, they were not 
subsequently deformed and metamorphosed. The A-type 
orthogneiss issue is critical for two reasons: (i) the origi-
nal bulk-rock and mineral compositions can be obscured 
by hydrothermal alteration promoted by fluids percolat-
ing within the shear zones, (ii) the exact age of igneous 
emplacement can be erased within the isotopic clocks.

The geological record can provide some help. Within-
plate settings can be recognized from sedimentary forma-

tions evidencing rifting or passive margin regimes during 
their deposition. Associated orthogneisses are ascribed to 
A-type igneous episodes, even if their compositions do 
not fulfil the required criteria. Accurate radiometric age 
determinations are necessary, as both inheritance and 
isotopic resetting may result in dates that are difficult to 
interpret correctly.

Granitoids and orthogneisses occupy large areas of 
the basement of the Variscan–Alpine Europe. Careful 
examination of chemical and isotopic data on undeformed 
granitoids as well as on orthogneisses provides an evi-
dence of discrete A-type igneous events. Though pieces 
of older A-type igneous provinces can be preserved, 
major igneous events took place frequently since the 
Neoproterozoic and are still going on in the Mediter-
ranean area (Tab. 1).

4. Periodic A-type granite events within 
the Variscan–Alpine Europe: an over-
view

Though not voluminous compared with the other gran-
ite types, A-type granites substantiate post-collisional 
(post-orogenic) and anorogenic geodynamic settings. 
Their emplacement ages span a large time interval, from 
Neoproterozoic (c. 600 Ma) to Triassic (c. 230 Ma). The 
intrusive ages are not randomly distributed, however, and 
correspond to discrete critical episodes. This will be il-
lustrated by a roughly N–S geotraverse. The occurrences 
described hereafter are listed in Tab. 3.

4.1.  The Central Europe geotraverse

The Variscan–Alpine Europe is essentially made up 
of slices of continental and oceanic terranes that were 
squeezed between the big old continents of Laurentia, 
Baltica and Gondwana during the Palaeozoic. The ter-
minology used hereafter is extracted from Stampfli and 
Borel (2004)1. The geotraverse considered here comprises 
the southern margin of Laurentia, the Eastern Avalonia 
Superterrane and the Hunic Superterrane, which includes 
the Armorican Terrane Assemblage (ATA). Names of 
stages, epochs and periods follow hereafter the very last 
definitions of the IUGS International Commission of 
Stratigraphy (Ogg et al. 2008).

1 Constantly updated versions of paleogeographic maps are available 
at:

 http://www.unil.ch/igp/page22636.html
 Other useful world-scale maps can be consulted at:
 http://www.scotese.com/earth.htm and http://jan.ucc.nau.edu/rcb7/

RCB.html
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Fig. 1. Th/U ratios vs. radiometric ages in Iberian orthogneisses. Dashed 
line: boundary line separating disturbed metamorphic compositions  
(Th/U < 0.2) from undisturbed igneous compositions (Th/U > 0.2). Zir-
con crystals of Portalegre and Galiñeiro orthogneisses, though yielding 
varying Th/U ratios, give the same ages, implying that ages of empla-
cement and of hydrothermal disturbance are identical within analytical 
uncertainties. Zircon crystals of Alcóçavas and Miranda do Douro 
orthogneisses yield igneous compositions and ages of emplacement that 
differ largely from disturbed compositions and ages of metamorphic 
overprint. In addition, the distribution of igneous ages in the Alcóçavas 
orthogneiss reveals an occurrence of older inherited cores.
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extensional regime inducing crustal thinning and erosion 
rate of about 1.4 mm.a-1. In the Northern Highland Ter-
rane, only one alkaline igneous event is displayed by the 
456 ± 5 Ma (Sandbian-Katian boundary) Glen Dessary 
syenite (van Breemen et al. 1979). Isotopic characteris-
tics (εNd(t) varying from +1 to +4, 87Sr/86Sri = 0.7041 ± 
0.0001, δ18O of 5.5–7.5 ‰), fractionated concave-upward 
REE patterns and Nb–Ti troughs require an amphibole-
bearing upper mantle source of probable lithospheric 
origin (Halliday et al. 1987).

After a 20 My gap, the Scandian event corresponds to 
flat thrusting of the Northern Highland Terrane onto the 
Hebridean Terrane to the north and ‘soft’ collision of the 
extended Laurentian margin, comprising the Grampian 
to Southern Upland terranes, with Avalonia to the south 
(Oliver et al. 2008). It is marked by the emplacement of 
numerous and voluminous Newer Granite massifs from 
the Middle Silurian to the Middle Devonian. A-type 
igneous suites were emplaced coevally with the Newer 
Granites in the continental terranes.

Within the Northern Highland Terrane, syenite com-
plexes aligned along the Moine Thrust Zone yield em-
placement ages from 439 ± 4 Ma (Loch Ailsh) to 426 ± 
9 Ma (Loch Loyal), indicating a Llandovery–Wenlock 
short-lived magmatic episode (Halliday et al. 1987). 
Their ages constrain the timing of the ductile to brittle 
transition along the Moine Thrust Zone. Independently 
acquired phengite-feldspar Rb-Sr data indicate a long-
lasting episode of brittle deformation from 437 ± 5 Ma 
to 408 ± 6 Ma, covering the Silurian and the Early De-
vonian (Freeman et al. 1998). Syenites are either slightly 
older than, or roughly coeval with, the famous high-Ba-
Sr (“HiBaSr”) alkali-calcic granites. The igneous suite 
comprises mafic rocks, silica-saturated to undersaturated 
syenites and felsic peralkaline (grorudite) dykes. Iso-
topic data, i.e. εNd(t) varying from 0 to -8, 87Sr/86Sri of 
0.7045–0.7065 and δ18O of 8.1–10.0 ‰, plot along the 
Caledonian Parental Magma Array (CPMA) defined by 
two, depleted and enriched, mantle end-members (Fowler 
et al. 2008 and references therein).

Within the Grampian Terrane, scarce A-type granite 
massifs and dykes include biotite ± amphibole-bearing 
subsolvus and hypersolvus types. Published ages (Oli-
ver et al. 2008) ranging from 408 ± 5 Ma to 406 ± 5 Ma 
indicate a short-lived Early Devonian episode. They are 
younger than the 415 ± 3 Ma (Lochkovian) ultimate stage 
displayed by the Etive dyke swarm within the famous 
Glen Coe Complex (Morris et al. 2005). Geochemical 
features (Steinhoefel et al. 2008) include high LILE 
and HFSE contents, low Ba, Sr and Eu contents, poorly 
fractionated REE patterns, with unfractionated patterns 
showing the tetrad effect. The εNd(t) vary from -2.1 to -
6.9, in the same range as the Caledonian array defined in 
the Northern Highland Terrane.

4.2. The Laurentian margin

The southern margin of Laurentia in Scotland is com-
posed of a Lewisian foreland, or Hebridean Terrane, 
bordered by a collage of narrow (c. 50 km wide) terranes 
(Oliver et al. 2008 and references therein). The Northern 
Highland and Grampian terranes, delimited by the Moine 
Thrust, the Great Glen Fault and the Highland Boundary 
Fault, yield Proterozoic basements. The Midland Valley 
and Southern Upland terranes, bordered by the Highland 
Boundary Fault, the Southern Upland Fault and the 
Iapetus Suture, represent Early Palaeozoic island arcs 
and accretionary prisms including remnants of oceanic 
crust (Ballantrae ophiolite). Ediacaran, Ordovician and 
Silurian A-type granites occur within the northern conti-
nental terranes (Oliver et al. 2008). Early Carboniferous 
A-type basalt–rhyolite–trachyte igneous suites are mostly 
exposed within the southern island arc terranes.

The Ediacaran massifs (Older Granites, according to 
the terminology of Barrow 1893) yield U-Pb zircon ages 
ranging from 601 ± 4 Ma to 588 ± 8 Ma, substantiating 
a fairly short-lived event. Metagranite augen gneisses in-
clude riebeckite-bearing peralkaline types and constitute, 
with coeval 601 ± 4 Ma metabasalt–keratophyre forma-
tions, a bimodal igneous suite. Isotopic ratios (summary 
in Steinhoefel et al. 2008) are variable, with εNd(t) rang-
ing from -6.3 to -4.3 in A-type metagranite and to +4 in 
metavolcanic rocks, precluding a single homogeneous 
source, δ18O of 8–9 ‰ and high initial 87Sr/86Sr (> 0.710), 
due to Rb-Sr disturbance during metamorphism and 
deformation. The 601–588 Ma old bimodal rift-related 
igneous suite was classically assigned to Rodinia break-
up (Soper 1994). This interpretation is at odds with the 
recent synthesis issued from IGCP 440 (Li et al. 2008), 
in which the Rodinia supercontinent was subjected to 
discrete rifting events, prior to the onset of continental 
disruption at 740 Ma. From the 600 Ma period of time 
onwards, Rodinia was already broken-up, whereas Scot-
tish Laurentia was bordered by a passive margin created 
by Iapetus Ocean drifting (see Fig. 9j in Li et al. 2008).

The Ediacaran A-type massifs were metamorphosed 
and deformed during two discrete episodes forming the 
Caledonian orogeny, namely the c. 470 Ma Grampian 
and the c. 430 Ma Scandian events (Oliver 2001). The 
Grampian event is related to ‘hard’ collision (Oliver et al. 
2008) of Laurentia with the southern island arc terranes 
and its age is bracketed between the Floian (Mid Arenig), 
based on 473 ± 2 Ma emplacement age of a S-type Newer 
Granite, and the Darriwilian (Late Arenig), based on 466 
± 3 Ma cooling ages. No A-type granites are known from 
that period of time.

Between the Grampian and Scandian events, after a 12 
My pause, S-type granites were emplaced between 457 
± 1 Ma and 451 ± 4 Ma in the Grampian Terrane, under 
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(Drumian–Guzhangian) (Oberc-Dziedzic et al. 2005), 
coeval to the beginning of Rheic Ocean drifting. A-type 
metagranites, carrying both hypersolvus (Rudná-type) 
and subsolvus (Polanka-type) alkali feldspar assemblag-
es, occur as yet undated small masses within the Desná 
Unit, Czech Republic. A Carboniferous age was assumed 
on the basis of too low 87Sr/86Sr ratios corrected to Edia-
caran times (Hanžl et al. 2007), but this is questionable 
for low-grade cataclastic rocks (see above). In any case, 
high Nd isotopic ratios indicate juvenile magmas.

Early Paleozoic rocks are rare, only one basalt vein 
was dated by K-Ar at 438 ±16 Ma (Llandovery), substan-
tiating Silurian igneous activity. Cooling ages of 487–420 
Ma recorded by detrital white mica and monazite oc-
curring within Devonian–Carboniferous sedimentary 
formations document, however, an important igneous 
and/or thermal activity in the source area during the 
Ordovician–Silurian period (Kalvoda et al. 2008). The 
Devonian Moravo–Silesian Basin is filled up with Em-
sian–Famennian shallow marine sedimentary formations 
and submarine to subaerial volcanic formations. Two 
discrete belts are distinguished (Janoušek et al. 2006). 
The western belt is characterised by abundant metasedi-
ments accompanied by submarine basic–intermediate 
calc-alkaline volcanites, with subordinate felsic types, 
suggesting a volcanic-arc setting above a subduction 
zone. The eastern belt displays abundant, partly subaerial, 
alkali basalt–A-type rhyolite volcanic suite, with a high 
proportion of Frasnian felsic products and dykes (rhyo-
lite–comendite–pantellerite) crosscutting the Proterozoic 
basement. Late tholeiitic dolerite dykes and sills complete 
the igneous association. The within-plate settings indicate 
a continental passive margin subjected to extensional 
regime, perhaps under the influence of a nearby subduc-
tion zone (Patočka and Valenta 1996). As the Devonian 
basins within the Brunovistulian Terrane seem to have 
rotated c. 90° clockwise at the Devonian–Carboniferous 
boundary, the original orientation of the volcanic belts 
and the sedimentary basins should have been E–W, but 
their exact configuration remains unclear.

In Germany, Eastern Avalonia consists of inliers cov-
ered by the Mesozoic–Cenozoic sedimentary cover. It 
comprises the Rheno-Hercynian Zone (Kossmat 1927) 
and exotic terranes, including the Harz Mountains. From 
contradictory statements in etymological dictionaries, it 
appears that the classical term “Hercynian” could either 
come from, or be the origin for, the name of Harz, which 
formed a part of the larger Hercynian Forest described 
in the Antiquity. The Rheno-Hercynian Zone in Belgium 
and Germany is characterized by plateaux dissected by 
river valleys, among which the “Rheinisches Schieferge-
birge” exposes autochthonous folded–faulted Palaeozoic 
sedimentary series, overthrusted by Giessen–Harz Nappe 
and other allochthonous slices. Autochthonous units rep-

No Ordovician–Silurian A-type igneous suites are 
exposed in the southern Midland Valley and Southern 
Upland island arc terranes that are located close to the 
Iapetus Suture. By contrast, they occur as large lava 
sheets erupted during the Early Carboniferous and filling 
the Midland Valley (Francis 1983). The greatest volume, 
up to 6000 km3, was produced during the Tournaisian–
Visean in the form of lava flows, of which c. 85 % were 
mildly silica-undersaturated basalts. The other formations 
consist of silica-undersaturated and saturated trachytic 
and rhyolitic differentiates, which were mostly erupted 
at c. 345 Ma (Tournaisian–Visean boundary). After the 
Visean, only basalts and basanites were emitted with no 
felsic differentiates.

4.3. Eastern Avalonia

Avalonian terranes constitute a long ribbon extending 
from eastern North America to southeastern Europe. 
They are commonly subdivided into Western Avalo-
nia, located now in the North American continent, and 
Eastern Avalonia, covering in Europe a large area from 
Ireland–England to north-central Europe to Eastern Car-
pathians–Moesia. The Proterozoic continental basement 
crops out in Poland and Czech Republic, whereas the 
Early to Middle Palaeozoic sedimentary cover is devel-
oped in Belgium and Germany.

The Proterozoic continental basement is exposed in 
Poland and Czech Republic or known from boreholes 
(Jelínek and Dudek 1993). Despite a great complexity 
due to numerous boundary faults, terranes of Avalonian 
affinities, i.e. made up of Neoproterozoic high-grade 
metamorphic rocks unconformably overlain by a Devo-
nian–Carboniferous envelope, can be recognized (Oliver 
et al. 1993). Among them, the Brunovistulian Terrane, 
including its Moravo–Silesian metamorphic counterparts 
(Kalvoda et al. 2008 and references therein) occupies the 
eastern Bohemian Massif and the Eastern Sudetes. The 
timing of collage of these terranes onto Baltica is still 
debated (for contrasting views, see Mazur et al. 2006; 
Nawrocki and Poprawa 2006). Orthogneisses interleaved 
with paragneisses and amphibolites yield Ediacaran to 
Cambrian ages (Oliver et al. 1993). Non-A-type Strze-
lin–Nowolesie orthogneisses, SW Poland, have zircon 
crystals with older inherited cores, igneous rims at 600 
± 7 Ma and metamorphic overgrowths at 568 ± 7 Ma 
(Oberc-Dziedzic et al. 2003). The latter age is remi-
niscent of the 567 ± 5 Ma igneous age of A-type meta-
granite exposed as small massifs within the c. 600–580 
Ma Thaya Batholith, Austria (Friedl et al. 2004). These 
Ediacaran ages correspond to post-orogenic processes 
occurring after the Cadomian orogeny. A-type Gosciecice 
and Stachów–Henryków orthogneisses, SW Poland, yield, 
respectively, igneous ages of 504 ± 1 Ma and 500 ± 5 Ma 
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resent the sedimentary cover of the former southern pas-
sive margin of Avalonia facing the Rheic Ocean, whereas 
allochthonous units are composed of dismembered oce-
anic flysch basins formed during the progressive Rheic 
oceanic closure (Huckriede et al. 2004).

No basement formations older than Devonian are 
exposed within the “Rheinisches Schiefergebirge”. The 
autochthonous sedimentary series comprises Devonian 
deltaic, shallow and deep marine sequences, with local 
development of reefs, and Lower Carboniferous turbi-
dites. Within-plate igneous activity is documented by 
Devonian (Flick et al. 2008) and Carboniferous (Salamon 
et al. 2008) volcanic events. The first Givetian–Fras-
nian event consists of 389–384 Ma episodes dated by 
conodont zones. It involved submarine eruptions of 
basanite–alkali basalt–trachyandesite pillow lavas and 
hyaloclastites forming large seamounts. Emerged islands 
display additional trachyte and A-type rhyolite lava flows, 
pyroclastites and domes. Subsequent events erupted only 
submarine mafic products, i.e. Famennian primitive 
basanites–alkali basalts, Tournaisian–Visean tholeiitic 
picrites–basalts and, ultimately, Visean primitive alkali 
basalts crowded with xenoliths of possible upper mantle 
origin, and no felsic differentiates.

Numerous boreholes through the Mesozoic–Ceno-
zoic Northeast German Basin have reached or even 
perforated a c. 2000 m-thick Late Carboniferous–Early 
Permian volcanic succession (Benek et al. 1996). Based 
largely on lithostratigraphic correlations, five episodes, 
yet undated by radiometric techniques, are documented 
from the Ghzelian, i.e. slightly before the Carbonifer-
ous–Permian boundary, to the Sakmarian–Artinskian 
boundary. They accompanied extensional settings within 
the Pangaea super-continent. East Brandenburg yields 
an enigmatic, presumably Asselian, (trachy-) andes-
ite–(trachy-) dacite magnesian suite that straddles the 
alkaline–subalkaline boundary in the total alkali–silica 
diagram (Rickwood 1989 and references therein). Ghze-
lian–Sakmarian tholeiitic dolerites–basalts, with depleted 
to enriched MORB-like compositions, are coeval to 
basalt–trachyandesite–trachyte–A-type rhyolite ferroan 
alkaline suites and were postdated by Late Sakmarian 
basanites–trachybasalts. A-type rhyolites, forming up to 
70 % of the c. 48 000 km3 volume of the Northeast Ger-
man Basin volcanics, occur as ignimbrites (Benek et al. 
1996) or lava domes (Paulick and Breitkreuz 2005). The 
U-Pb zircon igneous ages, bracketed between 300 and 
297 ± 3 Ma, substantiate a very short-lived episode close 
to the Carboniferous–Permian boundary, though dated 
samples do not cover the entire range of volcanic activ-
ity in the Northeast German Basin. The mean extrusion 
rate was estimated at about 0.01 km3.a-1, corresponding 
to a magma production rate in the order of 0.1 km3.a-1 
(Breikreutz and Kennedy 1999). Thermal subsidence in 

the Northeast German Basin, slow during the Permian, 
increased abruptly at the Permian–Triassic boundary. 
The complete absence of post-Permian igneous activity 
was related to cooling and thickening of the continental 
lithosphere (Benek et al. 1996).

Allochthonous units display neither Proterozoic nor 
Early Paleozoic basements. They are essentially made up 
of metamorphosed Devonian–Carboniferous sedimentary 
units, with very few occurrences of metabasalts. Detrital 
zircon grains yield dominant Precambrian and rare Si-
lurian–Early Devonian igneous, not metamorphic ages, 
implying that the sedimentation never took place before 
410 ± 10 Ma (Geisler et al. 2005). Pelagic sediments are 
associated with turbidites, like the non-metamorphosed 
successions observed in autochthonous units. The Gies-
sen–Harz Nappe contains N-MORB tectonic slices over-
lain by extremely condensed Devonian radiolarian cherts 
and pelagic shales, implying an oceanic provenance 
(Huckriede et al. 2004). A-type granite complexes and 
the coeval Harzburg layered igneous body, which the 
term “harzburgite” comes from, are exposed in the Harz 
Mountains, or were drilled near Flechtingen (Baumann 
et al. 1991, Förster and Tischendorf 1996). In the Flecht-
ingen inlier, a bimodal trachyandesite–rhyolite igneous 
suite was emplaced as sills and ignimbritic sheets (Breit-
kreuz and Kennedy 1999). The U-Pb zircon igneous ages 
of 302 ± 3 Ma (ignimbrite), 295 ± 1 Ma (Oker granite), 
294 ± 1 Ma (Harzburg gabbronorite) and 293 ± 3 Ma 
(Brocken granite) with K-Ar biotite cooling ages of 298 
± 5 Ma (Flechtingen granite) and 296 ± 10 Ma (Ramberg 
granite) document again a short-lived episode close to the 
Carboniferous–Permian boundary, in agreement with the 
U-Pb zircon 296 ± 1 Ma and titanite 295 ± 1 Ma cooling 
ages recorded in hornfels aureoles. Major- and trace-ele-
ment compositions indicate A-type post-orogenic settings 
(for a review, see Förster and Tischendorf 1996).

4.4. The Armorican Terrane Assemblage

The Armorican Terrane Assemblage (ATA) is a part of 
the Hunic Superterrane (Stampfli et al. 2004). It occu-
pies a nearly 1000 km-wide area throughout central and 
southern Europe and is bordered to the south by tectonic 
units (Rif, Kabylies) overthrusted onto the North African 
Gondwana shelf during Neogene times (Jolivet and Fac-
cenna 2000). The current configuration differs strongly 
from the original setting, because the Armorican Ter-
rane Assemblage was dismembered and recomposed by 
wrench and transcurrent shear zones.

A-type igneous suites exposed in Alpine-related realms 
have been reviewed elsewhere (Bonin et al. 1998 and 
references therein). The most voluminous suites were 
emplaced well after Pangaea welding and predate con-
tinental break-up and Neo-Tethys Ocean development 
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during the Mesozoic. Corsica provides a unique example 
yielding two discrete igneous episodes separated by a pe-
riod of quiescence. The first was Permian at 275 ± 10 Ma 
(Artinskian–Wordian) and the second Triassic at 245 ± 10 
Ma (Induan–Anisian), followed ultimately by a thermal 
event at c. 200 Ma (Triassic–Liassic boundary) (Bonin et 
al. 2008, and references therein). Silica-oversaturated to 
undersaturated complexes, e.g., Monzoni–Predazzo and 
Karavanken in Southern Alps, Ditrãu in Eastern Carpath-
ians, yield Ladinian (c. 237–232 Ma) ages.

Such a sequence is unknown in the ATA that was unaf-
fected by Alpine tectonics. The Mid-German Crystalline 
Zone and the Saxo-Thuringian Zone will be reviewed 
hereafter. The Mid-German Crystalline Zone (MGCZ) 
constitutes a SW–NE trending belt of crystalline rocks 
that are exposed in various inliers in Pfalz and form 
the massifs of Odenwald, Spessart, Ruhla and Kyff-
häuser. The MGCZ was penetrated by drill holes in the 
Saar–Nahe Basin and other sedimentary troughs to the 
NE and could extend southwestwards to Cornwall (Dörr 
et al. 1999) and even Spain. It is currently considered 
as a part of the Rheic suture zone between the Eastern 
Avalonia and the Saxo-Thuringian Zone, which belongs 
to the ATA.

Post-Cambrian metasedimentary units yield both 
Gondwana and Baltica affinities (Gerdes and Zeh 2006). 
Intercalated metabasalts are mainly calc-alkaline with 
an island-arc signature, whereas MORB signatures are 
scarce. Such features suggest that the composite terrane 
could correspond to an accretionary prism close to the 
suture zone. Early Devonian orthogneisses intercalated 
with IAB-like metabasalts yield volcanic arc signatures, 
such as the 413 ± 5 and 398 ± 3 Ma members of the 
Central Gneiss Unit, Ruhla (Brätz 2000). From the Devo-
nian–Carboniferous boundary onward, all orthogneissic 
and metasedimentary formations followed a clockwise 
P-T-t metamorphic evolution associated to ductile defor-
mation before and during emplacement of post-collisional 
360–325 Ma (Tournaisian–Serpukhovian) high-K calc-
alkaline suites (Reischmann and Anthes 1996; Altherr et 
al. 1999; Zeh et al. 2005).

A-type igneous suites span the entire Cambrian–Perm-
ian range of time. The 489 ± 1 Ma (Cambrian–Ordovician 
boundary) Volkach syenite, revealed by drilling east of 
Spessart, yields the oldest age (Anthes and Reischmann 
2001) and a Bulk Silicate Earth (BSE) isotopic signature 
(Anthes 1998); it was coeval to Rheic Ocean develop-
ment. Late Silurian alkali-calcic orthogneisses of A-type 
affinities include the 426 ± 4 Ma Silbergrund gneiss and 
the 423 ± 6 Ma Erbstrom gneiss, Ruhla (Brätz 2000), the 
418 ± 18 Ma Rotgneiss (Okrusch and Richter 1986) and 
the 410 ± 18 Ma Haibach gneiss, Spessart (Dombrowski 
et al. 1995). Early Devonian alkali-calcic A-type orthog-
neisses comprise the 405 ± 3 Ma Böllstein orthogneiss, 

Odenwald (Reischmann et al. 2001), and the 400 ± 4 Ma 
Steinbach augen gneiss, Ruhla (Brätz 2000). All igneous 
suites were emplaced in a continental area experiencing 
tensional regimes and located far from the active margin 
of the ATA. The c. 344 Ma (Visean) Darmstadt albite 
granite, Odenwald, is unique during the Early Carbon-
iferous, with its A-type composition and a BSE isotopic 
signature (Anthes 1998).

A short-lived within-plate igneous episode at the 
Carboniferous–Permian boundary is documented by tra-
chybasalt–trachydacite–A-type rhyolite igneous suites of 
the Halle Volcanic Complex (Romer et al. 2001) and the 
Saar–Nahe Basin as well as by the plutonic suite of the 
Ruhla inlier (Zeh and Brätz 2002). A-type rhyolite occurs 
as laccolith units (Breitkreuz and Mock 2004) emplaced 
in discrete pulses from the Middle Pennsylvanian to the 
Sakmarian at 307 ± 3 Ma, 301–298 ± 3 Ma and 294 ± 
3 Ma (Breitkreuz and Kennedy 1999). Intense volcanic 
activity, with magmas ranging from basalt to trachyte and 
A-type rhyolite, took place in the Saar–Nahe Basin during 
the 296–293 Ma (Asselian–Sakmarian) period of time. In-
trusions, extrusions, diatremes, lava flows and ignimbrites 
are exposed in a half-graben bounded to the north by a 
detachment fault parallel to the Avalonia–Armorica plate 
boundary (for a review, see Lorenz and Haneke 2004). As 
shown by major- and trace-element whole-rock chemical 
data (Brätz 2000), the Ruhla plutonic suite, emplaced un-
der a transcurrent ductile–brittle shear regime, includes a 
monzonite–syenite feldspar cumulate body (the so-called 
Trusetal granite), monzodiorite (Brotterode diorite), A-
type granites (Ruhla and Eselsprung granites) and granite 
porphyry dykes. Intrusive episodes yield mean ages of 
c. 305 Ma (Eselsprung granite, Brätz 2000), 301 ± 5 Ma 
(Trusetal granite), 295 ± 5 Ma (Ruhla granite and granite 
porphyry dykes), 289 ± 5 Ma (Brotterode diorite) and 285 
± 5 Ma to 277 ± 7 Ma (late granite porphyry dykes), in 
agreement with field evidence and Ar-Ar cooling ages in 
the metamorphic country rocks (Zeh et al. 2000).

The Saxo-Thuringian Zone represents a continental 
part of the ATA. In Saxony and Thuringia, each of them 
representing a locus typicus defining the Saxo-Thuringian 
Zone, A-type granite suites are fairly well represented 
during the Paleozoic. In the external domain, the Vesser 
MOR-related complex comprises a basalt (508 ± 2 Ma) 
– dacite (497 ± 2 Ma) – rhyolite volcanic suite, associ-
ated with a 502 ± 2 Ma tholeiitic gabbro–dolerite. The 
nearby Ediacaran sedimentary assemblages were intruded 
by a c. 490 Ma (Furongian) granite (Linnemann et al. 
2007). In the internal domain, they are cut by 490 ± 3 Ma 
(Furongian) to 485 ± 6 Ma (Tremadocian) granites and 
covered unconformably by two episodes of 487 ± 5 Ma 
(Cambrian–Ordovician boundary) rhyolitic pyroclastic 
units and 479 ± 5 Ma (Tremadocian–Floian) porphyroid 
(Linnemann et al. 2007). During the Carboniferous, 
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contrasting igneous suites emplaced under shear stress 
regimes that changed abruptly from the 340–330 Ma 
(Visean) high-K Meissen granite association, related to 
dextral strike-slip movement of the Elbe Fault Zone, to 
the 327 ± 4 Ma (Visean–Serpukhovian boundary) Mark-
ersbach A-type granite, showing no strike-slip influence 
(Hofmann et al. 2008). This A-type Li-mica-bearing gran-
ite (Förster and Tischendorf 1996; Förster 2001) shares 
the same A-type affinities with the Sudetic 319–314 ± 
4 Ma Karkonosze and 309 ± 2 Ma Strzegom-Sobotka 
granite massifs, as well as bimodal trachybasalt–trachy-
andesite–trachydacite–rhyolite volcanic suite (Mazur et 
al. 2007). Younger volcanic activity took place at the 
Carboniferous–Permian boundary, as shown by the 308 
± 1 Ma Teplice–Altenberg rhyolitic caldera (Förster et 
al. 1995), the younger, yet undated, Zinnwald–Cínovec 
zinnwaldite-albite granite and the 297 ± 8 Ma rhyolite 
dykes within the Eibenstock Pluton (Kempe et al. 2004). 
Later on, two eruptive episodes are documented in the 
Lower Rotliegend molasse of the Saxonian Sub-Erzge-
birge Basin. A pyroxene quartz porphyry yielded an 
age of 296 ± 2 Ma (Förster and Tischendorf 1996), and 
”lower series“ rhyolites 278 ± 5 Ma (Nasdala et al. 1998), 
substantiating diachronous activity throughout the large 
intermontane basin.

5. Summary and conclusions

A-type granite igneous complexes are fairly abundant 
within the Variscan–Alpine Europe (Tab. 3). However, 
discrete ages of emplacement document geodynamic set-
tings varying from post-orogenic, through intra-continen-
tal rifting to passive margin tectonic regimes. They thus 
illustrate a repeated history of continental breakup and 
oceanic basin development followed by oceanic closure 
and post-collisional transcurrent displacement.

At the end of the Neoproterozoic, Laurentia developed 
a passive margin toward the Iapetus Ocean, whereas 
the Cadomian–Pan-African orogenic episode had its 
climax within Gondwana at about 600 Ma (Ediacaran). 
Ediacaran to Early Cambrian A-type granites, occupy-
ing pieces of consolidated Gondwana basement, display 
early anorogenic features associated with the birth of the 
Rheic Ocean.

The incipient drifting of the Rheic Ocean was followed 
within the Armorican Terrane Assemblage by a major 485 
Ma (Tremadocian) rifting and igneous event character-
ized by A-type suites now converted into orthogneisses 
(metagranites), amphibolites (metabasalts) and leptynites 
(metatrachytes–metarhyolites) in the internal parts of 
the Variscan belt. The further development of the Rheic 

Tab. 3 Representative A-type igneous episodes within the Variscan–Alpine Europe

Period Stage Age 
(Ma) Laurentian margin Eastern Avalonia Armorican Terrane Assemblage

Triassic Induan–Anisian 250–230
Corsica

Monzoni–Predazzo
Ditrãu, Romania

Intra-continental 
rift

Permian

Artinskian–Wordian 285–265
Saar–Nahe Basin,
W Mediterranean 

Province

Intra-continental 
rift

Asselian–Sakmarian 302–293 NE German 
Basin, Harz

Intra-continental 
rift

Halle, Saar–Nahe 
basins, Ruhla

Intra-continental 
rift

Serpukhovian–Moscovian 327–309 Saxo-Thuringian Intra-continental 
rift

Carboniferous Tournaisian 345 Midland 
Valley

Intra-continental 
rift

Devonian
Givetian–Frasnian 389–384 Rheinisches 

Schiefergebirge
Rheic Ocean 

passive margin

Pragian 408–400 Grampian Post-Scandian 
episode

Mid-German 
Crystalline Rise

Intra-continental 
rift

Silurian
Telychian–Lochkovian 426–410 Mid-German 

Crystalline Rise
Intra-continental 

rift

Llandovery–Wenlock 440–426 Moine 
Thrust Scandian episode

Ordovician

Sandbian–Katian 456 Northern 
Highland

Post-Grampian 
episode

Furongian–Tremadocian 490–480
Mid-German 

Crystalline Rise,
Saxo-Thuringian

Rheic Ocean 
passive margin

Cambrian Epoch 3 508–497 SW Poland Rheic Ocean 
drifting Saxo -Thuringian Rheic Ocean 

drifting

Neoproterozoic
Ediacaran 570–560 Thaya, Austria Post-Cadomian 

episode

601–588 Older 
Granites

Iapetus passive 
margin
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Ocean led to Avalonia–Laurentia collision postdated by 
A-type igneous episodes in Scotland. In addition, the Late 
Ordovician to Early Carboniferous period was marked by 
alkaline igneous episodes at the passive margin of Avalo-
nia, whereas the active margin of the Armorican Terrane 
Assemblage was devoid of any A-type igneous events.

The Variscan collision was followed in the Armorican 
Terrane Assemblage by discrete post-orogenic episodes, 
namely 350–340 Ma (Tournaisian), 320 Ma (Serpukho-
vian) and 300 Ma (Ghzelian) igneous events. The 300 
Ma event, widespread throughout the Variscan–Alpine 
Europe, constituted a climactic igneous event affecting 
both Avalonia and Armorican Terrane Assemblage.

Early to Middle Permian (280–260 Ma) and Late 
Permian to Early Triassic (250–230 Ma) A-type prov-
inces were emplaced in the southernmost parts of the 
Variscan–Alpine Europe. They accompanied incipient 
Pangaea breakup and heralded the future birth of the 
Neo-Tethys Ocean, which started by the 200 Ma Central 
Atlantic Large Igneous Province.

A-type granite events provide space and time clues 
to discrete Ediacaran to Triassic episodes, during which 
Pannotia broke up, Gondwanan terranes were amalgam-
ated onto Baltica and, ultimately, Pangaea broke up. 
They identify waning orogenic stages, corresponding to 
orogenic belt collapse, transcurrent movements along 
transform fault zones and subsequent peneplanation, as 
well as pre- to early oceanic stages, corresponding to 
extensional reactivation of shear zones, incipient rifting 
and passive margin development. Their occurrences are, 
therefore, especially helpful for recognition of terrane 
boundaries and palinspatic reconstructions.
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Geophysical investigations reveal that many granitoid plutons possess a tabular shape: either laccolithic, lopolithic or 
phacolithic. In this study, the results of a centrifuge experiment are used to understand the formation mechanisms of these 
features. The model was build of a sequence of 14 differently coloured plasticine layers. Two buoyant layers – with a 
volume of c. 40 cm3 each – were incorporated into the model stratigraphy at different depths to investigate, whether the 
rise and emplacement of buoyant material at different levels results in different intrusion structures. 
After centrifuging for 30 min at 700 G, both the buoyant layers had formed two lenticular sills (phacoliths) with aspect 
ratios (length/thickness) of 6 and 3.4 for the upper and lower phacoliths, respectively, directly above both pre-existing 
perturbations in the buoyant layers. During their movement, the buoyant phacoliths had pushed their roof plasticine 
upward. Simultaneously, their floor plasticine had subsided (bottom sinking). Subsidence of the floor material had 
choked the inflow of further buoyant material into the feeder channel of the developing sills and inhibited their further 
lateral growth. 
The observed forced downward movement of the plasticine floor of the forming PDMS (polydimethylsiloxane) phacoliths 
resembles the so-called “floor depression” of host rock material around an emplacing tabular pluton. Floor depression 
is supposed to be a very important vertical material transfer process, which provides space for the construction of lopo- 
and phacoliths. The subsidence of host material made space for the developing buoyant phacoliths, but also restricted 
their growth to a certain time slot before the influx of new buoyant material into the feeder dyke of the tabular intrusive 
body was shut off. Similarly, in nature, the growth of a tabular pluton might be limited not only by the rate of magma 
ascent and its physical properties, but also by the emplacement processes of the evolving pluton.
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1. Introduction

Field geological as well as geophysical investigations 
on numerous large plutons (encompassing areas in the 
range of several hundred up to more than thousand km²) 
during the last 20 years have revealed that many of 
them are of tabular, either laccolithic (convex roof and 
straight floor) or lopolithic (straight roof and concave 
floor) or phacolithic (biconvex) shape. Despite their dif-
ferences in emplacement level and tectonic setting, the 
development of the lensoidal shapes of all these plutons 
can be described as a three-stage process (e.g. Corry 
1988; Cruden 1998). In a first stage a vertical dyke is 
established, where magma is transported upward until 
it reaches a horizontal unconformity along which the 
magma then – in the second stage – spreads laterally to 
form a sill. In the third stage additional magma ascends 
through the feeder dyke to be emplaced into the sill, 
which inflates due to the magma overpressure by doming 
of the roof and/or depression of the floor of the growing 
pluton. These three stages are incremental processes and 

intimately entangled with each other, in particular in 
the case of composite plutons which consist of several 
magma batches. Magma ascent generated by dyking as 
well as roof uplift and floor depression of the developing 
pluton take advantage of shear zones and faults; either as 
magma pathways (magma ascent) or as planes of move-
ment along which individual blocks of the roof and floor 
of the evolving pluton are shifted upward or downward 
(magma emplacement). The lateral spreading of magma 
prior to magma chamber inflation benefits from horizon-
tal anisotropy planes in the host rock, such as bedding 
and foliation planes, fractures or shear zones. According 
to Cruden (1998) the roof uplift plays a major role as a 
space-making process only for laccoliths emplaced in 
the uppermost crust at around 3 km depth, while floor 
depression seems to be responsible for most of the – then 
lopolithic – tabular plutons being emplaced deeper within 
the Earth’s crust below c. 4–5 km depth.

Based on dimensional data from several hundred 
plutons McCaffrey and Petford (1997) and Petford and 
Clemens (2000) showed that the proportions of intrusive 



Carlo Dietl, Hemin Koyi

254

bodies (length vs. thickness) can be described by the fol-
lowing power law:

	 	 	 T	=	c×La		 (1.1)

with pluton thickness T, its length L, a constant c and the 
power-law exponent a.

McCaffrey and Petford (1997) based their calculations 
on field data from 135 laccoliths and 21 plutonic intru-
sions. According to their data base power law (1.1) for 
laccoliths only can be formulated as:

	 	 	 T	=	0.12×L0.88	 	 (1.2)

while power law (1.1) applied to plutons is

	 	 	 T	=	0.29×L0.80   (1.3).

Cruden (1998) ended up with a value of 0.29 for con-
stant c when calculating the power law relationship be-
tween the length and thickness of tabular plutons. Petford 
and Clemens (2000) found – based on the dimensional 
data from more than 100 plutons and batholiths – that the 
power law exponent a in formula (1.1) equals 0.6 ± 0.1. 
According to Petford et al. (2000), tabular plutons, which 
are established mainly by downward directed material 
transfer (e.g. floor depression) can be distinguished from 
laccoliths from the power-law regression lines they fol-
low in a loglength vs. logthickness plot. Laccoliths plot along 
a power-law regression line with a = 0.88 ± 0.1, while 
plutons appear in this diagram along regression line with 
a = 0.60 ± 0.1 (Fig. 1).

The differences in numbers for a and c reflect the 
differing data sets the individual power law formulas 

are based on and the quality of these data. Moreover, 
for the formulation of the individual equations only two 
– thickness and length – of the three available dimen-
sional data (thickness, length and width) are taken into 
account. However, in particular the thickness data for the 
individual intrusions are not well constrained, because 
until today no major intrusive body with exposed roof 
and floor was observed. In particular descriptions of out-
cropping intrusion floors lack almost entirely in literature. 
One exception is the Bergell pluton in the Central Alps, 
the floor of which is exposed, together with its root zone 
(Rosenberg et al. 1995). Consequently, information about 
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Fig. 1 Length vs. thickness plot for plutons and laccoliths, showing their 
differing dimensional ratios as expressed by the two regression lines 
(Petford et al. 2000). Grey dots indicate length-thickness ratios of the 
three real plutons discussed in text, open squares show the dimensions 
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Fig. 2 Cross section through the Cretaceous Dinkey Creek pluton (Sierra Nevada, redrawn from Cruden et al. 1999).
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Fig. 3 Cross section through the Variscan Fichtelgebirge pluton (Bohemian Massif, redrawn from Hecht and Vigneresse 1999). The older and 
younger intrusive complexes are genetically not related to each other (J.L. Vigneresse, pers. comm.).

intrusion floors stem mainly from indirect, geophysical 
methods, such as gravimetry and seismic investigations. 
Nevertheless, all these six power laws for laccoliths 
and plutons have one thing in common: the power law 
exponent a is always < 1, indicating the tabular shape of 
the granitoid bodies. However, the power law behaviour 
of these tabular intrusives does not only describe their 
shape, but also their growth: they start as thin, horizontal 
sills, which only after some lateral growth expand also 
vertically, giving them their final tabular shape.

2. Natural examples for tabular plutons

Typical tabular plutons include the upper-crustal, syn-
orogenic Cretaceous Dinkey Creek pluton in the Sierra 
Nevada (California; Cruden et al. 1999; Hammarstrom 
and Zen 1986; Fig. 2), the mid-crustal, late-orogenic 
Carboniferous Fichtelgebirge pluton (Bohemian Mas-
sif; Hecht and Vigneresse 1999; O’Brien 2000; Fig. 3), 
and the upper-crustal, late- to post-orogenic Proterozoic 
Graah Fjelde Rapakivi Granite (Greenland – Grocott et 

Fig. 4 Cross section through the Precambrian Graah Fjelde Rapakivi Granite (Greenland, redrawn from Garde et al. 2002).
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al. 1999; Garde et al. 2002; Fig. 4). Grocott et al. (1999), 
Hecht and Vigneresse (1999) and Cruden et al. (1999) 
suggested floor depression by the inflowing magma due 
to its overpressure as the main emplacement mechanism 
for the Graah Fjelde, Fichtelgebirge and Dinkey Creek 
plutons, respectively. All three tabular intrusions named 
here follow the power-law for pluton proportions de-
veloped by McCaffrey and Petford (1997) and Petford 
and Clemens (2000). Plotting the thickness-length ratios 
of the Graah Fjelde, Fichtelgebirge and Dinkey Creek 
plutons, respectively (calculated based on the cross sec-
tions shown in Figs 2–4; see also Tab. 1) reveals that the 
Graah Fjelde and Fichtelgebirge plutons occur close to 
the “pluton” regression line and the Dinkey Creek pluton 
slightly below the “laccolith” regression line (Fig. 1). 
According to the interpretation of Petford et al. (2000) 
the Graah Fjelde and Fichtelgebirge plutons should be 
regarded as lopoliths emplaced by floor depression; and 
the Dinkey Creek pluton should then be interpreted as a 
laccolith emplaced by roof-uplift, although all three in-
trusive bodies plot quite close to the intersection of both 
the regression lines.

trifuge experiment, to test the viability of the proposed 
emplacement mechanisms for tabular plutons, in par-
ticular:
	how roof uplift and floor depression are linked to each 

other;
	whether floor depression is more typical of deep-seated 

and roof uplift more common of shallowly intruding 
tabular plutons;

	whether floor depression might hinder the filling and 
inflation of the magma chamber due to chocking of 
the magma source (provided the magma source is a 
horizontal layer of partially molten rock).
Moreover, we test the validity of the assumptions 

made by Petford et al. (2000) concerning the discrimina-
tion between (lopolithic) plutons and laccoliths based on 
power-law regression lines in length-thickness diagrams 
for intrusive bodies.

3.2 Setup of the experiment

The overall shape of the model was cylindrical with a 
diameter of 10 cm and 6.75 cm thick. The scaling factor 
for distances is 10-5 (lengthmodel / lengthnature), i.e. 1 cm 
in the model corresponds to 1 km in nature (Tab. 2). As 
overburden material a semi-brittle plasticine (density 
ρ = 1.71 g/cm3, viscosity µ = 4.2×107 Pa·s at a strain 
rate of 10-3 s-1) was used, representing upper to middle 
crustal siliciclastic rocks (ρ ≈ 2.6 g/cm3 and µ ≈ 1021 
Pa·s). Polydimethylsiloxane (PDMS; ρ = 0.964 g/cm3, µ 
= 4×104 Pa·s; Koyi 1991) played the role of the buoyant 
material, corresponding to a partially molten granitic 
magma (ρ ≈ 1.5 g/cm3, µ ≈ 1018 Pa·s). The assumed 
crustal viscosity of 1021 Pa·s is quite low, but falls within 
the range of presumed viscosity values for crustal rocks 
of 1020 to 1023 Pa·s (Koyi et al. 1999). These estimated 
viscosity values for the upper and middle crust are based 

Natural examples Thickness [km] Length [km]
Dinkey Creek pluton 1.38 29.22
Fichtelgebirgs pluton 6.82 50.00
Graah Fjelde pluton 3.47 20.06
PDMS intrusions Thickness [cm] Length [cm]
Yellow phacolith, section 1 0.96  3.24
Yellow phacolith, section 2 1.08  3.50
Red phacolith, section 1 0.68  3.48
Red phacolith, section 3 0.75  4.00

Tab. 1 Dimensions of the three presented plutons as taken from Figs 
2–4, as well as of the two PDMS intrusions in the centrifuge model.

3. The experiment

3.1 Motivation of the experiment

The three examples presented briefly above are only a 
small selection of tabular plutons, which are common 
features of the continental crust. They develop indepen-
dently of their temporal, tectonic or rheological context, 
usually according to the same ascent and emplacement 
style, i.e. dyking, followed by sill formation and magma 
chamber inflation. According to McCaffrey and Petford 
(1997), their growth during emplacement is ruled by the 
power law (1.1). Consequently, also the dimensions of a 
growing pluton follow the power law (1.1): it lengthens 
more rapidly than it thickens.

Analogue modeling has proven to be an effective 
tool in studying geologic structures and processes (Koyi 
1997). Here we present the results of an analogue cen-

Scaling Model Nature
Ratio  

(model/
nature)

toverburden  
(red PDMS source layer)

3.2 cm 3.2 km 10-5

toverburden  
(yellow PDMS source layer)

6.05 cm 6.05 km 10-5

tbuoyant 0.5 cm 500 m 10-5

ρoverburden 1.71 g/cm3 2.63 g/cm3 6.5×10-1

ρbuoyant 0.964 g/cm3 1.48 g/cm3 6.5×10-1

µoverburden 4×107 Pa•s 1021 Pa•s 4.2×10-14

µbuoyant 4×104 Pa•s 1018 Pa•s 4.2×10-14

g 6.87×103 m/s2 9.81 m/s2 7×102

Tab. 2 Dimensions and physical parameters of both the model and its 
natural counterpart as well as their ratios (t = thickness, ρ = density, 
µ = viscosity).
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on experimental determinations of effective viscosities 
for dry and wet quartzites at a temperature between 300 
°C and 700 °C and at a geologically relevant strain rate of 
10-14 s-1 (Weyermars 1997 and references therein), which 
gave effective viscosities between 1021 Pa·s (wet and hot 
quartzite) and 1023 Pa·s (dry and cold quartzite). On the 
other hand, the assumed viscosity of the partially molten 
granitic magma – calculated on the basis of the PDMS 
viscosity – is much too high compared to experimentally 
determined viscosity values of granitic magmas, which 
range between 103 and 1012 Pa·s (Dingwell et al. 2000). 
However, applying proper scaling and using consequently 
fluids with very low viscosities, such as water (µ ≈ 10-3 
Pa·s) or olive oil (µ ≈ 10-1 Pa·s) as magma analogues 
would lead to ascent and emplacement structures which 
are of unrealistic shape for granitic intrusive bodies 
(Ramberg 1981). As such, the presented model is only 
partially scaled to nature. However, the model is a first 
approximation to nature and focuses on the formation of 
tabular intrusions and the effects of floor depression and 
roof uplift on their ascent and emplacement in general.

Model stratigraphy included two buoyant layers of 
PDMS (5 mm thick each and with a volume of c. 40 cm3 
each) at the base and in the middle (3 cm high in the 
model stratigraphy) of the model. At the upper boundary 
of each buoyant layer a perturbation (1 cm × 1 cm × 0.7 
cm) was introduced to trigger the formation of two intru-
sions. Of course, it is impossible to model with these 
two single intrusions exactly the incremental growth of 
a tabular pluton due to the continuous influx of magma. 
However, the presented model serves as a good proxy for 
the role roof uplift and floor depression play during the as-
cent into and the construction of a tabular granitoid body 
due to the rise of a single magma batch. The perturbation 
of the lower buoyant layer was placed in the centre of the 
model (5 cm from its rim), while the perturbation of the 
middle buoyant layer was shifted from the model’s centre 
by 2.3 cm (Fig. 5). Both the perturbations were intended 
to act as pathways for the ascending buoyant material 
during centrifuging, in correspondence to the feeder dykes 
of tabular plutons. The horizontal offset between both 
the perturbations was designed to prevent the developing 
intrusive bodies to interact too much with each other. 
The overburden of both the buoyant layers was stratified 
consisting of five (above the lower buoyant layer) and 
eight (above the upper buoyant layer) differently coloured 
plasticine layers of 0.25 to 0.7 cm thick (Fig. 5). 

3.3 Run of the experiment

The model was centrifuged in the small centrifuge of the 
Hans Ramberg Tectonic Laboratory (Uppsala University, 
Sweden) for c. 5 minutes at 700 G when a small bulge 
formed on top of the model directly above the perturba-

Fig. 5 Setup of the experiment. The yellow and red layers represent the 
buoyant PDMS, the light and dark green as well brown layers are the 
plasticine overburden.

1 cm

Fig. 7

Fig. 8

Fig. 9

a) b)

Fig. 6a – Top view of the model after 5 minutes of centrifuging at 
700 G. The slight bulge northeast (with north at the top of the image) 
of the centre marks the location of the upper phacolith. The diameter of 
the model is 10 cm. Inset b – sketch of the photograph in Fig. 6a with 
the location of the red phacolith indicated by the red circular area above 
and to the right of the centre of the model (model surface in green); the 
lines indicate the positions of the sections presented in Figs 7–9.

tion of the middle buoyant layer. After photographing 
the top view with the small bulge on the model’s surface 
(Fig. 6), the model was centrifuged for 20 more minutes 
at 700 G in order to see, whether in the current configu-
ration the bulge on top of the model would increase or a 
second bulge would form. When no major changes hap-
pened after 25 minutes of centrifuging, the uppermost 
three plasticine layers – in total 0.9 cm of the overburden 
– were removed to thin the overburden and assist the rise 
of the buoyant material. The model was then centrifuged 
for further 5 minutes at 700 G. No major changes in the 
top view of the model occurred and the model was then 
sectioned in order to study it in detail.
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Fig. 7a – Section 1 through the model after 30 minutes of centrifuging 
at 700 G cutting both phacoliths: the red one in the upper part of the 
model and the yellow one in its lower part. b – line drawing of the 
section shown in Fig. 7a.

3.4 Results of the experiment

A first vertical section in the middle of the model showed 
two tabular intrusive bodies that had formed directly 
above the perturbations along the interface between the 
buoyant layers and the overburden layers immediately 
overlying them (Fig. 7). Both the intrusions are character-
ized by a domed-up roof and a depressed floor, which is 
typical of phacoliths. The subsided floors of both PDMS 
bodies cut off the influx of the buoyant material from 
the source layers. The overburden units above the lower 
phacolith bulge into the middle buoyant layer, which 
accommodates the deformation by thinning (Fig. 7). 
The plasticine layers initially located directly above 
the buoyant layers, partly detach from the overlying 
overburden layers and subside in the immediate vicinity 
of the perturbations (Fig. 7). Moreover, the plasticine 
layer immediately beneath the perturbation of the upper 
buoyant layer is detached from its pad to form a small 
bulge (Fig. 7).

Fig. 8a – Section 2 – perpendicular to section 1 – through the model 
after 30 minutes of centrifuging at 700 G proofs the lensoidal shape 
of the yellow intrusive PDMS body. b – line drawing of the section 
shown in Fig. 8a.

Two additional profiles (Figs 8 and 9), both perpendic-
ular to the first one and carving each through one of the 
two buoyant intrusions, verified the phacolith nature of 
both bodies and helped to measure their dimensions and, 
in addition, calculate their volumes. The lower phacolith 
is between 3.24 and 3.5 cm in diameter, depending on 
which section is considered. Its maximum thickness lies 
between 0.96 and 1.08 cm. The upper phacolith is 3.48 
to 4.00 cm long and 0.68 to 0.75 cm thick (Tab. 1). The 
volume of the tabular buoyant bodies was calculated 
according to the following equation (Bronstein and Se-
mendjajew 1987):

  V = 2×(1/6)π×h(3a2+h2)	  (2)

where h is half the height and a is half the diameter of 
the respective phacoliths.

Accordingly, the volume of the lower intrusion is be-
tween 4.06 and 5.34 cm3 and the volume of the middle 
intrusion ranges between 3.29 and 4.77 cm3.

1 cm

b)

1 cm

b)
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4. Formation of both the phacoliths

As planned, the perturbation in the buoyant layers acted 
as pathways (or feeder dykes) for the buoyant material 
during centrifuging of the model. However, the buoyant 
material did not manage to rise through the plasticine 
overburden and instead spread laterally as sills along 
the interfaces between the two plasticine layers directly 
above the buoyant layers. With further centrifuging, 
additional material was transported buoyantly from the 
PDMS layer through the feeder dykes into the sills. The 
influx of new material led to inflation of the sills by 
vertical displacement of their roofs and floors. Thereby 
the plasticine above the developing phacoliths was de-
formed plastically within a distance of 1.5 to 2 cm, while 
the floors of the inflated intrusions were depressed by c. 
0.5 cm. Additionally, the thin plasticine layer beneath 
the upper buoyant layer was sucked up into the conduit 
of the buoyant body by the upward moving buoyant 
material. On the other hand, subsidence of the bottom 

of the inflating sills choked the flow of further buoyant 
material into the feeder dykes and inhibited the further 
growth of the two phacoliths. Inflation of the lensoidal 
intrusives terminated after c. 5 min centrifuging when 
no increase of the bulge on the surface of the model was 
observed. Until then about 4 to 5 cm3 of the buoyant 
material had been emplaced into the tabular intrusive 
bodies, i.e. the buoyant reservoirs had been depleted by 
10 to 12.5 vol. %.

It can be excluded that the formation of both intrusive 
PDMS bodies through roof uplift and floor depression 
were influenced by boundary effects such as the relatively 
small volume of the sample box, because both lensoidal 
intrusions and their structural aureoles look very much 
alike irrespective from their relative position within the 
model and the sample box. Moreover, the total volume 
of the intrusions is only c. 10 cm3, i.e. less than 2 % of 
the entire model volume (c. 530 cm3).

5. Implications of the experiment for the 
emplacement of tabular plutons

Scaling the model to nature the lensoidal intrusive buoy-
ant bodies would represent 1 km thick and 3 to 4 km long 
granitoid phacoliths (Tabs 1 and 2) that were emplaced at 
3.2 km and 6.05 km depths, respectively, i.e. at different 
levels within the upper continental crust.

Both tabular intrusions formed – similar to what is 
known from their natural counterparts – along anisotro-
pies within the model, i.e. along the interfaces between 
individual overburden layers. Corresponding anisotropies 
in nature are horizontal lithological contacts, foliation 
and fracture planes or shear zones.

The phacolithic shape of the intrusions suggests that 
space for their emplacement was made by both roof uplift 
and floor depression, independent of their intrusion depth. 
This observation contradicts the hypothesis of Cruden 
(1998) who suggested roof uplift to be only an important 
space-making process for plutons in the uppermost crust, 
while floor depression is responsible for the emplacement 
of all other, deeper-seated tabular plutons. We have to 
point out that the reason behind achieving roof uplift by 
the lower intrusion is because of the presence of another 
weak buoyant layer in the middle of the model stratig-
raphy. This weak layer enabled and accommodated the 
roof uplift at deeper level. In other words, in our model, 
similar to a shallow intrusive body, even the deeper in-
trusive body uplifted its roof. This was possible because 
the roof uplift of the deeper intrusion was accommodated 
by flow of the upper buoyant (viscous) layer. In practice, 
the mechanical thickness of the overburden units above 
the lower buoyant layer is relatively thin. The presence 
of the upper buoyant weak layer enables and accom-

Fig. 9a – Section 3 – perpendicular to section 1 and parallel to section 2 
– through the model after 30 minutes of centrifuging at 700 G proofs the 
lensoidal shape also of the red intrusive PDMS body. b – line drawing 
of the section shown in Fig. 9a.

1 cm

b)
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modates roof uplift by the deeper intrusion. Absence of 
this shallow buoyant weak horizon would have resulted 
in a thicker overburden unit, which might not have been 
uplifted by a deep intrusion. Presence of layered intru-
sions may assist roof uplift even at deeper levels. The 
same is in principle true for floor depression which was 
facilitated by the presence of the two relatively low-vis-
cous PDMS source layers beneath the two developing 
lensoidal PDMS intrusions.

Plotting the length and thickness data of the PDMS 
laccolith in the loglength vs. logthickness diagram of Petford 
et al. (2000) with the regression lines for laccolith and 
tabular plutons (Fig. 1) the data pairs of both sections of 
the model appear close to the regression line for lacco-
liths. The model intrusions are definitely not laccolithic 
in shape and were, consequently, not only emplaced by 
roof uplift – as typical of laccoliths (Figs 7–9 and Tab. 1). 
On the contrary, they are biconvex in shape and were 
intruded by a combination of roof uplift and floor depres-
sion – as it is typical of phacoliths. Obviously, more data 
from nature and models – in particular reliable thickness 
data for granitoid bodies – are necessary to improve the 
regression lines which could then describe better the 
shape of different types of intrusions.

Displacement of the top and bottom sides of both the 
experimental tabular intrusions took place plastically. No 
brittle deformation or concentration of deformation along 
discrete fractures, faults or shear zones was observed 
as it might be the case for most natural lacco- lopo- or 
phacoliths (e.g. Bussel 1976; Dehls et al. 1998; Zimmer-
man 2005; Hacker et al. 2007).

The most prominent feature within the emplace-
ment scenario of the model is the choking of the influx 
of buoyant material into the feeder dykes of both the 
phacoliths due to the floor depression of the inflating 
intrusive bodies. The source layer of the buoyant mate-
rial was segmented by the subsiding overburden units 
and further flow into the intrusive body was inhibited. 
As such, the scenario presented by Cruden (1998), where 
the depression of the floor of an inflating tabular pluton 
will force the magma within its source region towards 
the conduit(s) of the growing pluton, does not apply 
to our model. We argue therefore that Cruden’s (1998) 
idea depends on the initial geometry of the feeding 
magma source; a horizontal magma source, possibly a 
migmatitic layer within the Earth’s crust would face the 
fate as the PDMS source layers of our model, whereas 
a magma source with an irregular geometry would most 
likely behave as Cruden (1998) proposed. Nevertheless, 
the “strangulation” of the buoyant-material supply in 
the model did not prevent the formation of the intrusive 
bodies, but restricted their growth to a volume of 4 to 5 
cm3 (reached within c. 5 minutes) and limited the deple-
tion of the buoyant reservoir to c. 10 vol. %. Transferring 

these model observations to nature could mean that the 
size of tabular plutons and their growth rate are not only 
controlled by the volume of the reservoir and the rate of 
magma ascent and the magma’s physical properties (T,	µ,	
ρ), but also by the shape of the magma source region and, 
moreover, by the effectiveness of vertical, downward-di-
rected material transfer to create space for the build-up 
of the pluton. Time of the model phacoliths (tm) is scaled 
to nature (tn) as follows (Ramberg 1981): 

	 	 tn	=	(tm×lr×ρr×gr)/	µr		 	(3)

where lr is the length ratio, ρr is the density ratio, gr is the 
gravitational acceleration ratio and µr is the viscosity ra-
tio between model and nature (for numbers see Tab. 2).

Even if the model is dynamically not properly scaled, 
because of the too high viscosity of the buoyant material 
compared to its overburden, time scaling based on the 
available numbers (Tab. 2) gives a rough estimate of the 
time span for the formation of a natural phacolith before 
its growth is stopped due to choking of the influx of more 
magma by floor depression.

In the model, it took c. 5 minutes to form a lensoidal 
intrusion of 4 to 5 cm3 0.7 cm above the buoyant source 
layer. Accordingly, in nature a phacolith of 4 to 5 km3, 
being emplaced 700 m above its source layer, would 
have formed within c. 1 Ma. This time span would be 
sufficient to emplace such small tabular plutons. Assum-
ing a lower and more realistic viscosity of the magma 
(109 to 103 Pa·s, e.g. Clemens and Petford 1999) than 
that used in the model (1018 Pa·s) more voluminous tabu-
lar intrusive bodies could be built in a greater distance 
from the magma source layer within the same or even 
a shorter time. Ascent rates of magma through dykes 
are in the range of 106 to 107 metres/year (Delaney and 
Pollard 1981) and the lateral growth rate of a laccolith 
is assumed by Corry (1988) to be 200–300 metres/year 
in maximum. According to other authors (e.g. Scaillet et 
al. 1995; Hogan and Gilbert 1995; Cruden 1998; Petford 
and Clemens 2000) the construction of plutons of 102 
to 104 km3 takes 102 to 106 years. All these figures for 
rates of magma ascent through dykes and the formation 
of lensoidal, tabular plutons are in good agreement with 
the model results presented here.

In conclusion it can be stated that our model shows 
that roof uplift and floor depression are viable processes 
to form tabular plutons, but that floor depression might 
choke a horizontal and layered magma source, thus 
narrowing the time span for the build-up of a granitoid 
lopolith or phacolith.
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The Variscan Montes de Toledo Batholith (MTB) is an E–W linear array of peraluminous granite plutons which is che-
mically segmented. The study is focused on the western segment of the MTB (W-MTB), mainly composed of granites 
with slightly lower CaO and higher P2O5 contents than associated eastern plutonic units and nearby S-type granites, 
giving them a more pronounced peraluminous nature. The chemical contrast is also observed in isotopic composition, 
especially in radiogenic Nd and Pb ratios. The W-MTB granites have higher initial εNd (–5.0 to –5.9) and lower 206Pb/204Pb 
and 208Pb/204Pb ratios than peraluminous types from the E-MTB segment. A mixed pelitic–greywackeous derivation from 
regional Neoproterozoic formations is suggested, whereas lower crustal and meta-igneous sources were involved in the 
origin of the easternmost MTB granites. The presence of igneous muscovite together with coexisting andalusite and 
sillimanite in some of the studied granites suggests that solidus was reached at 650–700 ºC and depth corresponding to 
the pressure of 2–3 kbar.

Keywords:	peraluminous	granites,	andalusite,	sillimanite,	Sr-Nd-Pb	isotopes,	Iberian	Variscan	Belt
Received:	19	September	2008;	accepted	22	December	2008;	handling	editor:	D.	Dolejš

1. Introduction

The petrogenesis of strongly peraluminous granitoids has 
attracted attention of petrologists since early demonstra-
tion that granitic melts from which aluminium silicates 
can crystallize have been experimentally produced (e.g. 
Green 1976; Clemens and Wall 1981). Additionally, alu-
minium silicates have been found as unambiguous mag-
matic phenocrysts in volcanic rocks (e.g. Pichavant et al. 
1988). The main problems in deciphering origin of per-
aluminous granites include: i) nature of the protolith, ii) 
incorporation of restites and presence of inherited com-
ponents, iii) contamination during magma transport and 
emplacement, iv) superimposed magma differentiation 
processes (crystal fractionation, magma mixing, volatile 
exsolution, etc.), and v) pressure and temperature condi-
tions during magma generation and crystallization. 

The Variscan Iberian Belt is a sector of the European 
Variscides which is mainly composed of large granitic 
batholiths, particularly in its innermost area, that is, in 
the Central Iberian Zone (Fig. 1). Granitoids in this area 
constitute more than one third of the outcrops, and form 
one of the largest batholithic masses in the World. These 
granite plutons are predominantly peraluminous; meta-
aluminous varieties and related basic rocks are extremely 

scarce (e.g. Capdevila et al. 1973; Villaseca et al. 1998a; 
Bea et al. 1999). Most of these Variscan batholiths are 
complex assemblages where peraluminous and the more 
scarce metaluminous granite varieties appear together 
(e.g. Villaseca and Herreros 2000). The studied Montes 
de Toledo Batholith (MTB) is a large batholithic array 
(around 200 km long) exclusively composed of peralumi-
nous plutonic units (Fig. 1). Nevertheless, distinct com-
positional differences between the western and eastern 
plutonic units suggest contrasting granite sources that 
gave rise to a chemically segmented granite batholith. 

The existence of such a huge volume of peraluminous 
granitoids in the Variscan Iberian Belt has triggered ex-
tensive discussion about its genesis. Petrogenetic theories 
vary from i) important mantle input to its present-day 
composition, either by mixing (e.g. Dias and Leterrier 
1994; Moreno Ventas et al. 1995) or by assimilation (e.g. 
Castro et al. 1999), to ii) mainly crustal recycling either 
by melting at mid-crustal levels (Bea et al. 2003) or by 
lower crustal derivation (Villaseca et al. 1999). Further-
more, it is difficult to assign S-type, I-type or transitional 
affinity to plutons with different degree of peraluminosity 
(e.g. Villaseca et al. 1998a).

In this paper we focus on the strongly peraluminous 
western segment of the Montes de Toledo Batholith, 
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which has a clear S-type affinity. Most of the studied 
granites contain peraluminous minerals (andalusite, silli-
manite, cordierite, muscovite, Al-rich biotite, tourmaline, 
etc.). The abundance of restite enclaves poses the problem 
of restite fractionation vs. other petrogenetic scenarios. 
This work provides mineralogical, geochemical and, for 
the first time, Sr-Nd-Pb isotopic information to motivate 
discussion on granite sources in this compositionally 
segmented peraluminous batholith.

2. Geological setting

The Montes de Toledo Batholith (MTB) is a linear array 
of approximately twenty granite plutons that is ~200 km 
long and 20 km wide (in a W–E direction) from Belvís de 
Monroy (Cáceres) to Madridejos (Toledo), and occupies 
an area of about 2000 km2 (Fig. 1). The best outcrop areas 
of this elongate granite batholith are their western and 
eastern segments, respectively, because its central part 
only crops out in deeply eroded river valleys. There the 
MTB is covered by Triassic sediments of the Tajo Basin 
and by coarse-grained alluvial fans from the Montes de 
Toledo Heights. 

This plutonic array intruded into low-grade Neopro-
terozoic and Lower Palaeozoic metasedimentary rocks 
and generated remarkable contact metamorphic aureoles 
(IGME 1985, 1987, 1989). These units consist of alternat-
ing sandstone and shale, more than 4000 m thick, with 
interbedded conglomerate, calcareous mudstone and lime-
stone of the so called “Schist–Greywacke Formation”, 
which is of Cambrian age in its upper part (Valdelacasa or 
Pusa Group – Valladares et al. 2002; Liñán et al. 2002). 
It is important to note the high phosphorous content of 
some metasediments in either Neoproterozoic or Lower 
Cambrian series (IGME 1987, 1989). The MTB cross-
cuts a set of open antiforms and synforms with NW–SE 
trending axes, related to the Variscan D1 compressional 
event (Ábalos et al. 2002). D2 and D3 structures are rare 
in the area although a conjugate system of NW–SE to 
NNW–SSE trending strike-slip dextral shear zones (D3 
phase) has been described (Ábalos et al. 2002).

The granitic MTB has been studied in detail in its 
eastern sector, that is, the Mora-Las Ventas Plutonic 
Complex, where an exhaustive petrological study (min-
eral chemistry, whole-rock geochemistry and Sr-Nd iso-
topes) has been performed (Andonaegui 1990; Villaseca 
et al. 1998a; Andonaegui and Villaseca 1998). The post-
tectonic peraluminous S-type granites from the eastern 

MTB sector have been interpreted as derived from felsic 
meta-igneous sources (mainly from lower crustal levels), 
because outcropping metamorphic rocks and metasedi-
mentary protoliths from low to middle and upper crust 
have a clearly different isotopic composition (Villaseca et 
al. 1998a; 1999). A preliminary Rb-Sr geochronological 
study gave an intrusion age of 320 ± 8 Ma (Andonaegui 
1990). This age has to be considered with caution as 
the Variscan D3 phase has been dated to 313 to 325 Ma 
elsewhere in the Central Iberian Zone (CIZ) (Dias et al. 
1998; Fernández-Suárez et al. 2000).

The western MTB segment studied in the present work 
comprises seven granitic plutons (Fig. 1) which were only 
incompletely described in the literature (IGME 1985, 
1987, 1989). Nevertheless, some preliminary petrologi-
cal studies on the Aldeanueva de Barbarroya Pluton have 
been performed (Andonaegui and Barrera 1984), and 
the presence of two aluminium silicates (andalusite and 
sillimanite) in granites of this western segment of the 
MTB has been previously noted (Andonaegui and Barrera 
1984; Fernández-Catuxo et al. 1995).

3. Analytical techniques

The major-element mineral compositions have been 
analysed at the	Centro de Microscopía Electrónica “Luis 
Bru” (Complutense University of Madrid) using a Jeol 
JXA-8900 M electron microprobe with four wavelength 
dispersive spectrometers. Analytical conditions were an 
accelerating voltage of 15 kV, an electron beam current 
of 20 nA, and a beam diameter of 5 μm. Elements were 
counted for 10 s on the peak and 5 s on each background 
position. Corrections were made using the ZAF method. 
Representative major-element compositions of granite 
minerals are listed in Tables 1 to 3. 

The whole-rock major- and trace-element composi-
tions were analysed at Actlabs (Ancaster, Ontario, Can-
ada). The powdered samples were melted using LiBO2 
and dissolved in HNO3. The solutions were analysed by 
inductively coupled plasma atomic emission spectrometry 
(ICP-AES) for major elements whereas trace elements 
were determined by ICP mass spectrometry (ICP-MS). 
Uncertainties in major elements are bracketed between 
1 and 3 %, except for MnO (5–10 %). The precision of 
ICP-MS analyses at low concentration levels has been 
evaluated from repeated analyses of the international 
standards BR, DR-N, UB-N, AN-G and GH. The preci-
sion for Rb, Sr, Zr, Y, V, Hf and most of the REE is in 

Fig. 1a – Sketch map of the Variscan Iberian Belt showing the location of the major granitic batholiths. Granite batholiths mentioned in the text 
are: Al = Albalá, A = Alburquerque, CA = Cabeza de Araya, G = Gata, J = Jálama, MV = Mora-Ventas, TD = Tormes Dome; granite cupolas are: 
P = Pedroso de Acim, T = Trujillo, Tr = El Trasquilón. b – Granite plutons of the western segment of the Montes de Toledo Batholith (W-MTB) 
with sample locations.
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the range 1 to 5 % whereas it varies from 5 to 10 % for 
other trace elements including Tm. Some samples have 
concentrations of several elements below detection limits 
(V: 5, Cr: 20, Sc: 1 ppm) and all the granites have Ni < 20 
ppm. More information on the procedure, precision and 
accuracy of the Actlabs ICP-MS analyses can be found 
at http://www.actlabs.com.

The Sr-Nd isotopic analyses were carried out at the 
CAI de Geocronología y Geoquímica Isotópica, at the 
Complutense University of Madrid, using an automated 
VG Sector 54 multicollector thermal ionisation mass spec-
trometer. Analytical data were acquired in multidynamic 
mode. The analytical procedures used in this laboratory 
have been described elsewhere (Reyes et al. 1997). Re-
peated analyses of the NBS 987 standard gave 87Sr/86Sr = 
0.710234 ± 30 (2σ, n = 12) and for the JM Nd standard 
the values of 143Nd/144Nd = 0.511854 ± 3 (2σ, n = 63) were 
obtained. The 2σ error on εNd calculation is ± 0.3. 

One whole-rock granite (from the eastern MTB) and 
K-feldspar separates from three peraluminous granites 
(one from the western MTB and two from the Spanish 
Central System) were selected for Pb isotopic analyses 
at the Swedish Museum of Natural History (Stockholm) 
using a Finnigan MAT 261 TIMS with multicollector de-
tection. The samples were dissolved with HF and HNO3 
and a 205Pb spike was added to each of them. Lead was 
separated using cation exchange columns. The NBS 981 
and 982 standards were used to evaluate instrumental 
fractionation and precision, the latter being about 0.1 % 
for the isotopic ratios shown. Repeated analyses of in-
ternational standard BCR-1 were used to monitor the 
accuracy.

4. Petrography

This study is mainly focused on five granite plutons crop-
ping out from W to E in the following order: Belvís de 
Monroy, Navalmoral de la Mata, Peraleda de San Román, 
Puente del Arzobispo and Aldeanueva de Barbarroya 
(Fig. 1). Sample locations are shown in Fig. 1. Three 
samples of two-mica leucogranite were taken from the 
Belvís de Monroy Pluton, and they represent the most 
fractionated granite in this study. Samples from the 
Navalmoral de la Mata Pluton are biotite granites with 
variable amounts of K-feldspar megacrysts, whereas 
biotite granites from the Puente del Arzobispo Pluton are 
more equigranular and include leucocratic varieties. The 
granites sampled from the Peraleda Pluton are slightly 
more mafic and have Al-rich minerals such as pinnitized 
cordierite and two aluminium silicates (andalusite and 
sillimanite). The fine-grained granodioritic facies of the 
Aldeanueva Pluton (also with Al-rich mineral phases) 

was only sampled for mineral chemistry, but the whole-
rock major-element chemical data from Andonaegui and 
Barrera (1984) have been considered in the geochemistry 
section for comparison. 

All studied granites are peraluminous in composition 
and most of them have quartz, plagioclase, K-feldspar 
and biotite as major rock-forming minerals. Biotite is the 
main mafic mineral in the studied granites; its amount 
varies from approx. 20 vol. % (Aldeanueva granodio-
ritic facies) to 1–5 vol. % (Belvís leucogranite). In the 
last mentioned two-mica leucogranite pluton, muscovite 
dominates over biotite.

Accessory amounts of cordierite, aluminium silicates, 
muscovite, tourmaline, apatite, zircon, monazite, ilmenite 
and xenotime appear in the MTB granites. It is interesting 
to note the presence of two polymorphs of the Al2SiO5 in 
two granite plutons, Peraleda and Aldeanueva, in which 
a clear textural evolution from andalusite to sillimanite 
is observed, rarely described in the literature. 

The studied granites host different amounts of metased-
imentary and restitic xenoliths, and locally some igneous 
felsic microgranular enclaves of cognate appearance, but 
they never contain mafic microgranular enclaves. The 
crustal xenoliths could be described as: i) metapsammitic 
xenoliths, ii) refractory metapelitic xenoliths, iii) surmi-
caceous enclaves, iv) globular quartz, and v) K-feldspar- 
-rich lumps. Such a suite of metasedimentary litholo-
gies is typical of S-type granites (Chappell et al. 1987; 
Barbero and Villaseca 1992). These inclusions are rarely 
larger than 25 cm in size, usually around 2–10 cm, and 
could locally define enclave-rich sectors or contaminated 
facies.

5. Mineral chemistry

Plagioclase composition in studied granites ranges be-
tween An35 and An05, reaching albite in the leucogranites 
from the Belvís de Monroy Pluton (Fig. 2a). Zoning is 
poorly developed, but the most An-rich analyses are 
usually found in core zones. The P2O5 contents increase 
with the Na contents of the plagioclase, those from Belvís 
leucogranites show the highest concentrations (up to 0.91 
wt. %) (Fig. 2b). Plagioclase from granites of this MTB 
western sector is richer in P than that from other peralu-
minous S-type granites of central Spain (Fig. 2b).

K-feldspar is weakly perthitic. Its composition var-
ies between Or100 and Or78, being more Ab-rich in the 
Peraleda Pluton (Tab. 1). The P2O5 content is also high 
in the Belvís leucogranites (up to 0.92 wt. %), exceed-
ing concentrations in the perphosphorous Pedrobernardo 
granite from the Spanish Central System (SCS) (Bea et 
al. 1994) (Fig. 2c). 
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Biotite appears as subhedral crystals rich in mineral 
inclusions, usually accessory phases (Fig. 3a). It has 
Al-rich composition, and plots in peraluminous fields in 
biotite classification diagrams (e.g. Nachit et al. 1985; 
Abdel-Rahman 1994) similarly to other biotites from 
the SCS S-type granites (Fig. 4a). Biotite from the most 
felsic pluton of the MTB (the Belvís leucogranite) shows 
the highest Al and F contents (and, concomitantly, the 
lowest Mg and Ti contents) (Tab. 2).

Muscovite appears in most of the granites as late-mag-
matic anhedral crystals, sometimes rimming aluminium 
silicate grains, and usually in accessory amounts only. 
Nevertheless, in the Belvís leucogranites muscovite is 
the main mica, with larger size than associated biotite 
(Fig. 3b). In this two-mica leucogranite, muscovite crys-
tals are remarkably euhedral (Fig. 3b). In granites where 
biotite dominates over muscovite, the larger muscovite 
crystals are those forming monocrystalline rims around 
andalusite, and are interpreted as magmatic according 
to the textural criteria reviewed by Clarke et al. (2005). 
There are no significant chemical differences between 
different textural types of muscovite and they all plot 
within igneous muscovite fields (Fig. 4b), including the 
fine-grained and flaky crystals of late-to-postmagmatic 
appearance. Similarly to biotite, muscovite of the Belvís 
leucogranites shows the highest F contents in the MTB 
(up to 0.86 wt. %) (Tab. 2).

Cordierite is usually strongly transformed to secondary 
pinnite aggregates. Only in the fine-grained granodio-
rites of the Aldeanueva Pluton it appears as unaltered 
euhedral crystals of medium to coarse grain size (up to 2 
cm), hosting inclusions of quartz, biotite and scarce sil-
limanite. This suggests a non-cotectic growth but rather 
reaction with restitic or xenocrystic minerals immersed in 
the granite magma (similar to the CG1 type of Erdmann 
et al. 2004). Cordierite from the Aldeanueva Pluton has 
an XMg of c. 0.57 with relatively low Mn and Na contents, 
although high enough to plot within the igneous field de-
fined by the SCS cordierite-bearing granites (Fig. 5). 

Andalusite appears as inclusions-free euhedral crystals 
of medium size in the Peraleda and Aldeanueva granites 
(Fig. 3c–d). It is of late-magmatic origin, occasionally 
closely associated with Ab-rich margins of plagioclase 
crystals. It seems to have crystallized close to magma 
solidus conditions as is the case of many andalusite-
bearing granites (Clarke et al. 2005). Andalusite has a 
thin rim of muscovite, but it maintains its original shape. 
Occasionally it shows a thin rim of fibrolitic sillimanite 
(always less than 100 μm) and an outer muscovite rim 
(Fig. 3c–d). Andalusite may show chemical zoning 
characterized by outward decreasing FeO content, in the 
range of 0.58 to 0.23 wt. % (Fig. 6). This chemical zoning 
is less pronounced than in andalusites from other felsic 
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Tab. 1 Selected representative EMP analyses of feldspars from the W-MTB granites

Sample 106795 106795 106795 106795 106795 106809 106809 106810 106809 106814 106814 106821 106821 106817 106821

Analysis 45 55 77 79 82 57 61 92 60 35 24 38 43 70 86

Pluton Belvís Peraleda Aldeanueva

Mineral Pl Pl Pl Kfs Kfs Pl Pl Pl Kfs Kfs Kfs Pl Pl Kfs Kfs

SiO2 65.66 64.98 65.57 62.53 62.34 66.47 62.31 58.75 64.50 64.63 65.91 62.64 62.84 63.46 63.93

TiO2 0.02 0.35 0.00 0.01 0.03 0.00 0.00 0.04 0.00 0.00 0.00 0.01 0.00 0.01 0.03

Al2O3 20.60 20.94 21.17 18.92 19.60 20.87 24.31 26.17 18.78 18.92 19.34 23.46 23.33 19.07 19.15

FeO 0.03 0.00 0.00 0.00 0.03 0.03 0.05 0.00 0.01 0.00 0.09 0.00 0.04 0.00 0.01

MnO 0.00 0.04 0.00 0.00 0.01 0.04 0.08 0.00 0.04 0.03 0.00 0.00 0.00 0.00 0.02

MgO 0.00 0.00 0.04 0.00 0.00 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01

CaO 1.08 0.71 0.74 0.00 0.00 1.55 5.55 6.96 0.00 0.04 0.00 4.08 4.20 0.02 0.06

Na2O 10.59 10.05 11.00 0.42 0.76 10.70 8.53 7.73 1.27 1.83 2.53 9.19 8.75 0.79 1.41

K2O 0.16 0.35 0.20 16.13 15.85 0.29 0.21 0.15 14.67 14.02 13.58 0.33 0.24 15.88 14.67

P2O5 0.64 0.91 0.69 0.77 0.92 0.43 0.14 0.10 0.16 0.08 0.06 0.16 0.09 0.14 0.19

Total 98.00 98.41 99.48 98.78 99.55 100.42 101.31 99.95 99.53 99.75 101.59 99.96 99.52 99.43 99.51

Ab 93.80 94.20 95.40 3.80 6.80 91.10 72.70 66.20 11.70 16.50 22.10 78.80 77.90 7.00 12.70

An 5.30 3.70 3.50 0.00 0.00 7.30 26.10 33.00 0.00 0.20 0.00 19.30 20.70 0.10 0.30

Or 0.90 2.20 1.10 96.20 93.20 1.60 1.20 0.80 88.30 83.30 77.90 1.90 1.40 92.80 87.00

Tab. 2 Selected representative EMP analyses of micas from the W-MTB granites

Sample 106795 106795 106795 106795 106795 106809 106809 106809 106809 106809 106809 106817 106817 106821 106821

Analysis 52 75 47 49 50 68 12 4 11 3 5 66 74 34 89

Pluton Belvís Peraleda Aldeanueva

Mineral Bt Bt Ms Ms Ms Bt Bt Bt Ms Ms Ms Bt Bt Ms Ms

SiO2 35.84 35.63 46.02 45.63 46.23 35.17 35.50 36.25 45.66 46.03 44.50 34.65 34.85 46.66 45.83

TiO2 2.01 1.89 0.50 0.43 0.35 2.98 2.56 2.52 1.11 0.29 0.56 2.63 2.93 0.09 0.17

Al2O3 22.53 22.28 35.88 35.65 36.00 19.05 19.47 19.20 35.30 35.52 38.32 19.80 19.61 37.07 36.73

FeO 19.10 20.30 1.51 1.41 1.38 20.66 18.05 18.19 0.73 1.03 0.54 19.96 18.43 1.13 0.79

MnO 0.23 0.14 0.00 0.02 0.00 0.25 0.13 0.16 0.03 0.01 0.00 0.24 0.24 0.00 0.01

MgO 4.10 3.02 0.65 0.77 0.64 7.54 8.21 8.62 0.65 0.69 0.51 7.44 7.83 0.83 0.67

CaO 0.01 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.07 0.03 0.00 0.00 0.01 0.01

Na2O 0.07 0.08 0.58 0.72 0.74 0.13 0.19 0.13 0.57 0.70 0.52 0.11 0.19 0.59 0.55

K2O 9.55 9.42 9.59 9.80 9.45 9.50 9.59 9.57 10.62 10.76 9.91 9.61 9.55 9.90 10.06

F 1.17 0.81 0.73 0.72 0.76 0.00 0.25 0.28 0.16 0.19 0.12 0.40 0.48 0.11 0.12

Total 94.66 93.65 95.56 95.21 95.67 95.43 94.08 95.08 94.92 95.30 95.05 94.95 94.19 96.40 94.98

Mg/(Fe+Mg) 0.28 0.21 0.48 0.53 0.49 0.39 0.45 0.46 0.65 0.58 0.66 0.40 0.43 0.61 0.64

granites of the Central Iberian Zone (CIZ) or from the 
granite pegmatites (Fernández-Catuxo et al. 1995; Clarke 
et al. 2005) (Fig. 6).

Sillimanite only appears in andalusite-bearing gran-
ites, and mostly forms thin rims surrounding andalusite. 

Nevertheless, a second textural sillimanite type in these 
granites is the one associated with mica-rich enclaves 
or aggregates or even included in cordierite crystals as 
described previously (restites?). Sillimanite formed by 
andalusite transformation is invariably fibrolitic. Chemi-
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Fig. 3 Photomicrographs of granites from the W-MTB. a – Inclusion-rich subhedral biotite crystal (106810 Peraleda granite). b – Large euhedral 
muscovite crystal enclosing biotite (106795 Belvís leucogranite). c–d – Andalusite crystals (A) rimmed by fibrolitic sillimanite (S) and muscovite 
(M) (106809 and 106810 Peraleda granites, respectively).

Mg Na

Ti

Magmatic
muscovite

Secondary
muscovite

Aldeanueva
Peraleda
BelvísSCS S-type granites

Al-potassic

Calc-alkaline

Alkaline

Biotite
4.5

3.5

2.5

0.5 1.5 2.5 3.5

To
ta

l A
l

(a) (b) Muscovite

Fig. 4 Composition of micas from the W-MTB granites. a – AlT vs	Mg (atoms per 22 O) diagram for biotite. Biotite compositional fields from 
different magmatic series are taken from Nachit et al. (1985). Biotite compositional field of peraluminous S-type granites from the Sierra de 
Guadarrama (SCS granites) is taken from Villaseca and Barbero (1994). b – Mg-Ti-Na (atoms per 22 O) diagram for muscovite. Magmatic and 
secondary muscovite fields are taken from Miller et al. (1981).
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6. Geochemistry

6.1 Major and trace elements

Major- and trace-element compositions of the studied 
granites are listed in Tab. 4. Major-element contents 

Figure 5
Villaseca et al.
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Fig. 5 Composition of cordierite in the discriminant diagram (Na2O + 
K2O + CaO) vs MnO. Compositional fields for metamorphic (M field) and 
igneous (S- and I-type granites) cordierite come from data of Barbero and 
Villaseca (1992) and Villaseca and Barbero (1994). Within the M field 
are also included cordierites from anatectic leucogranites and restite-rich 
granites of migmatite–granulite terranes (Barbero and Villaseca 1992).

cally it is slightly richer in Al than that from restitic envi-
ronments (aggregates, enclaves, inclusions) (Fig. 6). 

Apatite is very common (except in the Belvís leuco-
granites), forming euhedral crystals. Its F content (up to 
4.8 wt. %) is noteworthy as it is higher than that from 
the SCS S-type granites (2.6 to 4.0 wt. % F; Clarke et 
al. 2005) (Tab. 3).
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Fig. 6 Composition of aluminium silicates from the W-MTB granites 
in the Al2O3 vs FeO diagram. Arrows show core to rim zoning of an 
andalusite crystal from a W-MTB granite (Peraleda), together with 
andalusite zoning in another CIZ granite – the Ponferrada granite 
(Fernández-Catuxo et al. 1995). Andalusite compositional field from 
Clarke et al. (2005) (CLK-2005) is also included.

Tab. 3 Selected representative EMP analyses of minerals from the W-MTB granites

Sample 106821 106821 106821 106814 106814 106814 106814 106809 106817 106817 106809 106810 106817

Analysis 35 36 83 4 11 24 28 55 73 58 59 96 59

Pluton Aldeanueva Peraleda Aldeanueva Peraleda Aldeanueva

Mineral Crd Crd Crd And And And Sil Sil And Sil Ap Ap Ap

SiO2 47.44 47.39 46.64 36.63 37.05 36.63 35.82 36.80 36.23 36.25 0.00 0.03 0.03

TiO2 0.00 0.00 0.00 0.00 0.11 0.15 0.05 0.00 0.07 0.01 0.00 0.00 0.00

Al2O3 33.13 33.31 33.48 62.82 62.81 64.16 64.46 62.67 64.17 63.85 0.00 0.00 0.00

FeO 9.40 9.07 8.88 0.45 0.64 0.58 0.39 0.00 0.30 0.19 0.39 0.33 0.34

MnO 0.25 0.34 0.27 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.61 0.56 0.47

MgO 6.74 7.15 6.91 0.00 0.14 0.12 0.10 0.00 0.04 0.01 0.00 0.01 0.06

CaO 0.00 0.01 0.01 0.01 0.00 0.00 0.05 0.00 0.00 0.01 53.33 53.73 56.35

Na2O 0.5 0.49 0.48 0.00 0.04 0.00 0.03 0.02 0.02 0.04 0.20 0.23 0.12

K2O 0.00 0.02 0.00 0.00 0.00 0.00 0.16 0.06 0.00 0.00 0.02 0.00 0.01

P2O5 – – – – – – – – – – 41.64 41.39 42.00

F – – – – – – – – – – 4.04 4.38 4.11

Total 97.49 97.79 96.68 100.05 100.81 101.77 101.14 99.93 100.85 100.38 100.23 100.66 101.80
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Sample 106811 106810 106805 106797 106804 106815 106816 106792 106796 106793

Pluton Peraleda N. Mata P. Arzobispo Belvís

SiO2 68.67 69.96 70.21 71.52 71.33 72.45 74.05 73.34 74.08 74.51

TiO2 0.58 0.53 0.44 0.55 0.39 0.27 0.27 0.04 0.10 0.03

Al2O3 15.69 15.41 15.47 13.71 15.11 14.38 14.29 15.17 14.87 14.85

Fe2O3 3.57 3.01 2.58 3.40 2.36 1.68 1.88 0.50 0.90 0.37

MnO 0.05 0.04 0.03 0.04 0.03 0.02 0.03 0.05 0.02 0.02

MgO 1.25 1.04 0.93 0.84 0.67 0.50 0.56 0.09 0.19 0.06

CaO 1.67 1.40 1.06 1.34 0.85 0.61 0.57 0.39 0.46 0.41

Na2O 3.47 3.08 3.04 2.57 3.07 3.07 2.98 4.11 3.77 4.30

K2O 3.84 4.56 4.79 4.63 5.43 4.75 4.61 3.84 3.96 3.68

P2O5 0.39 0.41 0.47 0.29 0.38 0.27 0.39 0.85 0.63 0.76

LOI 0.83 0.84 1.27 0.71 0.78 1.05 1.02 0.99 1.19 0.94

Total 100.00 100.30 100.30 99.62 100.40 99.29 100.70 99.37 100.20 99.92

A/CNK 1.22 1.23 1.28 1.17 1.21 1.27 1.31 1.30 1.31 1.26

Ba 496 549 441 493 474 254 243 16 63 16

Rb 270 277 255 260 263 414 393 569 459 430

Sr 177 170 126 105 94 63 49 48 97 123

Pb 24 25 30 29 33 26 27 10 18 10

Th 17.8 18.4 12.1 17.9 13.2 14.2 15.2 0.73 1.9 0.59

U 9.67 8.64 7.13 4.83 6.28 11.4 3.28 13.5 6.82 11.5

Zr 198 165 150 175 128 104 104 28 44 20

Nb 10.9 10.1 9.8 12.4 10.4 8.5 14.0 14.4 13.5 11.7

Y 19.9 17.5 15.6 22.9 15.3 9.2 13.5 2.1 7.3 2.9

Sc 7 5 5 7 5 3 4 1 2 <1

V 43 34 35 32 27 15 18 <5 <5 <5

Cr 140 80 30 30 40 30 60 <20 30 <20

Ga 26 23 22 21 20 25 25 21 21 20

Ta 1.10 1.23 1.42 1.67 1.67 1.83 2.52 4.98 5.34 5.29

Hf 5.3 4.5 4.1 5.3 3.4 3 3.3 1.4 1.6 1.3

Cs 19.4 18.6 20.6 14.5 19.3 45.9 29.2 13.7 70.6 16.9

Sn 7 7 9 9 11 34 24 34 50 23

La 43.20 37.80 26.40 35.60 26.20 19.20 21.10 1.73 4.91 1.46

Ce 100.00 85.50 60.50 83.50 60.00 48.70 53.00 3.84 11.30 3.23

Pr 11.10 9.63 6.86 9.43 6.81 5.73 6.03 0.42 1.30 0.35

Nd 44.90 39.10 27.90 37.10 27.60 23.00 23.60 1.62 5.38 1.47

Sm 7.68 7.15 5.62 7.30 5.18 5.13 5.41 0.37 1.34 0.38

Eu 0.99 0.96 0.86 0.97 0.84 0.50 0.45 0.03 0.15 0.03

Gd 5.64 5.47 4.97 5.95 4.26 3.66 4.20 0.38 1.45 0.41

Tb 0.80 0.76 0.73 0.87 0.63 0.49 0.62 0.07 0.28 0.09

Dy 4.01 3.47 3.29 4.42 3.02 2.19 2.90 0.38 1.47 0.51

Ho 0.64 0.57 0.49 0.74 0.50 0.31 0.44 0.06 0.20 0.08

Er 1.70 1.48 1.19 2.01 1.33 0.77 1.10 0.15 0.48 0.21

Tm 0.24 0.20 0.17 0.27 0.18 0.10 0.15 0.02 0.07 0.03

Yb 1.52 1.23 1.01 1.69 1.12 0.64 0.94 0.13 0.39 0.18

Lu 0.22 0.18 0.13 0.24 0.15 0.09 0.13 0.02 0.05 0.02

Tab. 4 Whole-rock major (wt. %) and trace-element (ppm) compositions of the western MTB granites
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of granitoids from the Aldeanueva Pluton (taken from 
Andonaegui and Barrera 1984) have only been included 
in Fig. 7. The MTB granites range in SiO2 from 68.3 
to 74.5 wt. %. They all plot in subalkaline fields in the 
SiO2 versus Na2O + K2O diagram and are peraluminous. 
In the A–B diagram (Debon and Le Fort 1983; modified 
by Villaseca et al. 1998b; Fig. 7) samples from the most 
felsic pluton (Belvís de Monroy) fall in the fP field, 
whereas other samples plot between the highly and 


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moderately peraluminous fields (Peraleda granites plot 
in the hP field) with a higher peraluminosity than S-type 
granites either from the eastern MTB or from the SCS. In 
variation diagrams using SiO2 (Fig. 8), the studied MTB 
granites define a nearly continuous trend of decreasing 
Fe2O3, MgO, Al2O3, TiO2, CaO values and increasing 
P2O5 contents. It is remarkable that the CaO and P2O5 
contents are lower and higher, respectively, in the western 
MTB granites when compared with S-type granites from 
central Spain (eastern MTB and SCS) (Fig. 8). This is in 
agreement with the higher peraluminosity of the western 
MTB granites and this suggests different crustal sources 
for the segmented batholith. Moreover, the Belvís leu-
cogranites show a marked perphosphorous trend, with P 
mainly hosted in feldspars, which is typical of some per-
aluminous granites of the south-western Central-Iberian 
Zone (Cabeza de Araya Batholith: Bea et al. 1992; Gata 
Plutonic Complex: Hassan Mohamud et al. 2002; Jálama 
and Alburquerque batholiths: Ramírez and Menéndez 
1999) (for locations see Fig. 1).

There are no major differences in trace-element con-
tents with respect to other S-type granite suites from cen-
tral Spain (except for slightly higher Rb contents, Fig. 8). 
The studied MTB granites define a trend of decreasing 
Ba, Sr, Zr, and, to a lesser degree, Y and HREE with 
silica concentration suggesting feldspar, biotite and ac-
cessory minerals fractionation. The lowest Ba, Sr, Cr, V, 
Sc, Zr, Hf, Y, HREE and Th contents are those observed 
in the Belvís leucogranites, which, by contrast, show 
the highest P and Rb values. The lack of increase in Th, 
Y and HREE contents with SiO2 is a feature typical of 
S-type granite suites (e.g. Villaseca et al. 1998a).

Chondrite-normalized REE patterns for the western 
MTB granites are very similar to each other without 
significant degree of REE fractionation with increasing 
SiO2 contents (Fig. 9a), although the magnitude of the 
negative Eu anomaly (expressed as the Eu/Eu* ratios) 
increases from 0.33 (biotite granites of the Navalmoral 
and Peraleda plutons) to 0.15 (Belvís leucogranites). The 
relatively flat HREE patterns of all these MTB granites, 
with (Gd/Yb)N values in the range of 4.6 to 1.8, suggest 
an absence of garnet in the source and, therefore, middle 
crustal levels of partial melting. This feature is common 
to many strongly peraluminous granites (e.g. Rossi et 
al. 2002).

Multi-element patterns for the different MTB granites 
normalized by Bulk Continental Crust vary between 
flat crust-like compositions (biotite granites) and more 
spiky and depleted behaviour (leucogranites) (Fig. 9b). 
These patterns are very similar to the Lachlan Fold Belt 
cordierite-bearing S-type granites and to the Himalayan 
leucogranites, respectively (Kemp and Hawkesworth 
2003). In addition, differences appear between individual 
leucogranite types (the Belvís leucogranites are much 

more fractionated and markedly richer in phosphorous 
and depleted in lead than Himalayan types).

6.2 Sr-Nd-Pb isotopes

The Sr and Nd isotopic ratios were corrected to a rep-
resentative Variscan age of 300 Ma. Analysed granites 
from the western MTB show a large variation in initial 
87Sr/86Sr ratios (0.7060 to 0.7133) whereas initial εNd 
values are much less variable between –5.0 and –5.9 
(Tab. 5; Fig. 10). The granites from the eastern MTB 
show slightly lower εNd values, from –5.7 to –6.6, similar 
to values for the SCS S-type granites (Villaseca et al. 
1998a) (Fig. 10). The only Sr-Nd isotopic data for other 
perphosphorous granites intruding the Schist–Greywacke 
Formation are those from the Alburquerque Batholith, 
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Tab. 5 Sr and Nd isotope data and concentrations (ppm) of the W-MTB granites

Sample Pluton Rb Sr 87Rb/86Sr 87Sr/86Sr (87Sr/86Sr)300 Sm Nd Sm/Nd 147Sm/144Nd 143Nd/144Nd ε(Nd)300

106792

Belvís

569 48 34.808 0.856018 ± 06 0.707421 0.37 1.62 0.2284

106793 430 123 10.171 0.760438 ± 05 0.717019 0.38 1.47 0.2585

106796 459 97 13.788 0.776847 ± 05 0.717983 1.34 5.38 0.2491 0.1506 0.512266 ± 04 -5.49

106797
N. Mata

260 105 7.189 0.739902 ± 06 0.709209 7.30 37.10 0.1968 0.1189 0.512212 ± 03 -5.34

106804 263 94 8.129 0.747152 ± 04 0.712447 5.18 27.60 0.1877 0.1135 0.512191 ± 03 -5.53

106805

Peraleda

255 126 5.873 0.735012 ± 05 0.709939 5.62 27.90 0.2014 0.1218 0.512221 ± 03 -5.27

106810 277 170 4.726 0.729482 ± 05 0.709306 7.15 39.10 0.1829 0.1105 0.512205 ± 03 -5.15

106811 270 177 4.424 0.727392 ± 06 0.708507 7.68 44.90 0.1710 0.1034 0.512201 ± 03 -4.95

106815
P. Arzobispo

414 63 19.183 0.795180 ± 06 0.713288 5.13 23.00 0.2230 0.1348 0.512212 ± 03 -5.94

106816 393 49 23.437 0.806042 ± 05 0.705988 5.41 23.60 0.2292 0.1386 0.512229 ± 03 -5.75

Uncertainties for the 87Sr/86Sr and 143Nd/144Nd ratios are 2 sigma errors in the last two digits.

which have even higher initial εNd values (–3.4 to –5.2; 
Menéndez and Bea 2004). 

Metasediments from the Neoproterozoic Schist-
Greywacke Formation (SGF) have significantly higher 
εNd values when compared to other metasedimentary 
sequences in the Central Iberian Zone (Beetsma 1995; 
Rodríguez-Alonso et al. 2004). For example, metasedi-
ments from the SCS have εNd values mainly from –9.1 to 
–12.5 at 300 Ma (Villaseca et al. 1998a) whereas those 
from the SGF have εNd mainly in the range of –3.9 to –5.2 
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(Beetsma 1995; Ugidos et al. 1997), which is much closer 
to reported values for western MTB granites (Fig. 10).

The only Pb isotopic analysis of a granite from the 
western MTB segment obtained in course of the present 
study (Tab. 6) shows the lowest isotopic ratios when com-
pared to other peraluminous S-type granites from adja-
cent areas (Fig. 11). These low Pb isotopic ratios overlap 
with the field of outcropping metamorphic rocks from 
the CIZ, and are in contrast to the peraluminous granites 
from the SCS or from eastern MTB, which display ra-
diogenic values more alike meta-igneous granulites from 
lower crustal levels to which they have been genetically 
related (Villaseca et al. 1999, 2007).

7. Discussion

7.1 Conditions for magmatic andalusite-silli-
manite crystallization 

The coexistence of andalusite and sillimanite in igne-
ous felsic rocks is relatively uncommon and their origin 
remains controversial (e.g. Clarke et al. 2005). In some 
cases sillimanite is older than andalusite and the latter 
forms as crystallization proceeds during cooling (e.g. 
Macusani rhyolites, Pichavant et al. 1988) or as a con-
sequence of nucleation around residual (xenolithic) silli-
manite (D’Amico et al. 1981). However, as described for 
the studied MTB granites, it is more common to find the 
formation of sillimanite from andalusite. This polymor-
phic transformation has been interpreted in a number of 
ways: i) increasing temperature during progressive partial 
melting (e.g. Himalayan granites, Visonà and Lombardo 
2002), ii) thermal metamorphism induced by younger 
granitic intrusions (e.g. Barrera et al. 1985), or iii) post-
magmatic hydrothermal fibrolitic sillimanite transforma-
tion (e.g. Hassan Mohamud et al. 2002). Neither of these 
interpretations can be applied to the MTB granites. They 
are isolated plutonic massifs in which andalusite–sil-
limanite transformation appears in many samples within 
the pluton and it is unrelated to secondary processes 
or thermally metamorphosed areas. A late magmatic 
origin for both aluminium silicates is suggested by their 
euhedral appearance, chemical zoning and wide regional 

distribution, although unequivo-
cal textural and chemical criteria 
to determine their origin are not 
straightforward (e.g. Clarke et al. 
2005). However, these authors 
stated that chemical equilibrium 
with other granite minerals (e.g. 
biotite, muscovite) should rein-
force the magmatic origin of alu-
minium silicates. In this respect, 

the correlation of TiO2 and FeO + MgO contents with 
similar slopes of the tie lines between coexisting mica 
pairs suggests attainment of chemical equilibrium. The 
magmatic origin of muscovite is also consistent with the 
high Na/(Na + K) ratios and projection in the Mg-Ti-
Na diagram (Miller et al. 1981), shown by most of the 
analyzed muscovites (Fig. 4b), including the crystals 
surrounding andalusite.

Minor chemical impurities in andalusite structure en-
large its stability field towards higher temperatures (Ker-
rich and Speer 1988). Incorporation of Fe, Ti, Mg and Mn 
is higher in andalusite than in sillimanite which suggests 
a divariant rather than univariant equilibrium between 
both polymorphs (see also Kerrich 1990). Calculated Kd 
values (Xsil

Al2SiO5/X
and

Al2SiO5) in coexisting andalusite and 
sillimanite in the MTB granites are in the range of 1.00 to 
1.02, which points to a shift of their equilibrium boundary 
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Tab. 6 Pb isotope data for S-type granites from central Spain

Sample Pluton Material U Th Pb 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

106804 N. Mata (W-MTB) Kfsp 18.180 15.630 38.269

80910 Mora (E-MTB) whole 
rock 2.92 10 24  18.857*  15.637*  38.715*

95916 Alpedrete (SCS) Kfsp 18.393 15.688 38.513

Y-82 Hoyo Manz. (SCS) Kfsp 18.345 15.674 38.465

* Whole-rock data calculated at 300 Ma. Trace element contents in ppm.
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by 50 ºC upward (Kerrich 1990 drew this isopleth close 
to the Pattison 1992 equilibria) (Fig. 12). Moreover, the 
frequently observed andalusite chemical zoning towards 
rims poorer in minor elements indicates lowering of Kd 
values as crystallization proceeds (see also Fernández-
Catuxo et al. 1995). The incorporation of Fe, Ti and Mg 
in andalusite and their progressive decrease in the felsic 
granitic magma, close to solidus conditions, makes an-
dalusite unstable and sillimanite precipitates instead, or 
in combination with magmatic muscovite, depending on 
the water activity during crystallization. Thus, the transi-
tion from andalusite to sillimanite could be explained by 
changing local chemical conditions in residual granite 
melts rather than involving significant changes or rever-
sals in magmatic P-T conditions.

The possible equilibrium between andalusite–silli-
manite and muscovite is rather restricted in a P-T	space 
(Fig. 12). This was discussed by D’Amico et al. (1981) 
who suggested that a deviation from the muscovite ideal 
formula (due to Ti-F-Na substitutions) would enlarge its 
stability field towards slightly lower P	 conditions (M’ 
curve in Fig. 12). The restricted P-T locus for late-mag-
matic crystallization of the proposed mineral assemblage 
in the western MTB granites remains around 2–3 kbar 
and 650–700 ºC.

7.2 Granite sources

The high peraluminosity of the western MTB granites 
and their remarkably low CaO contents when compared 
to the closely related S-type granites from the eastern 
MTB or the SCS suggest a major contribution from 
a metapelitic source (Chappell et al. 1991). This is in 
agreement with the suggestion of Sylvester (1998) who 
stated that S-type peraluminous melts derived from 
pelites have lower CaO/Na2O ratios (< 0.3) than melts 
produced from clay-poor (greywackeous) sources. The 
western MTB granites show CaO/Na2O ratios between 
0.19 and 0.52 (except for the Belvís leucogranites which 
are fractionated magmas), and this suggests mixed 
pelitic–greywackeous sources. 

The high phosphorous content of the studied granites 
could be a consequence of their high peraluminosity as 
apatite dissolves more in such melts (Bea et al. 1992; 
Pichavant et al., 1992; Wolf and London 1994) or, alter-
natively, it can reflect inheritance from a P-rich source. 
Crustal sources with the highest phosphorous enrichments 
are pelitic shales (e.g. Gromet et al. 1984). The initially 
high phosphorous contents of metapelitic protoliths are 
reflected in the granitic melts that they produce, because 
phosphorous is more soluble in peraluminous composi-
tions. The early crystallization of plagioclase, which 
removes calcium that would consume phosphorous in the 

form of apatite, contributes to a perphosphorous granite 
trend (London 2008). 

Most of the P-rich granites of the CIZ are confined to 
the region where the Schist–Greywacke Formation occurs 
(Albalá, Alburquerque, Cabeza de Araya, Gata, Jálama, 
Trujillo, the western MTB) (Fig. 1). At the same time, 
the SGF is the CIZ metasedimentary formation richest 
in dispersed phosphate nodules and shows elevated P 
levels (IGME, 1989; Rodríguez-Alonso et al. 2004). 
Other isolated P-rich plutons in the CIZ include the Pe-
drobernardo Pluton from the SCS described as a classical 
perphosphorous granite (Bea et al. 1994) and similar bod-
ies were studied in central Portugal (Neiva 1998). In the 
Tormes Dome area a large P-rich leucogranite batholith 
also occurs (López Plaza and López Moro 2003) but the 
more fractionated leucogranites show neither a marked 
perphosphorous trend nor any associated P-rich pegma-
tite fields as in the southern areas of the CIZ (e.g. P-rich 
granite pegmatites emplaced in the Pedroso de Acim and 
El Trasquilón granite cupolas, Gallego 1992; and also in 
the Alburqerque and Belvís de Monroy plutons: London 
et al. 1999; IGME 1983, respectively) (see Fig. 1 for 
locations). According to the current data, the strongly 
peraluminous granites of the southern half of the CIZ 
form the main P-rich pluton concentration in the whole 
Iberian Variscan Belt. 

Isotope geochemistry of western MTB granites is con-
sistent with a metasedimentary derivation from Neopro-
terozoic SGF rocks. The initial Nd ratios of the western 
MTB granites are similar to the isotopic ratios shown 
by mixed pelitic, greywackeous and metavolcaniclastic 
sources from the SGF (Fig. 10). The scarce Pb isotope 
data for the SGF metasediments (Beetsma 1995), and 
their age-corrected Pb isotope ratios (to 300 Ma: 206Pb/
204Pb = 18.28, 207Pb/204Pb = 15.63, 208Pb/204Pb = 38.26) are 
close to those obtained for the western MTB granite (Fig. 
11). Isotopic data for Lower Palaeozoic felsic meta-igne-
ous formations in the SCS (metavolcanics and metagra-
nitic augen gneisses: Villaseca et al. 1998a; Castro et al. 
1999 and references therein) have been also included in 
Fig. 10 for comparison, but their compositional field does 
not overlap with most of the studied W-MTB granites. 
Moreover, the absence of these meta-igneous formations 
in the southern part of the Central Iberian Zone makes the 
presence of meta-igneous rocks at depth difficult to imag-
ine, especially when considering the eastern vergency of 
the whole SG metamorphic area (Fig. 1).

In Fig. 7 the compositional data of experimental melts 
derived from pelite–greywacke mixtures of the SGF 
(Fernández et al. 2008) are shown. Most of the biotite 
granites (Peraleda, N. Mata and Aldeanueva samples) 
have composition close to melts in low temperature 
experiments (1000–1100 ºC) or produced at low melt 
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fractions. By contrast, the more mafic granodiorites 
from Aldeanueva Pluton plot near the high-temperature 
experimental melts (1200 ºC) (Fig. 7). As such extremely 
high-T conditions are difficult to attain in continental 
collision areas, an alternative is that granodiorites, rich 
in surmicaceous and restitic enclaves, can contain a sig-
nificant fraction of residual metasedimentary material. In 
any case, geochemical signatures of the studied W-MTB 
granites agree with their derivation by melting of SGF 
sources at crustal depths. 

Most of the previous works on these P-rich plutons 
also support granite derivation from pelitic or pelitic-
greywackeous sources (Ramírez and Menéndez 1999; 
Menéndez and Bea 2004). Nevertheless, more recent 
studies suggest that mafic mantle-derived materials par-
ticipated in the genesis of some of these plutons (e.g. 
the Cabeza de Araya Pluton – Castro and Corretgé 2002; 
García-Moreno et al. 2007), because the most mafic gran-
ite facies are less aluminous in composition and enclose 
hybrid mafic microgranular enclaves. In the studied W-
MTB granites the more mafic granites are, however, more 
peraluminous, plotting in the hP fields of Villaseca et al. 
(1998b) (Fig. 7), thus supporting that metasedimentary 
sources were mainly involved in their origin.

7.3 A segmented peraluminous granite 
batholith

The MTB is a large peraluminous batholith which shows 
two contrasting S-type granites. The western segment 
includes the most peraluminous plutons with markedly 
higher P contents giving rise to strongly fractionated 
perphosphorous granites. The eastern segment of the 
MTB is built by peraluminous granites very close in 
composition to those of the SCS (Villaseca et al. 1998a) 
(Figs 7, 8 and 10). 

The major differences in isotopic composition be-
tween the granites of the MTB are related to Nd and 
Pb ratios (Figs 10 and 11). The slightly higher initial 
Nd and the lower 206Pb/204Pb ratios in the western MTB 
granites suggest mainly metasedimentary sources, prob-
ably similar to the SGF, which presumably contains a 
greater proportion of juvenile magmatic components 
(Ugidos et al. 1997; Rodriguez-Alonso et al. 2004). On 
the contrary, the eastern MTB granites are closer in iso-
topic composition to meta-igneous granulites of lower 
crustal derivation, as stated in previous works (Villaseca 
et al. 1998a, 1999). However, this discussion should be 
considered as preliminary because the current isotopic 
Pb data are very scarce and the SGF and E-MTB (Mora-
Ventas granite) samples were analyzed as whole-rock 
aliquots, which yield less accurate age-corrected ratios. 
Further analytical work is needed to constrain the iso-

topic composition of the MTB granites and associated 
metamorphic country rocks.

We propose that distinct crustal sources may have 
been involved in the origin of the peraluminous MTB and 
this implies that the S-type assignment is weakened. The 
combined use of chemical diagrams showing different 
peraluminosity and perphosphorous degrees could con-
tribute to discrimination of different parental materials 
in the genesis of peraluminous granites (Fig. 13). In the 
A–B diagram the western MTB granites spread from hP 
towards fP fields. On the other hand, the eastern MTB 
granites plot mostly in the mP and fP fields, but close to 
the proposed I–S boundary line of Villaseca et al. (1998b) 
(Fig. 7). The more mafic granites of the western MTB 
show a higher peraluminosity indicating more pelitic 
metasedimentary contribution, or alternatively, a higher 
melt fraction. In contrast, peraluminous granites with 
clear negative trends in the A–B plot suggest meta-igne-
ous derivation or mixed crustal-mantle sources (Villaseca 
et al. 1998b). 
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Fig. 13 – A/CNK (molar Al2O3/(CaO + Na2O + K2O)) vs P2O5 (in wt. %) 
of the CIZ granitic rocks. The three discriminant fields are: i) I-type 
granites from the SCS (Villaseca et al. 1998a), ii) S-type granites from 
the SCS and E-MTB (Andonaegui 1990; Villaseca et al. 1998a), iii) S-
type P-rich granites from W-MTB. Field of experimental solubility of 
P2O5 in low-Ca peraluminous melts after Wolf and London (1994).

The MTB data demonstrate that there are different 
series of S-type granites. In this respect, the similarity 
in P enrichment of these peraluminous granites with the 
experimental solubility of P2O5 as a function of the alu-
mina saturation index of the melt (Fig. 13) supports the 
distinction of perphosphorous S-type granite series as the 
one that has other sinks for phosphate in the fractionation 
sequence (e.g. feldspars, Wolf and London 1994).
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The western MTB granites intruded into the SGF re-
gion whereas eastern plutons are more allochthonous, and 
penetrated the Lower Palaeozoic series. The Mora-Ventas 
Batholith (E-MTB) intruded along the Toledo listric fault 
(Fig. 1), a late Variscan E–W shear band which gave 
rise to a core complex-like structure, separating a large 
anatectic complex to the north (the ACT, Barbero and 
Villaseca 1992) from epizonal metamorphic series to the 
south. The ACT metasedimentary series displays the same 
geochemical signature as the SCS Neoproterozoic series 
(Villaseca et al. 1998a). Furthermore, the late-Variscan 
Toledo shear band is coincident with the general E–W 
granitic array of the MTB, suggesting tectonic control of 
granite generation and emplacement within the Montes 
de Toledo region. Shallower metasedimentary sources 
played a role in the genesis of granites of the western 
MTB, whereas deeper meta-igneous lithotypes (lower 
crustal felsic granulites) could have been involved in the 
granite genesis of its eastern segment. Still, an evidence 
for a minor contribution of some mantle-derived mafic 
magmas can be postulated (presence of mafic bodies 
smaller than 20 m in length, and conspicuous mafic mi-
crogranular enclaves within the Mora-Ventas granites; 
Andonaegui 1990). The change from a ductile to brittle 
E–W faulting, from east to west across the MTB is per-
ceptible, but the tectonic control and the main mecha-
nism triggering partial melting and giving rise to this 
segmented batholith remains to be evaluated.
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The Brno Batholith, a part of the larger Brunovistulian Unit, consists of three genetically independent complexes 
– Western Granitoid Complex (part of the Thaya Terrane), Ophiolite Belt (formerly Metabasite Zone or Central Basic 
Belt), and Eastern Granitoid Complex (part of the Slavkov Terrane). The field with geochronological evidence indicate 
younger age of both granitoid complexes compared with the ophiolite. 
The composition of the Eastern	Granitoid	Complex (not newly studied in this paper) points to a relatively primitive 
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A-type affinity are characteristic of the Hlína suite. Equivalents of all three suits were recognized in the northern part of 
the Dyje Batholith, which represents the direct continuation of the western branch of the Brno Batholith. 
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1. Introduction

The aim of this paper is new petrologic characterization 
and geological interpretation of the Brno Batholith. This 
paper deals mainly with mafic rocks from the Metabasite 
Zone, and granites from the Western Granitoid. The po-
sition of Brno Batholith in the Brunovistulian Complex 
Unit as well as its relation to the southern Dyje Massif, 
and magmatic evolution of the whole Brunovistulicum 
are discussed.

The easternmost margin of the Bohemian Massif on 
the Austrian, Czech, and Polish territories, approximately 
between the Danube and the Odra rivers, is built up of 
a complex of metamorphic and magmatic rocks called 
Brunovistulicum by Dudek (1980) or the Brunovistulian 
Complex by Jelínek and Dudek (1993). The most impor-
tant outcrops of Brunovistulicum are the Dyje (Thaya) 
Batholith (Finger et al. 1995, 2000a) or Dyje Massif in 
the Czech literature (e.g. Štelcl and Weiss 1986), between 
Krems and Znojmo at the Czech–Austrian border; the 
Brno Batholith (Leichmann 1996; Hanžl and Melichar 
1997; Kalvoda et al. 2008), or Brno Massif (Štelcl and 

Weiss 1986) in the vicinity of Brno (Fig. 1); and the 
Desná Gneiss (Fišera and Patočka 1989) in the Jeseníky 
Mountains (N Moravia). The term ‘batholith’ is preferred 
here, as the term ‘massif’ has not been used in the Eng-
lish publications for large granitic bodies recently (see 
Best and Christiansen 2001). The eastern part of the 
Brunovistulicum, which was not reactivated during the 
Variscan orogeny, acted as a stable foreland for both the 
Variscan and the Alpine fold belts. In the west, the Mora-
vicum as the western Variscan mobile part was thrust 
onto non-mobilized part of the Brunovistulicum, and in 
turn concealed under the Moldanubian nappes. In the 
East, the Brunovistulicum, together with its sedimentary 
cover, is covered by the Carpathian nappes. The buried 
eastern part is known from deep drillings, and was de-
scribed by Dirnhofer (1996) with Riegler (2000) in Aus-
tria, Jelínek and Dudek (1993) with Finger et al. (2000a) 
in the Czech Republic, and by Żelaźniewicz et al. (1997, 
2001 and citations therein) in Poland. The Brunovistuli-
cum consists of low- to high-grade metamorphic rocks 
(Höck 1975; Dudek 1980; Štelcl and Weiss 1986; Finger 
et al 2000a) and several types of magmatic rocks, rang-



Jaromír Leichmann, Volker höck

282

ing from ultramafic to very acid rhyolites (Leichmann 
1996). Jelínek and Dudek (1993) interpreted the whole 
magmatic Brunovistulian assembly, based mostly on the 
geochemical data from the covered part of this unit, as 
being comagmatic. The most widespread, well-preserved, 
and remarkable surface exposure of the Brunovistulian 
Complex is the Brno Batholith. A comparison with the 
other exposed and covered parts of Brunovistulicum 
shows that the composition and architecture in the Brno 
Batholith is of crucial importance for the whole of Bru-
novistulicum and its correct interpretation.

2. Geological setting 

The Brno Batholith exhibits a complex internal structure 
and evolutionary history. It extends over 70 km in the S–
N direction between Miroslav in the South and Boskovice 
in the North. Brno is situated in central part towards the 
E (Fig. 2). In the West the Brno Batholith is off cut by 
the eastern marginal fault of the Boskovice Furrow. In 
the East it is covered partly by Tertiary and Quaternary, 
and partly in contact with Devonian and Carboniferous 
sediments. It can be subdivided into three parts (com-
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plexes) separated by steep boundaries (Štelcl and Weiss 
1986, Fig. 2). The Western Granitoid Complex consists 
of granites, granodiorites, and diorites, which intruded 
highly metamorphosed gneisses, amphibolites, and calc 
silicates schists. The central part, Metabasite Zone in the 
older Czech literature, is chiefly an assemblage of mafic 
plutonic and volcanic rocks; and the Eastern Granitoid 
Complex is built by granodiorites, tonalites, and quartz 
diorites. The Metabasite Zone is cut by granitoids of the 

both complexes (Leichmann 1996). The primary intrusion 
contacts were strongly tectonically overprinted mainly 
during the Variscan orogeny (Melichar 1995). 

Age dating confirms the observed relation between 
these units. Finger et al. (2000b) reported a Pb-Pb zircon 
evaporation age of 725 ± 15 Ma from rhyolites crosscut-
ting the metabasalts of the Metabasite Zone, indicating a 
minimum age of this presumed ophiolite complex. This 
age contrasts with these reported from granitoids of the 
western and eastern complexes. Several geochronological 
data were reported from both granitoid complexes. An 
40Ar/39Ar amphibole dating from the eastern part yielded 
an age of 596.1 ± 2.1 Ma (Dallmeyer et al. 1994). From 
the western part are known two ages for the diorites; a U-
Pb zircon age of 584 ± 5 Ma (van Breemen et al. 1982) is 
very close to an 40Ar/39Ar age determination on amphibole 
of 586.9 ± 0.5 Ma (Dallmeyer et al. 1994). 

In the following chapters we will concentrate on the 
Metabasite Zone and the granites of the Western Granit-
oid Complex. Regarding the Eastern Granitoid Complex 
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we will refer only to published data (Štelcl and Weiss 
1986; Jelínek and Dudek 1993; Hanžl 1994; Hanžl and 
Melichar 1997; Finger et al. 2000a).

3. Methods

Whole-rock major-element and mineral analyses were 
carried out by means of an electron microprobe (EMP, 
type JEOL 8600, at University of Salzburg). The glass 
pellets (for EMP) and polished thin-sections were mea-
sured at 15 kV and 50 nA. Glass pellets were prepared 
from melted rocks with addition of lithium borate; five 
points were measured on each pellet. Major elements 
were corrected according to the ZAF method. 

Trace elements were determined on powder pellets 
using Philips PW 1400 XRF (University of Salzburg) 
at 45kV/60 mA. Zircons were separated according to 
the method described by Frasl (1963), their morphol-
ogy was evaluated according to Pupin (1980). The REE 
were determined at the Acme Chemical Laboratories Ltd, 
Vancouver, by ICP-MS. See http://www.acmelab.com for 
analytical details.

4. Results

4.1. metabasite Zone

The Metabasite Zone (Štelcl and Weiss 1986) or Central 
Basic Belt (Finger et al. 2000a) is situated between the 
two granitoid parts, and constitutes a 27 km long and 
maximally 8 km wide belt. This zone is divided, based 
on the lithology, in two sequences – (a) plutonic and 
(b) volcanic. The former consists of four rock types (ul-
tramafic rocks, amphibole-bearing diorites, gabbros, and 
trondhjemites – Leichmann 1994), and the later of two 
rock assemblages – basalts and bimodal association of 
dolerites with rhyolites. 

The whole complex dips to the east. Therefore the plu-
tonic rocks crop out preferentially in the West, while the 
volcanic sequence is found in the East, of the Metabasite 
Zone. The Zone is marked by a distinct positive gravity 
anomaly (Geofyzika 2000).

Apart from the rock types listed above, younger dis-
cordant intrusions of fine-grained granites to rhyolites 
belonging of the granitoid complexes, Silurian basaltic 
(Přichystal 1999), and Variscan lamprophyric dykes 
(Šmejkal 1964), were mapped in this belt. 

4.1.1. Plutonic sequence

The ultramafic rocks form small – max. 50 m thick and 
400 m long – elongated lenses and layers in the gabbros 

and diorites. Their present-day mineralogy is of metamor-
phic origin. The ultramafic rocks are not homogenous; 
several types could be distinguished based on their mine-
ralogical and chemical compositions (Sulovský 1975; 
Gregerová 1982; Leichmann 1996). The rocks could be 
classified, based on CIPW normative compositions, as 
dunites and harzburgites consisting mainly of serpentine, 
talk, chlorite and iron oxides, whereas green amphibole, 
chlorite, and iron oxides are major components in the 
olivine websterites.

Diorites and gabbros are the most widespread rocks 
in the plutonic sequence. Diorites strongly prevail over 
gabbros. Cumulate- as well as pegmatite-like structures 
(with up to 12 cm long amphiboles) are observed within 
the gabbros, partly alternating with layers of former 
websterites. 

The modal composition with variably zoned pla-
gioclase (Tab. 1), amphibole (Tab. 2, Fig. 3), zoisite, 
chlorite, epidote, carbonate, white mica, Fe/Ti oxides, 
and rarely quartz imply a complex metamorphic over-
printing (see below for details). Due to the metamorphic 
overprinting, the original composition of plagioclases, 
necessary to distinguish between gabbros and diorites, 
is only rarely preserved. Tentatively we used instead the 
whole-rock geochemistry (Tab. 3). Two groups can be 
distinguished: one with higher SiO2 (51–53 wt. %) and 
low MgO (~5 %), and another more basic (SiO2 ~ 49 %) 
with high MgO (~20 %) corresponding by their norma-
tive Ab/An ratios to diorites and gabbros, respectively. 
Low concentrations of HFSE (TiO2 = 0.72–0.84 wt. %; 
Zr = 7–24 ppm; Nb = 3–4 ppm and Y = 8–11 ppm), as 
well as of LILE (Rb = 13–19 ppm; Sr = 438–558 ppm 
and Ba = 95–106) are typical of both diorites and gab-
bros. However, the concentrations of LILE, mainly Rb, 
as well as K (0.44–0.69 wt. % K2O) might be elevated 
as a consequence of the later alteration (sericitization) 
of plagioclases. 

Trondhjemites (Baker 1979) crop out at the bound-
ary between the plutonic and volcanic sequences. They 
consist of plagioclase (52–66 vol. %), ranging from 
An1 at the rims to the An30 in the cores (Tab. 1; points 
26–29), quartz (25–43 vol. %), relics of clinopyroxene, 
rarely K-feldspar (less than 1 %), secondary white mica, 
and chlorite (up to 9 %). The younger albite and white 
mica replace the original oscillatory-zoned plagioclase 
almost entirely. The clinopyroxene is nearly completely 
replaced by chlorite and Fe–Ti oxides. The chemical 
composition (Tab. 3), with high SiO2 (72.8–74.5 wt. %), 
Na2O (4.4–4.5 %), and low CaO (0.95–1.5 %), with 
FeOtot (1.4–2 %) is in accord with their mineralogy. The 
unusually high concentration of K2O (0.83–1.3 %), not 
typical of trondhjemites, is caused by later sericitization 
of plagioclase. Table 4 (analyses 7–10) shows four EMP 
analyses of the fine-grained muscovites replacing the 
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Tab. 1 Electron microprobe analyses from plagioclase (wt. % and apfu based on 8 O)

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SiO2 57.69 62.11 60.54 66.88 64.87 62.99 62.25 67.63 55.53 55.68 58.20 57.53 68.19 67.79 66.56
Al2O3 26.01 23.46 24.09 20.48 21.86 23.16 23. 19.68 28.06 27.96 26.19 26.99 19.61 19.60 19.99
FeO 0.00 0.00 0.10 0.16 0.00 0.00 0.00 0.06 0.07 0.00 0.06 0.12 0.00 0.14 0.07
CaO 8.17 4.74 4.93 1.18 2.81 4.45 4.93 0.60 10.38 10.20 8.26 8.82 0.14 0.30 0.88
Na2O 6.58 8.70 7.94 10.47 9.85 8.69 8.61 11.18 5.66 5.83 6.82 6.49 11.35 11.05 10.82
K2O 0.23 0.13 0.35 0.40 0.07 0.14 0.25 0.12 0.09 0.10 0.12 0.12 0.09 0.09 0.11
Total 98.68 99.14 97.95 99.57 99.46 99.43 99.52 99.27 99.79 100.07 99.65 100.08 99.38 98.97 98.43
Si 2.613 2.771 2.737 2.994 2.867 2.796 2.770 2.978 2.504 2.516 2.612 2.575 2.993 2.989 2.958
Al 1.388 1.234 1.284 1.062 1.139 1.212 1.231 1.021 1.491 1.481 1.385 1.424 1.014 1.019 1.047
Ca 0.396 0.277 0.239 0.056 0.133 0.212 0.235 0.028 0.502 0.491 0.397 0.423 0.007 0.014 0.042
Na 0.578 0.753 0.696 0.893 0.844 0.748 0.743 0.955 0.495 0.508 0.593 0.563 0.966 0.945 0.932
K 0.013 0.007 0.020 0.022 0.004 0.008 0.014 0.007 0.005 0.006 0.007 0.007 0.005 0.005 0.006
An 0.401 0.230 0.250 0.057 0.136 0.219 0.237 0.029 0.501 0.489 0.398 0.426 0.007 0.015 0.043
Ab 0.585 0.763 0.729 0.920 0.860 0.773 0.749 0.965 0.494 0.505 0.595 0.567 0.988 0.980 0.951
Or 0.013 0.008 0.021 0.023 0.004 0.008 0.014 0.007 0.005 0.006 0.007 0.007 0.005 0.005 0.006

Sample 16 17 18 19 20 21 22 23 24 25 26 27 28 29
SiO2 66.19 63.90 64.30 65.40 65.40 50.45 49.72 65.42 61.77 59.67 60.43 60.62 68.87 68.10
Al2O3 21.14 21.80 22 20.70 21 30.77 31.58 21.51 24.36 25.39 24.08 24.40 19.39 19.35
FeO 0.15 0.06 0.08 0.00 0.00 0.27 0.12 0.09 0.07 0.00 0.13 0.13 0.00 0.00
CaO 1.69 3.04 3.06 1.73 2.20 14.32 14.65 2.58 3.78 7.39 6.22 6.14 0.08 0.18
Na2O 10.06 9.40 9.80 10.40 10.10 3.65 3.22 10.16 8.40 7.40 7.99 7.83 11.64 11.43
K2O 0.41 0.40 0.29 0.12 0.06 0.04 0 0.08 0.94 0.06 0.24 0.31 0.05 0.07
Total 99.64 98.60 99.53 98.35 98.76 99.51 99.29 99.84 99.31 99.89 99.09 99.44 100.00 99.13
Si 2.914 2.856 2.849 2.916 2.905 2.314 2.283 2.882 2.754 2.662 2.715 2.711 3.004 2.998
Al 1.097 1.148 1.149 1.088 1.099 1.663 1.709 1.117 1.280 1.335 1.275 1.286 0.997 1.004
Ca 0.080 0.146 0.145 0.083 0.105 0.704 0.721 0.122 0.180 0.353 0.299 0.294 0.004 0.009
Na 0.859 0.814 0.842 0.899 0.870 0.325 0.287 0.868 0.726 0.640 0.696 0.679 0.985 0.975
K 0.023 0.023 0.016 0.007 0.003 0.003 0 0.004 0.054 0.004 0.014 0.018 0.003 0.004
An 0.083 0.148 0.145 0.084 0.107 0.683 0.715 0.122 0.188 0.354 0.297 0.297 0.004 0.009
Ab 0.893 0.829 0.839 0.909 0.889 0.315 0.285 0.873 0.756 0.642 0.690 0.685 0.994 0.987
Or 0.024 0.023 0.016 0.007 0.003 0.002 0 0.005 0.056 0.004 0.014 0.018 0.003 0.004

Nr. 1–4; J/10/93 amphibole-biotite granodiorite (Rena suite): 1 core; 2 medium zone; 3 rim; 4 albitic rim
Nr. 5–8; J/5/93 fine-grained, grey biotite granodiorite (Tetčice suite): 5 altered core; 6–7 medium zone; 8 albitic rim
Nr. 9–12; J/14b/93 biotite-amphibole diorites: 9–10 core; 11–12 rim
Nr. 13–16; J/23/93 red granites (Tetčice suite): 13–14 albite appearing together with white mica; 15–16 irregular layers of slightly more calcic 
albite in previous type 
Nr. 17–20; J/21/93 garnet-bearing leucogranites: 17–18 core; 19–20 rim
Nr. 21–25; diorites, plutonic complex (Ophiolite Belt): 21–22 core; 23–24 rim; 25 transition core–rim
Nr. 26–29; trondhjemites, plutonic complex (Ophiolite Belt): 26–27 core; 28–29 rim

plagioclase. They are rich in K2O (10.3–10.4 wt. %) and 
Al2O3 (31–31.6 %), but poor in CaO (max. 0.08 wt. %) 
and Na2O (up to 0.20 wt. %). As the later crystallization 
of white mica is affecting the whole area, the potassium 
enrichment is probably a secondary feature, possibly con-
nected to the intrusion of younger granites. Apart from 
disturbed K contents, the low concentrations of LILE (Rb 
= 15–25 ppm, Sr = 264–295 ppm), as well as those of the 

HFSE (Nb = 5–7 ppm, Zr = 80–295 ppm, Y = 9–10 ppm, 
Ti = 840–1619 ppm, Tab. 3) are noticeable.

4.1.2. Volcanic sequence

In the volcanic sequence were recognized dolerites, pillow 
lavas, massive lava flows as well as tuffs. Petrological and 
geochemical studies indicate a bimodal volcanism. 
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Tab. 2 Electron microprobe analyses from amphibole (wt. % and apfu based on 23 O)

Sample 1 2 3 4 5 6 7 8 9 10 11
SiO2 43.81 44.40 41.89 42.68 53.40 54.84 48.99 46.38 49.58 51.31 54.16
TiO2 1.11 1.47 0.37 0.32 0.11 0.10 0.86 0.25 0.24 0.74 0.83
Al2O3 9.69 9.28 13.98 13.72 2.15 1.38 6.15 8.85 5.13 4.10 2.05
Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.22 0.28
FeO 18.43 18.77 17.50 17.41 12.30 10.97 14.15 18.27 17.41 14.59 10.66
MnO 0.36 0.34 0.32 0.35 0.21 0.24 0.26 0.27 0.36 0.32 0.25
MgO 9.54 9.44 8.71 8.91 15.70 16.98 13.19 9.79 11.64 13.70 16.56
CaO 11.99 11.77 11.30 11.82 12.51 12.45 11.92 11.90 12.30 12.32 12.78
Na2O 0.89 1.04 1.25 1.17 0.15 0.12 0.51 0.83 0.56 0.41 0.18
K2O 0.76 0.74 0.24 0.28 n.d. n.d. 0.25 0.20 0.17 0.08 0.03
Total 96.57 97.24 95.56 96.67 96.53 97.08 96.27 96.57 97.39 97.78 97.77
Si 6.693 6.737 6.406 6.449 7.765 7.862 7.256 6.991 7.374 7.480 7.726
AlIV 1.307 1.263 1.594 1.551 0.235 0.138 0.744 1.009 0.626 0.520 0.274
AlVI 0.438 0.397 0.925 0.892 0.133 0.096 0.329 0.564 0.273 0.184 0.071
Ti 0.127 0.168 0.043 0.036 0.012 0.011 0.095 0.029 0.027 0.081 0.090
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.026 0.031
Mn 0.046 0.043 0.041 0.045 0.026 0.029 0.033 0.035 0.046 0.039 0.030
Mg 2.172 2.137 1.986 2.008 3.402 3.630 2.914 2.20 2.581 2.977 3.521
Fe2+ 2.216 2.255 2.006 2.018 1.426 1.233 1.629 2.172 2.073 1.694 1.256
Fe2+ 0.139 0.126 0.233 0.182 0.069 0.081 0.124 0.131 0.092 0.085 0.015
Ca 1.963 1.914 1.852 1.914 1.949 1.912 1.891 1.922 1.960 1.924 1.953
Na 0.365 0.346 0.454 0.438 0.060 0.026 0.162 0.297 0.215 0.125 0.018
K 0.147 0.143 0.046 0.053 0.000 0.000 0.047 0.038 0.033 0.014 0.005
XMg (mol) 0.480 0.473 0.470 0.477 0.695 0.734 0.624 0.489 0.544 0.626 0.735

Nr. 1–2, J/14b/93; biotite-amphibole diorites (Tetčice suite)
Nr. 3–7; diorites, plutonic complex (Ophiolite Belt): 3–4 rim; 5–6 core; 7 transition core–rim
Nr.8–11 metabasalts, volcanic complex (Ophiolite Belt): 8–9 rim; 10–11 core
n.d. – nit determined
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Fig. 3 Classification of the Ca-rich amphiboles according to Deer et 
al. (1992) in the binary plot Si vs. Na + K in the A position (atoms per 
formula unit).
1 – amphiboles from diorites, magmatic complex, Metabasite Zone
2 – amphiboles from basalts, volcanic complex, Metabasite Zone
3 – amphiboles from diorites, Tetčice suite, Western Granitoid  
  Complex

As in the plutonic sequence, the original mineralogy 
was overprinted by a metamorphic assemblage. The 
mafic metavolcanics consist mainly of amphibole and 
plagioclase (An5–15). Other important phases are chlorite, 
epidote, zoisite, carbonate and white mica. Increasing 
content of secondary white mica is accompanied by an 
increase in alkalis in the whole-rock geochemical analy-
ses. Thus, the geochemical classification of the volcanic 
products based on the TAS diagram (Fig. 4) has to be 
considered with caution. This is particularly important 
for the analyses plotting in, or close to, the field of the 



The Brno Batholith: an insight into the magmatic and metamorphic evolution of the cadomian Brunovistulian Unit

 287 

Tab. 3a Whole-rock major- and trace-element analyses from the Western Granitoid Complex and the Ophiolite Belt (wt. % and ppm)

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
J/8 J/9 J/10 J/22 J/3 J/19 J/4 J/5 J/6 J/1c J/14b J/15 J/16 J/20 J/23

SiO2 71.97 73.35 69.43 70.14 71.86 71.86 72.19 73.43 72.33 51.67 51.42 64.55 74.04 73.46 74.21
TiO2 0.26 0.16 0.37 0.35 0.27 0.21 0.21 0.13 0.27 1.46 1.39 0.32 0.15 0.11 0.21
Al2O3 14.59 14.28 15.11 15.38 14.67 15.17 14.96 15.11 15.64 18.16 18.75 18.33 13.92 13.74 13.74
FeO 2.05 1.46 2.83 2.54 2.04 1.55 1.81 1.24 2.09 8.80 9.04 2.80 1.25 1.41 1.57
MnO 0.01 0.07 0.43 0.09 0.10 0.04 0.04 0.00 0.00 0.13 0.15 0.09 0.00 0.00 0.00
MgO 0.74 0.46 1.25 0.97 0.54 0.38 0.67 0.53 0.40 4.62 4.56 0.95 0.36 0.23 0.51
CaO 2.22 1.95 2.73 2.69 2.05 2.29 1.41 1.84 1.56 7.79 8.08 4.25 1.24 1.35 0.62
Na2O 3.25 3.24 3.29 3.64 3.64 3.87 4.34 4.23 4.66 3.71 3.65 4.51 3.13 3.25 3.39
K2O 3.83 3.82 3.36 2.88 3.46 3.15 2.55 3.37 2.82 2.32 1.74 2.18 4.61 4.68 5.13
P2O5 0.05 0.00 0.09 0.11 0.09 0.03 0.05 0.00 0.02 0.64 0.44 0.10 0.00 0.07 0.07
LOI 0.90 0.75 1.15 1.45 1.05 0.80 1.10 0.75 0.40 1.40 1.40 1.00 0.95 0.85 0.60
Sum 99.87 99.53 99.65 100.23 99.76 99.35 99.32 100.62 100.20 100.71 100.62 99.06 99.66 99.47 100.08
Nb 10 11 11 12 15 11 9 7 15 22 23 10 17 7 15
Zr 92 71 121 120 92 125 147 80 324 220 182 227 155 109 166
Y 19 10 22 17 25 14 16 10 17 34 31 10 18 13 17
Sr 211 169 268 303 266 356 384 427 197 793 823 684 270 307 196
Rb 150 163 134 114 120 94 87 104 79 75 53 57 123 100 133
Pb 19 18 22 18 16 20 16 24 14 18 17 16 15 14 17
Ga 16 15 17 17 18 18 15 16 18 22 23 20 17 15 15
Zn 48 31 51 48 42 42 20 45 38 99 91 42 17 19 24
Cu 9 4 7 7 9 6 7 12 4 24 17 13 19 10 10
Ni 11 7 9 9 8 9 8 9 6 23 18 9 6 7 9
Co 11 6 6 4 4 2 6 8 8 22 22 6 8 3 4
Ba 462 322 525 473 444 622 849 1284 1554 1364 648 767 1185 779 796
Sc 4 2 5 4 4 1 2 0 4 27 24 3 2 1 0
Cr 8 7 8 3 4 0 1 4 7 137 96 2 3 0 0
V 20 11 31 20 12 6 15 8 3 192 156 23 5 3 7
K/Rb 211 195 208 210 239 278 243 269 296 256 272 317 311 388 320
K/Ba 67 98 53 50 64 42 24.9 18 17.2 14 22 24 32 49.9 53
mg# 27 24 31 28 21 28 27 30 16 34 34 25 22 14 25

Nr. 1–6 Rena suite: 1–4 amphibole-biotite granodiorites; 5–6 biotite granodiorites–granites
Nr. 7–12 Tetčice suite: 7–9 biotite granodiorites; 10–11 biotite-amphibole diorites; 12 biotite tonalite 
Nr. 13–15 red granites

trachybasalts (S1), basaltic trachyandesites (S2) and tra-
chytes (T). Despite of possibly affected alkalis, the TAS 
diagram indicates a bimodal distribution. The basaltic 
rocks cluster in one area, but can be separated into two 
groups based on their trace-element contents (Tab. 3). 
In the first group, the NMORB-normalized (Pearce and 
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Tab. 3a Continued

Sample 16  17 18 19 20 21 22 23 24 25 26 27 28 29
J/29 J/21b J/21c J Re J Iv J/7 J/11 J/24 J/70 J/126 J/79 J/31 J/32 J/33

SiO2 74.11 75.79 75.86 74.92 75.46 72.95 74.47 72.83 52.73 51.78 49.66 47.25 50.81 47.43
TiO2 0.20 0.03 0.04 0.04 0.04 0.27 0.14 0.22 0.72 0.84 0.44 1.15 2.46 1.72
Al2O3 13.62 13.64 13.60 13.48 13.27 15.40 14.27 15.07 19.15 19.57 7.98 16.37 14.79 14.89
FeO 1.68 0.9 0.71 0.79 0.84 2.02 1.38 1.74 8.12 8.07 8.07 9.21 12.32 11.75
MnO 0.00 0.1 0.09 0.04 0.9 0.05 0.09 0.00 0.14 0.16 0.16 0.16 0.23 0.19
MgO 0.44 0.03 0.03 0.03 0.02 1.13 0.68 0.88 5.13 5.44 20.76 9.50 4.61 6.57
CaO 0.36 0.96 1.02 1.16 0.61 0.96 0.95 1.53 8.12 9.77 8.83 10.02 6.00 11.92
Na2O 3.80 3.85 3.85 3.93 4.18 4.52 4.51 4.44 3.46 3.44 1.00 2.23 4.73 2.50
K2O 4.89 4.21 4.29 4.15 4.11 1.26 1.28 0.83 0.69 0.44 0.14 0.85 0.72 0.14
P2O5 0.04 0.02 0.01 0.01 0.01 0.06 0.07 0.00 0.19 0.16 0.00 0.16 0.75 0.25
LOI 1.10 0.30 0.30 0.70 0.50 1.75 1.50 1.70 2.40 1.40 2.95 3.15 2.30 2.70
Sum 100.21 99.71 99.8 99.25 99.13 100.34 99.33 99.24 100.86 101.07 100.00 100.02 99.72 100.04
Nb 9 51 45.5 19 23 5 7 6 3 4 2 3 12 5
Zr 147 79 74 76 72 80 100 91 7 24 10 76 285 120
Y 16 56 47 23 14 9 10 9 8 11 7 23 72 35
Sr 384 22 21 30 16 264 300 295 438 558 69 198 152 286
Rb 87 174 156 174 311 25 20 15 19 13 3 20 17 3
Pb 16 11 6 8 24 14 9 10 10 11 9 4 11 7
Ga 15 24 21 20 19 15 14 15 18 18 9 17 26 22
Zn 20 9 7 12 12 62 45 61 89 95 60 81 151 97
Cu 7 1 b.d.l. 4 13 51 7 18 80 131 43 70 27 120
Ni 8 b.d.l. b.d.l. b.d.l. b.d.l. 9 6 6 43 47 597 172 50 71
Co 6 1 b.d.l. b.d.l. 1 7 2 8 35 36 78 43 24 37
Ba 849 18 14 17 46 488 517 329 106 95 37 213 192 41
Sc 2 2 2 2 1 2 2 3 32 33 27 30 33 39
Cr 1 b.d.l b.d.l. b.d.l. b.d.l. 6 0 3 157 163 2111 320 98 126
V 15 5 b.d.l. b.d.l. b.d.l. 35 6 22 364 311 188 213 252 292
K/Rb 466 201 228 198 110 418 531 459 301 281 387 352 351 387
K/Ba 48 1941 2544 2026 742 21 21 21 54 38 31 31 31 28
mg# 21 5 7 6 5 36 33 34 39 40 72 51 27 36

Nr. 16 red granites
Nr. 17–20 Hlína suite: garnet-bearing granites
Nr. 21–26 magmatic complex, Ophiolite Belt: 21–23 trondhjemites; 24–25 diorites; 26 gabbro
Nr. 27–29 volcanic complex, Ophiolite Belt: mafic volcanics

Cann 1973) concentrations (Fig. 5a) for Sr, Nb, P, Zr, 
Ti, Sc and Cr, resemble closely typical MOR basalts 
(Pearce and Cann 1973). The enrichment in K, Rb, and 
Ba is probably connected with the alteration processes. 
In contrast, the second group of mafic volcanic rocks is 
enriched in elements such as P, Ti, Nb, Y, Zr, combined 
with low concentrations of Cr and Sc. As evidenced by 
the NMORB-normalized multi-element plot (Fig. 5b), 
they show a strong within-plate affinity. Both groups are 
connected by basalts, which are only moderately enriched 
in HFSE and depleted in Cr and Sc. The basalts with a 
MORB-like signature prevail in the southern part of the 
Metabasite Zone, whereas the enriched basalts are more 
widespread in the North. 

The acid volcanic rocks form concordant layers, or 
discordant dykes, in the metabasalts. Their thickness 
ranges from few decimetres to several metres, but does 
not exceed 100 m. They are usually very fine grained 
and are, therefore, microscopically undistinguishable 
from each other. 

Two acidic layers, each from geochemically contrast-
ing basalt group, were studied in the detail for this reason 
only. The first one, a rhyolite layer within the basalts 
with a MORB-like signature shows elevated Nb, Zr, and 
Y contents (Tab. 3), thus resembling geochemically a 
“Hypothetical Ocean Ridge Granite“ (HORG) according 
to Pearce et al. (1984). The second represents a trachyte 
layer within basalts with the intraplate signature. It re-
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Tab. 3a Continued

Sample 30 31 32 33 34 35 36 37 38 39 40 41 42 43
J/34 J/35 J/38 J/40 J/41 J/42 J/44 J/45 J/46 J/47 J/49 J/43 J/36 J/27

SiO2 50.01 50.40 52.62 46.92 49.83 49.40 52.39 48.46 50.76 49.21 50.76 78.60 67.84 74.36
TiO2 2.64 1.66 1.92 1.44 1.50 1.84 2.32 1.51 1.63 1.49 1.93 0.16 0.37 0.00
Al2O3 13.17 14.85 14.99 16.54 15.45 14.72 13.98 16.41 15.06 15.12 14.80 11.10 17.26 13.97
FeO 14.14 10.78 10.74 11.74 10.06 11.49 12.45 10.17 10.86 10.64 9.59 1.27 2.11 0.60
MnO 0.20 0.27 0.25 0.17 0.21 0.21 0.21 0.20 0.23 0.21 0.22 0.00 0.00 0.00
MgO 5.48 7.23 5.12 9.47 7.45 7.00 4.94 7.37 7.26 7.60 5.69 0.09 0.97 0.09
CaO 7.80 8.04 7.02 5.01 8.91 8.79 7.18 10.02 8.56 9.77 10.15 1.02 1.01 1.23
Na2O 3.82 4.16 3.46 3.14 4.15 3.78 3.81 2.43 3.78 3.14 3.69 3.77 5.60 3.12
K2O 1.18 0.64 0.27 0.31 0.24 0.29 0.44 1.15 0.48 0.42 0.52 2.88 3.73 4.50
P2O5 0.38 0.25 0.66 0.16 0.26 0.21 0.39 0.24 0.16 0.19 0.64 0.00 0.20 0.00
LOI 1.45 2.25 2.20 5.90 2.55 2.20 2.15 2.70 1.80 1.45 1.20 0.65 1.20 1.85
Sum 100.28 100.53 99.27 100.8 99.89 99.93 100.25 100.66 100.61 99.24 99.19 99.54 100.29 99.72
Nb 8 7 11 3 9 4 12 4 4 4 11 21 12 25
Zr 222 131 245 81 170 116 237 102 91 85 186 292 197 74
Y 54 32 64 24 39 34 49 31 28 27 50 54 14 19
Sr 151 222 222 90 222 175 232 198 232 234 208 88 67 78
Rb 41 18 6 8 7 6 13 34 9 13 14 44 69 195
Pb 9 17 33 3 13 6 16 11 8 15 25 9 11 14
Ga 23 18 22 18 18 19 22 17 19 18 20 14 16 16
Zn 131 121 385 18 115 115 107 112 109 88 176 12 34 26
Cu 40 78 34 48 58 120 80 88 84 42 45 5 6 7
Ni 39 94 56 128 115 58 47 124 79 98 59 10 9 6
Co 18 40 21 59 43 39 34 34 37 41 32 6 8 4
Ba 187 205 121 119 63 121 285 200 127 101 127 393 1153 214
Sc 6 34 30 30 30 39 40 35 39 33 32 5 0 1
Cr 17 229 105 289 204 159 77 226 197 192 126 19 28 1
V 392 258 169 287 241 308 430 259 301 304 243 8 301 1
K/Rb 238 295 373 321 284 401 281 281 442 298 308 543 462 191
K/Ba 59 26 19 22 32 20 13 47 31 35 34 60 26 174
mg# 28 40 25 45 42 38 28 42 40 42 37 7 31 13

Nr. 30–43 volcanic complex, Ophiolite Belt: 30–40 mafic volcanics, 41–43 rhyolites

Tab 3b Concentration of Rare Earth elements,  Hlína suite, garnet-bearing granites 

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu U Th
J/21b 2.00 5.00 0.87 4.30 2.20 0.21 3.44 0.74 6.51 1.64 6.30 1.23 9.18 1.74 12.30 13.90
J/21c 3.00 6.60 1.16 5.00 2.80 0.19 3.26 0.71 5.53 1.45 5.08 1.02 7.08 1.44 17.00 12.40
J Re 3.50 6.70 1.25 5.10 2.30 0.27 2.34 0.44 2.94 0.81 2.58 0.46 4.43 0.76 7.10 13.10
J Iv 1.90 5.20 0.53 2.40 1.40 0.10 2.97 0.79 6.48 1.80 6.26 1.09 10.03 1.74 16.10 21.50

sembles by its lower contents of HFSE and a higher LILE 
rather volcanic-arc granitoids (VAG). 

4.1.3. metamorphic evolution

The Metabasite Zone underwent several stages of meta-
morphic evolution, which are still under investigation. 

Nevertheless, some qualitative observations can be 
presented here. 

As already stressed, the metamorphic overprint in the 
plutonic and volcanic sequences is pervasive. Magmatic 
relics are extremely rare, and could be only observed in 
some samples of diorites. The core of some large plagio-
clase crystals is still composed of homogenous bytownite 
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(An70, Tab. 1), reflecting the magmatic stage. Albite/oli-
goclase rims surrounding the relicts of magmatic plagio-
clase document the first metamorphic event. The cores of 
smaller plagioclases from metabasalts were completely 
replaced by albite/oligoclase. Magmatic pyroxenes were 
transformed to actinolites in the diorites as well as in the 
basalts. The mineral assemblage characteristic of the first 
stage is albite/oligoclase + actinolite. 

The second metamorphic phase is documented by 
an increase in Al, Na, K, and decreasing Si towards the 
amphibole rims. This process ultimately leads to tscher-
makite–pargasite rims around actinolite in the diorites, 
and hornblende rims in the metabasalts (Tab. 2, Fig. 3). 
Similarly, andesine develops around the albite/oligoclase 
zones in the metadiorites, whereas oligoclase commonly 
rims the albite/oligoclase cores in the metabasalts. This 
medium-grade overprint affected both the plutonic and 
volcanic complexes of the Metabasite Zone. However its 
effects can be identified only rarely, where no penetrative 

deformation occurred, and the magmatic textures are well 
preserved. Based on the still incomplete data set, the de-
gree of the metamorphic overprinting seems to have been 
slightly higher within the plutonic complex.

The third metamorphic stage was retrogression. 
Plagioclases are often partly replaced by white mica, 
albite, zoisite and epidote. Effects of carbonatization are 
developed as well, but only locally. Chlorite and epidote 
replace the amphiboles. In the final stage, only chlorite 
pseudomorphs after amphibole are seen. The tourmaline 
veins and pods observed in the strongly altered diorites, 
along the contact with the Western Granite Complex 
(Novák and Filip 2002), suggest a circulation of probably 
granitoid-derived fluids rich in boron, through the rocks 
of the Metabasite Zone. Circulation of these fluids could 
have lead to a regional enrichment in K and probably also 
Rb with Ba, i.e. the elements responsible for the common 
muscovitization developed within the Metabasite Zone.

4.2. Granitoids

As already noted, the Metabasic Zone splits the granitoids 
of the Brno Batholith into two different parts, the eastern 
and the western complexes. Regarding the Eastern Granit-
oid Complex we will refer shortly only to available litera-
ture data in the following section. The Western Granitoid 
Complex was recently investigated by the authors and will 
be described and discussed in more detail.

4.2.1. eastern Granitoid complex

The database for the Eastern Granitoid Complex is rather 
variable as far as geochemical and isotopic data concerns. 
However the unit is petrographically rather homogenous, be-
ing built by amphibole- to amphibole-biotite quartz diorites 
to granodiorites. Some biotite-bearing leucotonalites and 
granodiorites belong to this sequence as well. The modal 
mineralogy includes, apart from quartz, plagioclase and 
K-feldspar, magmatic biotite with, or without, amphibole. 
Secondary alteration of rock-forming minerals is widespread 
(Štelcl and Weiss 1986; Hanžl 1994). The geochemistry is 
characterized by low contents of K and Rb, but the grano-
diorites are rich in MgO, Na2O, CaO and Sr (Jelínek and 
Dudek 1993; Hanžl 1994). In addition few low Sr initial 
ratios of 0.704–0.705 and high εNd values of 0 to +3 are 
available (Finger et al. 2000a). All these data suggest that 
the rocks can be interpreted as I-type, volcanic-arc derived 
granitoids (Pearce et al 1984; Chappell and White 1992). 

4.2.2. Western Granitoid complex

The original divisions of the Western Granitoid Complex 
were based mostly on petrographic descriptions. Thus 
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Fig. 5 The MORB-normalized (Pearce and Cann 1973) diagrams. 
a – MORB-like basalts from the volcanic complex, Metabasite Zone. 
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b – enriched basalts, volcanic complex, Metabasite Zone.



The Brno Batholith: an insight into the magmatic and metamorphic evolution of the cadomian Brunovistulian Unit

 291 

Štelcl and Weiss (1986) mapped 8 granitoid types, while 
Mittrenga and Rejl (1993) proposed a different subdivi-
sion to 7 petrographic types. Recent study nevertheless 
implies that some types are genetically related, and can 
be therefore grouped into fewer granitic suites.

Three principal magmatic suites, Rena, Tetčice, and 
Hlína, have been identified in the Western Granitoid 
Complex (Fig. 2). The first two, Rena and Tetčice, are 
widespread on the surface. The rocks of the third, Hlína 
suite, form only discrete veins or small intrusive bodies 
cutting both the previous suites. 

The Rena suite, named after a hill southeast of 
Ivančice, forms the southernmost part of the Brno Batho-
lith. The northern Tetčice suite, termed after small village 
15 km W of Brno, is separated from the Rena suite by an 
approximately W–E trending Ivančice Fault (Mittrenga 
et al. 1976; Leichmann 1996). The Jihlava river valley 
between villages Ivančice and Moravské Bránice is a 
remarkable geomorphological manifestation of this tec-
tonic zone. It is also recognizable in the steep gravimetric 

gradient up to ~20 mGal (Skácelová and Weiss 1978). 
Geologically the Ivančice Fault separates the relatively 
light granitoids of the Rena suite in the South, from the 
more dense Tetčice suite rocks in the North. The direct 
contact between the two suites cannot be observed be-
cause of the younger, Tertiary–Quaternary, sedimentary 
cover in the Jihlava river valley. 

Rena suite is represented by two types of intrusive 
rocks: (1) felsic (SiO2 > 69 %), coarse-grained amphi-
bole-biotite granodiorites, which grade into (2) biotite 
granites. The rocks of the suite contain almost no en-
claves; some amphibole-cumulate structures (up to 1 m 
long layers with elevated coarse-grained amphibole 
contents) appear rarely. The modal composition (Tab. 5) 
includes oscillatory-zoned, often altered, euhedral pla-
gioclase (Tab. 1, An40–6, 36–55 vol. %), anhedral quartz 
(23–29 %), euhedral to subhedral K-feldspar (10–26 %), 
pseudohexagonal biotite (0.5–8 %), euhedral amphibole 
(up to 7 %) and secondary chlorite (up to 10 %). Titanite, 
zircon, and apatite are the common accessories. The K-

Tab. 4 Electron microprobe analyses from white micas (wt. % and apfu based on 22 O)

Sample 1 2 3 4 5 6 7 8 9 10
SiO2 51.52 46.88 46.53 46.86 45.72 45.95 46.44 46.11 48.51 48.28
TiO2 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00
Al2O3 30.60 37.63 29.62 29.71 30.75 30.24 29.28 29.65 31.63 30.95
BaO 0.00 0.00 0.00 0.13 0.00 0.00 0.61 0.43 0.20 0.23
FeO 0.81 0.39 4.41 3.47 6.43 5.67 4.84 4.14 1.50 1.67
MnO 0.05 0.07 0.05 0.00 0.09 0.08 0.00 0.00 0.00 0.05
MgO 0.51 0.18 1.65 1.38 0.04 0.41 1.61 1.72 1.57 1.73
CaO 0.46 0.00 0.00 0.00 0.09 0.00 0.00 0.03 0.06 0.08
Na2O 2.02 0.12 0.13 0.46 0.22 0.22 0.19 0.20 0.17 0.14
K2O 9.60 11.09 11.11 10.75 10.87 11.00 10.81 10.83 10.27 10.41
Total 95.57 96.36 93.50 92.76 94.27 93.57 93.79 93.11 93.91 93.54
Si 6.779 6.134 6.445 6.504 6.340 6.398 6.456 6.429 6.535 6.550
AlIV 1.221 1.866 1.555 1.498 1.660 1.602 1.541 1.571 1.495 1.450
AlVI 3.525 3.938 3.281 3.364 3.366 3.360 3.259 3.300 3.556 3.499
Ti 0.000 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000
Fe 0.089 0.043 0.511 0.403 0.746 0.660 0.563 0.483 0.169 0.190
Mn 0.006 0.008 0.006 0.000 0.011 0.009 0.000 0.000 0.000 0.006
Mg 0.100 0.035 0.341 0.286 0.008 0.085 0.333 0.357 0.316 0.350
Ca 0.065 0.000 0.000 0.000 0.013 0.000 0.000 0.005 0.009 0.011
Na 0.515 0.030 0.035 0.124 0.059 0.059 0.052 0.055 0.044 0.038
K 1.612 1.851 1.963 1.903 1.923 1.954 1.919 1.927 1.766 1.801
XMg (mol) 0.529 0.451 0.40 0.415 0.011 0.114 0.372 0.425 0.652 0.648
Mu 0.735 0.984 0.983 0.939 0.964 0.971 0.973 0.970 0.971 0.974
Pg 0.235 0.016 0.017 0.061 0.030 0.029 0.027 0.028 0.024 0.020
Ma 0.030 0.000 0.000 0.000 0.007 0.000 0.000 0.002 0.005 0.006

Nr. 1–2, J/5/93; fine-grained, grey biotite granodiorites (Tetčice suite)
Nr. 3–4, J/23/93; red granites (Tetčice suite)
Nr. 5–6, J/21/93; garnet-bearing leucogranites (Hlína suite)
Nr. 7–10, J/24/93; trondhjemites, magmatic complex of the Ophiolite Belt
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Tab. 5 Modal compositions of granitoids from the Western Granitoid Complex (vol. %)

Sample Qtz Pl Kfs Bt Amp Grt Ms Chl Opaque Rest
 1 J/22 27 46 15 8 3 – – 1 – ×
 2 J/10 29 42 13 8 7 – – 1 × ×
 3 J/140 26 44 11 1 7 – – 9 × ×
 4 J/130 25 55 10 × – – – 10 × ×
 5 J/139 23 50 20 × – – – 6 × ×
 6 J/19 26 36 26 4 – – – 6 – 2
 7 J/3 28 41 23 5 – – × 2 × ×
 8 J/23 22 25 46 × – – × 5 2 ×
 9 J/23a 38 22 35 × – – × 3 × 2
10 J/101 39 27 30 × – – × 3 × 1
11 J/102 39 15 44 × – – × 2 × ×
12 J/29 38 28 32 × – – × 1 × ×
13 J/29a 30 28 37 × – – × 4 × ×
14 J/12 35 25 35 5 – – 1 1 – ×
15 J/21 26 29 41 × – 1 2 × 1 ×
16 J/13 29 30 38 1 – 1 1 × × ×

× concentration of mineral is lower than 1 %
– mineral was not found in the sample
Nr. 1–5: amphibole-biotite granodiorites (Rena suite)
Nr. 6–7: fine-grained grey biotite granodiorites (Tetčice suite)

20–9 %

9–4 %

1–4 %
a b

c d

Fig. 6 Zircon typology diagram of Pupin 
(1980). a – Rena suite, amphibole-biotite 
granodiorites, b – Rena suite, biotite 
granites, c – Tetčice suite, biotite grano-
diorites, d – Hlína suite, garnet-bearing 
granites. Based on 200 grains examined 
for each diagram.

Nr. 8–13: red granites (Tetčice suite)
Nr. 14–16: garnet-bearing leucogranites (Hlína suite)
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feldspar (Tab. 6) typically contains small 
amounts of Na2O (0.43–0.51 wt. %) and 
BaO (0.19–0.27 wt. %). Biotite appears 
in two forms: large (1 cm), often pseudo-
hexagonal crystals differ slightly in their 
chemistry from the tiny biotite that often 
overgrows the amphibole grains (Tab. 7). 
The large grains (points 1, 2) differ from 
the smaller (points 3, 4) mainly in their 
TiO2 and BaO contents. In the large grains 
the TiO2 varies from 3.6 to 3.69 wt. % and 
BaO from 0.37 to 0.56 wt. %, whereas the 
TiO2 in the small grains is slightly lower 
(3.36–3.41 %), and no BaO was detected. 

The zircons from the amphibole-biotite 
granodiorites plot in the lower right corner 
of the Pupin`s (1980) typology diagram 
(S24, S20, Fig. 6). Zircons from the biotite 
granite fall in the centre of the right side 
in the same (P3, S20, P2). Electron micro-
probe analyses of common titanite are listed 
in Tab. 8. In the whole rock analysis, the 
SiO2 (69.4–73.35 wt. %) contents correlate 
negatively with MgO (0.46–1.25 %), FeOtot 
(1.46–2.83 %), CaO (1.95–2.69 %), and 
TiO2 (0.16–0.37 %), as well as positively 
with K2O (2.88–3.83 %) (Fig. 7, Tab. 3). 
Only a weak, or no correlation whatever was 
found between SiO2 and Al2O3 (14.28–15.38 
%), Na2O (3.24–3.64 %), Ba (322–622 
ppm), Rb (94–163), and Sr (169–356). The 
low contents of HFSE (Zr = 71–125, Nb = 
10–15, and Y = 10–25 ppm) correspond well 
to the concentrations typical of volcanic-arc 
granites (Fig. 8, Pearce et al. 1984). 

Tab. 6 Electron microprobe analyses from K-feldspar (wt. %)

Sample SiO2 Al2O3 Na2O K2O CaO BaO FeO Total
1 64.6 18.3 0.46 16.5 0.00 0.27 0.00 100.16
2 64.2 18.2 0.50 16.6 0.00 0.19 0.00 99.66
3 63.9 18.2 0.51 16.2 0.00 0.29 0.00 99.12
4 64.4 18.2 0.43 16.5 0.00 0.25 0.00 99.78
5 63.9 18.4 0.56 16.0 0.08 0.87 0.00 99.79
6 64.1 18.5 0.58 15.9 0.04 0.74 0.00 99.85
7 63.8 18.4 0.42 16.4 0.09 0.88 0.00 100.01
8 63.9 18.5 0.68 15.8 0.13 0.89 0.00 99.92
9 64.0 18.3 0.54 15.9 0.00 0.26 0.06 99.03

10 64.4 18.3 0.78 15.8 0.00 0.27 0.07 99.62
11 64.1 18.3 0.32 16.8 0.00 0.00 0.00 99.55
12 64.2 18.4 0.27 16.8 0.03 0.00 0.00 99.68

Nr. 1–4, J/10/93: amphibole-biotite granodiorites (Rena Suite)
Nr. 5–8, J/5/93: fine-grained, grey biotite granodiorite, (Tetčice suite),

Tab. 7 Electron microprobe analyses from biotite (wt. % and apfu based on 22 O)

Sample 1 2 3 4 5 6 7
SiO2 35.97 35.52 35.86 35.52 36.58 36.26 36.04
TiO2 3.60 3.69 3.36 3.41 3.23 3.44 3.38
Al2O3 14.41 14.40 14.39 14.57 15.05 14.74 14.58
BaO 0.37 0.56 0.00 0.00 0.16 0.00 0.13
FeO 23.97 23.96 24.07 23.88 22.75 23.05 23.11
MnO 0.39 0.46 0.36 0.40 0.41 0.40 0.38
MgO 8.34 8.28 8.29 8.31 8.77 8.70 8.63
CaO 0.00 0.05 0.13 0.06 0.06 0.08 0.00
Na2O 0.07 0.06 0.04 0.00 0.05 0.04 0.06
K2O 9.62 9.49 9.26 9.53 9.73 9.71 9.38
Total 96.74 96.37 95.76 95.68 96.79 96.42 95.69
Si 5.579 5.543 5.592 5.551 5.612 5.592 5.604
Al IV 2.421 2.457 2.408 2.449 2.388 2.408 2.396
Al VI 0.213 0.191 0.236 0.235 0.334 0.271 0.275
Ti 0.420 0.433 0.394 0.401 0.373 0.399 0.395
Fe 3.109 3.127 3.139 3.121 2.919 2.973 3.005
Mn 0.051 0.061 0.048 0.053 0.053 0.052 0.050
Mg 1.928 1.926 1.927 1.936 2.006 2.000 2.000
Ca 0.000 0.008 0.022 0.010 0.100 0.013 0.000
Na 0.021 0.018 0.012 0.000 0.015 0.012 0.018
K 1.903 1.889 1.842 1.900 1.904 1.910 1.861
Z 8 8 8 8 8 8 8
Y 5.722 5.738 5.743 5.746 5.685 5.695 5.726
X 1.925 1.916 1.876 1.910 1.929 1.936 1.879
XMg 0.383 0.381 0.380 0.383 0.407 0.402 0.400

Nr. 1–5, J/10/93: amphibole-biotite granodiorite (Rena suite): 1–2 large grains – core; 3–4 
biotite associated with amphibole –core
Nr. 5–7, J/5/93: fine-grained, grey biotite granodiorite (Tetčice suite)

Nr. 9, 10; J/23/93 red granites, Tetčice suite
Nr.11 rim, 12 core; J/21/93 garnet-bearing leucogranites (Hlína suite)
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Tetčice	 suite consists of three 
main types of plutonic rocks: 
(1) biotite-bearing, fine-grained 
granodiorites, which are, close to 
the contact with Metabasite Zone, 
rimmed by (2) coarse-grained red 
granites. Lastly, (3) biotite-am-
phibole diorites form xenoliths 
in both granite types. Normally 
the contacts between granites and 
diorites are transitional; occasion-
ally tonalites appear at the contact 

between diorites and granites as a product of their mutual 
interaction. Sharp contacts between both rock types are 
more seldom. The dioritic enclaves with a sharp contact 
to the host granite do not exceed 2 m in size, and are 
usually partly rounded, which indicates some transport 
of the already solidified diorite by the granitic magma 
(Didier 1987). Apart from dioritic enclaves, the granites 
host a broad spectrum of metasedimentary xenoliths, e.g. 
gneisses, migmatites, and calc silicates. The size of xe-
noliths varies greatly. The smallest can be observed only 
microscopically as biotite + plagioclase spots several 
millimetres across set in the light-coloured granites. The 
maximum size of roof pendants ranges up to 3 km. The 
large metasedimentary xenoliths are often surrounded 
by a zone of intense migmatitization. The presence of 
numerous enclaves and hybrids developing around them 
induces a strong inhomogeneity of the host rocks, first 
noted by Suess (1903). 

The diorites are amphibole- or biotite-amphib-
ole-bearing, medium- to coarse-grained, dark-grey to 
green-grey rocks. They consist of simply zoned plagi-
oclase (An50 core, An40 rim, Tab. 1), unzoned amphibole 
(hornblende–edenite; Tab. 2, Fig. 3), biotite, quartz, 
ilmenite with titanite overgrowths, zircon and apatite. 
The cores of plagioclase are usually strongly altered. The 
alteration products include white mica, epidote and sodic 
plagioclase. Since no relics of pyroxene were found in 
the amphibole, and amphibole is enriched in both TiO2 
(1.06–1.48 wt. %) and K2O (0.69–0.76 %), its origin is 
probably magmatic. Some amphibole grains are rimed 
by biotite. Titanites replacing ilmenite differ chemi-
cally from those from granodiorites. They are enriched 
in TiO2 (38.4 wt. %) and depleted in Al2O3 (1.44 %, 
Tab. 8). Apatite appears in two morphologically differ-
ent forms. It forms generally long prismatic crystals (L:
W > 20); the small diorite enclaves in the granodiorites 
contain short prismatic (L:W = 4) apatite generation in 
addition. The latter, short prismatic crystals are typical 
of the host Tetčice granitoids. The common occurrence 
of both apatite types in the dioritic enclaves indicates 
magma mixing between diorite and granodiorite (Didier 

Tab. 8 Electron microprobe analyses from titanite (1–5) and ilmenite (6)

Sample SiO2 Al2O3 MgO TiO2 CaO FeO MnO Total
1 30.7 5.01 0.00 32.9 28.4  0.66 0.06 97.71
2 30.3 4.21 0.00 33.7 28.2  0.70 0.08 97.16
3 30.2 3.04 0.00 35.1 27.9  0.55 0.12 96.87
4 30.6 4.39 0.03 33.4 28.0  0.71 0.06 97.48
5 30.0 1.44 0.00 38.4 28.4  0.57 0.06 98.79
6 0.00 0.00 0.16 52.7   0.05 45.70 2.37 101.01

Nr. 1–2, J/10/93: amphibole-biotite granodiorites (Rena suite) 
Nr. 3–4, J/5/93: fine-grained, grey biotite granodiorites (Tetčice suite)
Nr. 5–6, J/14b/93: biotite-amphibole diorites (Tetčice suite)
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Fig. 8 Nb – Y and Rb – Nb + Y diagrams after Pearce et al. (1984), for 
granitoids from the Western Granitoid Complex, symbols as in Fig. 7.
The granitoids from the Rena and Tetčice suites plot in the field of 
Volcanic Arc Granites, the garnet-bearing granites from the Hlína suite 
in the field of Within Plate Granites.
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1987). The diorites are relatively basic (SiO2 = 51.5 
wt. %) but alumina rich (18.5 %). The MgO (4.6 %), Cr 
(c. 115 ppm), and V (c. 170 ppm) contents are rather low. 
The TiO2 (1.4 wt. %), P2O5 (0.44–0.64 %), K2O (2%), Rb 
(64 ppm), Zr (200 ppm), Nb (23 ppm) and Y (33 ppm) 
are comparatively high (Tab. 3). 

The granitoids of the Tetčice suite are extremely in-
homogeneous. Two principal types of granites were rec-
ognized within this suite – (1) grey, fine-grained biotite-
bearing granodiorites, (2) red, coarse-grained granites. 
The contact between both types could not be observed 
directly in the field. Locally mapped zone between both 
types, several hundred meters thick, of pink porphyritic 
biotite-bearing granodiorites–granites renders the transi-
tional contact more likely. The grey granodiorites consist 
of subhedral plagioclase (33–52 vol. %), subhedral to an-
hedral K-feldspar (9–22 %), anhedral quartz (30–43 %), 
biotite (3–7 %), with accessoric zircon, apatite, and ti-
tanite (Tab. 5). White mica, chlorite, and epidote are the 
secondary phases. The smaller size with generally sub- to 
anhedral habit of the rock-forming minerals and the ab-
sence of amphibole are the main differences compared 
to the Rena suite granodiorites. 

Plagioclases are typically oscillatory-zoned (Tab. 1). 
The central zone is usually altered. It consists mostly of 
oligoclase (An14), white mica (muscovite with 2–24 % of 
paragonite molecule, Tab. 4), epidote and zoisite (Tab. 9). 
The unaltered zone between core and rim consists mostly 
of oligoclase (An22–24). Albite (An3) was found as a very 
thin zone at the rim. The K2O content in the plagioclase 
(0.07–0.25 wt. %) is low compared with the Rena suite 
(0.13–0.40 %). 

at the rim. The fresh biotite is not zoned (Tab. 7). Com-
pared with biotite from the Rena suite it is enriched 
in Al2O3 (14.58–15.05 wt. %) and depleted in FeOtot. 
(22.75–23.11 %) with BaO (0–0.16 %). The chloritization 
is accompanied by a decrease in SiO2, K2O, TiO2 and by 
an increase in Al2O3, MgO, FeO, and H2O. 

The zircon morphology reflects the inhomogeneous 
nature of the rock once more (Fig. 6). The presence 
of rounded zircon grains reveals an assimilation of 
metasedimentary rocks. The igneous zircons with a 
crystal habit display three maxima if plotted in a typol-
ogy diagram (Pupin 1980). The maximum in the upper 
left corner (H, L1) is typical of S-type granites. These 
zircons probably originated during crystallization of the 
granitic melt. The maxima approximately in the centre 
(S19) and on the right side of the diagram (P2, P3), may 
indicate a contamination of the granitic magma by a 
diorite, because zircons with P2, P3 forms are typical of 
dioritic xenoliths. 

The granodiorites of the Tetčice suite are, from the 
geochemical point of view (Tab. 3), enriched in Al2O3 
(14.96–15.64 wt. %), Na2O (4.23–4.66 %) and Ba (849–
1554 ppm), as well as depleted in CaO (1.24–1.84 %) and 
Sr (197–427 ppm) when compared with similar grano-
diorites of the Rena suite. The alumina saturation index 
(ASI) higher than 1.1 (1.14–1.20) indicates a S-type af-
finity for these granodiorites. The major elements do not 
exhibit clear trends in the variation diagrams (Fig. 7). 
The Mg–Fe and K–Rb pairs do not show any systematic 
variation either. The concentrations of the HFSE (mostly 
Nb, Zr, and, to a lesser degree, Ti) are variable and de-
pend directly on the biotite contents. The biotite-rich 
samples exhibit elevated concentrations of Nb (15 ppm), 
Zr (324 ppm), and TiO2 (0.27 wt. %). The lower values 
(Nb = 9 ppm, Zr = 80–147 ppm, TiO2 = 0.13–0.21) are 
typical of biotite-poor members.

The red granites form mostly continuous rim along the 
western margin of the Metabasite Zone (Fig. 2). These 
granites are usually coarser grained than the grey grano-
diorites. Dykes of this granite penetrated the Metabasite 
Zone locally; some of these have a subvolcanic character 
with corroded quartz phenocrysts in a very fine-grained 
matrix. Remarkable attributes are, apart from the red co-
lour, higher modal contents of K-feldspar (32–46 % vs. 
23–26 % in the grey granodiorites) and mostly a complete 
alteration of biotite to chlorite. 

Their modal composition is – K-feldspar (32–46 
vol. %), plagioclase (15–28 %), quartz (22–39 %), chlo-
rite (1–5 %), magnetite–haematite (up to 2 %), remnants 
of biotite, white mica, zircon, and apatite (Tab. 5). The 
anhedral to subhedral, perthitic K-feldspars are up to 2 cm 
long. The finely dispersed hematite gives the reddish co-
lour to the feldspar. The perthites occupy up to 40 % of the 
individual crystals. Plagioclases from coarse perthites are 

Tab. 9 Electron microprobe analyses from epidote (1–2) and zoisite (3)

Sample 1 2 3
SiO2 38.10 37.90 39.50
Al2O3 26.10 25.80 32.80
FeO 8.60 9.00 0.91
MnO 0.38 0.31 0.10
CaO 23.10 23.10 24.50
Total 96.34 96.08 97.74

J/5/93 fine-grained, grey biotite granodiorite (Tetčice suite)

The perthitic K-feldspar frequently exhibits cross-
hatched twinning and hosts strongly altered plagioclases, 
biotite, chlorite and quartz. Myrmekite appears along 
the contact between plagioclase and K-feldspar locally. 
The results of the EMP analyses are listed in Tab. 6. 
The major differences in contrast to the Rena suite are a 
higher BaO (0.74–0.89 wt. %) and CaO (0.04–0.13 %) 
concentration. 

Biotite forms small subhedral grains, which are often 
replaced by chlorite. The alteration is usually stronger 
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usually strongly altered. K-feldspars from red granites are 
depleted in BaO (0.26–0.27 wt. %) and enriched in FeO 
(0.06–0.07 wt. %) if compared with grey granodiorites.

Plagioclases are significantly smaller than K-feld-
spars. Their size is about 8 mm. Plagioclase inclusions 
in K-feldspar are abundant, and sometimes represent the 
most common form of plagioclase in the rock. Rapakivi 
texture (K-feldspar rimmed by plagioclase) was observed 
locally. Plagioclase (An4–8) is commonly replaced by 
Fe-rich muscovite (Tab. 4), and pure albite (An0.7–1.5). The 
Ca and Al released by decomposition of plagioclase are 
accommodated in epidote, forming veins cutting the rock. 
Chlorite originated from biotite, and reasonably fresh 
biotite could be found as relics in chlorite only. 

The red granites are, compared with the grey grano-
diorites from Tetčice suite, highly enriched in SiO2 
(73.45–74.21 wt. %), and K2O (4.68–5.13 %), but only 
slightly in Rb (87–144 ppm), and depleted in MgO (0.23–
0.51 %), Al2O3 (13.62–13.92 %), CaO (0.36–1.35 %), 
with BaO (779–846 ppm). The concentrations of HFSE 
– Zr (109–171), Y (13–18 ppm) and Nb (13–18 ppm) are 
similar (Tab. 3, Fig 8). 
Hlína	suite is represented by irregular intrusions and 

dykes of felsic (SiO2 > 75 wt. %), K-rich, fine-grained, 
garnet- and/or biotite-bearing granites. Some dykes grade 
into a coarse-grained facies in their central parts. Rela-
tively large intrusions were found only within the Tetčice 
suite; dykes however cut both the Tetčice and Rena 
suites. Several metres wide alteration zones, marked by 
reddish haloes, are developed along the contact between 
dykes and surrounding rocks. 

This granite consists of anhedral quartz (26–35 
vol. %), subhedral, zoned (core – An15, rim – An8) plagio-
clase (25–30 %), and subhedral to anhedral K-feldspar 
(35–41%, Tab. 5). Some plagioclases are rimmed by 
granophyre. Minor to accessory minerals include garnet 
(1 %), biotite (0.5–5 %), magnetite, epidote, Nb, Y-rich 
zircon (≤ 6.60 Nb2O5), cheralite, Nb, Ta, Al-rich titanite, 
plumbopyrochlore and karnarsurtite (Leichmann et al. 
1999). White mica (1–2 %), and chlorite (< 1 %, Tab. 5) 
are of secondary origin. Compared with the other granites 
from the Brno Batholith, K-feldspars of the Hlína suite 
(Tab. 6) are depleted in Na2O (0.27–0.32 wt. %) and de-
void of Ba (whole-rock analyses yielded 14–46 ppm Ba 
only). K-feldspars exhibit sector zoning if observed in 
cathodoluminescence. Oscillatory-zoned spessartite–al-
mandine is a typical accessory mineral (Sps48–46, Alm36–35, 
And12–11, Grs7–4, Prp4–1; Tab. 10). Its most prominent 
feature is a high concentration of yttrium (2.16 wt. % 
Y2O3) at the rim. 

The felsic nature of the rock is reflected in the high 
SiO2 (74.9–75.9 wt. %; Tab. 3), K2O (4.11–4.29 %), Na2O 
(3.73–4.18 %), and low FeO (0.79–0.90%), MgO (0.02–
0.03 %), CaO (0.61–1.02 %), and TiO2 (0.02–0.04 %). 

The low ASI (1.02–1.07), disregarding the high SiO2 
contents, indicates an I-type affinity of the Hlína suite. 
A high degree of fractionation is indicated by fairly low 
mg# (2–7), K/Rb (228–103), and very high K/Ba (742–
2544) ratios. The elevated amount of MnO (0.04–0.11 %) 
and high content of Y (23–58 ppm) correspond with their 
high concentrations in garnet. The Nb (19–51 ppm) and 
Rb (156–311 ppm) concentrations are elevated; Zr (72–79 
ppm), Sr (16–30 ppm), and Ba (14–46 ppm) contents are 
lower than in the other Brno Batholith granitoids. The 
concentration of LREE is very low, whereas concentra-
tion of HREE is unusually high (Fig. 9, Tab. 3). The 
granites plot, based on their high concentrations of Y, 
Nb, and Rb, in the field of WPG (Within-Plate Granites) 
of Pearce et al. (1984) (Fig. 8). 

Tab. 10 Electron microprobe analyses from garnet (wt. % and apfu 
based on 12 O)

Sample 1 2 3
SiO2 36.09 35.83 34.88
TiO2 0.22 0.09 0.26
Al2O3 18.21 18.43 17.62
Cr2O3 0.00 0.00 0.00
Y2O3 0.73 0.31 2.16
FeO 18.05 17.94 18.12
MnO 19.40 19.27 19.95
MgO 0.28 0.29 0.85
CaO 5.87 6.12 3.88
Total 98.83 98.27 95.56
Alm 0.355 0.352 0.362
Sps 0.458 0.454 0.483
Prp 0.012 0.012 0.036
Grs 0.070 0.082 0.004
Adr 0.106 0.100 0.115

Nr. 1–3, J/21/93: garnet-bearing leucogranites (Hlína suite)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1

10
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Fig. 9 Chondrite-normalized REE patterns (Sun 1980) for garnet-bear-
ing granites, Hlína suite.
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5. Discussion

5.1. Interpretation of individual rock units

5.1.1. metabasite Zone

The sequence of ultramafic, plutonic and volcanic 
rocks from the Metabasite Zone resembles most likely 
an ophiolite succession (Best and Christiansen 2001). 
Even though the sheeted-dyke complex has not been 
observed yet, the sequence is rather complete ranging 
from ultramafic rocks (cumulates) to NMORB-like 
volcanic rocks. All members of the ophiolite suite un-
derwent a similar metamorphic evolution, starting with 
greenschist-, passing to lower amphibolite- and ending 
with retrograde, lower greenschist-facies conditions. 
This style of metamorphic evolution could be compared 
with ocean-floor metamorphism. On the other hand, no 
relics of high-pressure overprinting, which could indicate 
subduction processes, were recognised in the Metabasite 
Zone. This metamorphic evolution markedly differs from 
typical simple lower greenschist-facies overprinting of 
surrounding granites and diorites. Many plutonic rocks 
from the Western Granitoid Zone are even fresh, without 
any traces of alteration or metamorphic overprinting. This 
fact argues strongly for a genetic relationship between the 
plutonic and volcanic sequences of the ophiolite, indicat-
ing their common origin. 

Even though the lithology and metamorphic evolu-
tion of the Metabasite Zone is reasonably well known 
and comparable with modern ophiolite complexes, the 
tectonic interpretation of this ophiolite complex is less 
well constrained. Its tilted position, metamorphic evolu-
tion and relative small regional extent indicate that the 
Metabasite Zone represents only a small piece of an 
ophiolite complex, which could have been obducted onto 
an ancient continental or arc crust. However, the nature 
and character of this ancient crust, its relation to the gran-
ites surrounding the Metabasite Zone at the present-day 
erosion level, which are at least 150 Ma younger, as well 
as many other features that influenced the post-magmatic 
evolution of the ophiolites remain unknown. The same is 
valid for the petrotectonic interpretation of this zone. The 
metabasalts range, apart from post-magmatic alteration 
affecting certainly LILE, from typical depleted MORB 
compositions to enriched types. The high positive initial 
εNd values (+6.7 to +7.4 – Finger et al 2000b; +5.2 to +8.4 
– Janoušek and Hanžl 2000) confirm a depleted-mantle 
source for the NMORB-like basalts. 

While the more depleted rocks seem to prevail in 
the South, the more enriched metabasic rocks occur in 
the North (see also Janoušek and Hanžl 2000). This 
distribution argues for a possible systematic change in 
the mantle source composition, becoming less depleted 

northwards. An alternative view is an assumption that 
the intraplate basalts may overlay locally the depleted 
MORB. The rhyolites, given to the small size of the 
available dataset, are difficult to interpret. They might 
represent strongly fractionated members of the ophiolite 
suite or may be interpreted as volcanic equivalents of the 
plutonic trondhjemites. The later model is supported by 
their chemistry, resembling trondhjemites, as well as by 
high εNd (+6.8, Finger et al 2000b). Anyhow, apparently 
not all rhyolites from the Metabasite Zone belong to the 
ophiolite sequence. Some rhyolite dykes, especially those 
enriched in potassium, were probably associated with the 
intrusion of the later granites. 

The chemistry of the basalts, rhyolites and trond-
hjemites indicates three possible environments – ocean 
floor, volcanic arc, and within-plate setting. At least three 
arguments make the interpretation of geochemical data 
relative. (1) It is not clear, to which extent were their 
trace-element signatures influenced by postmagmatic 
processes. This concerns even concentrations of HFSE, 
which are the main argument for the petrotectonic inter-
pretations. The age of the ophiolites is very high (> 725 
Ma, Finger et al 2000). The studied ophiolite complex 
was formed just close in time to the beginning of the 
modern plate tectonics (Goodwin 1996). Thus the sim-
plistic extrapolation of geochemical data, which were 
obtained from recent or at least Phanerozoic settings, 
may be problematic for such old complexes. (2) Fragment 
only, from probably much larger ophiolite complex, is 
accessible for the study today. It is not clear, how rep-
resentative this fragment is, and why just this fragment 
survived. (3) Anyhow, even the lithology and chemistry 
of the studied ophiolite complex – the Metabasite Zone 
– indicate that it did not originate on the typical ocean 
ridge. Its genesis could be rather envisaged in an environ-
ment, which would resemble a modern back-arc basin or 
a supra-subduction zone environment.

5.2. Granites

5.2.1. Rena suite

A close relation between the geochemistry, mineralogy 
and zircon typology was observed within this suite. The 
amphibole-rich granodiorites are enriched in MgO, TiO2, 
and depleted in Na2O. Moreover,  they exhibit higher Mg/
Fe ratios (0.32–0.44) compared with the biotite-rich gran-
ites of the same suite (Mg/Fe = 0.24–0.26). The decrease 
in Mg/Fe from granodiorites to granites, accompanied by 
a decrease in V, Cr, and Ni, indicates an important role 
for the amphibole fractionation in the evolution of the 
Rena suite. The assessment of the role for both feldspars 
in the fractionation process remains much more uncertain. 
The decreasing Ba contents and increasing K/Rb ratios 
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during the evolution of a granitic magma are commonly 
used as a fingerprint of the K-feldspar fractionation (Best 
and Christiansen 2001). However, in the present case no 
systematic variation in Ba contents or K/Rb ratios was 
observed in the whole-rock chemistry between the am-
phibole-biotite granodiorites and biotite granites. This is 
probably due to the fact that biotite contains even more 
BaO (0.37–0.56 %) than K-feldspar (0.19–0.27 %), 
and Ba, together with potassium, disappeared almost 
completely from biotite during chloritization. This later 
chloritization affected the biotites from the Rena suite to 
various degrees (10–100 %). Therefore, it is very likely, 
that the concentrations of the LILE (especially Ba and K) 
are affected by a late-stage alteration, mainly by chlori-
tization of biotite. 

The evolutionary trend from granodiorites to granites 
is reflected in switch in zircon typology approximately 
from S24 to P3 (Fig. 6). Taken together, the mineral com-
position of the amphibole-biotite granodiorites and biotite 
granites, the occurrence of oscillatory zoned plagioclases, 
mostly linear differentiation trends, decreasing Mg/Fe 
ratios from granodiorites to granites, an aluminum satu-
ration index below 1.1, a low content of HFSE, as well 
as the evolutionary trend of zircon morphology (Pupin 
1985) are indicative for I-type granitoids (Champion and 
Chappell 1992), and suggest that both granite types may 
be connected by fractional crystallization processes. The 
concentration of trace elements is comparable to granites 
derived at volcanic arcs. However, the lack of precise 
geochronological and isotopic data makes a more detailed 
genetic interpretation for this suite speculative.

5.2.2. Tetčice suite

From the geophysical point of view, the Tetčice suite is 
accompanied by a positive gravity anomaly. The differ-
ence, compared to the Rena suite, is + 20 mGal. This 
observation does not agree with the surface situation, as 
the granites from the Rena suite are denser (2.66–2.67 
g/cm3) when compared with the Tetčice suite (2.62 g/cm3; 
Skácelová and Weiss 1978). The Rena suite should ex-
hibit a positive gravimetrical anomaly, but this is not the 
case. This discrepancy indicates that the diorites, which 
are dense enough (2.86 g/ cm3) to account for such an 
anomaly, are widespread under the current exposure lev-
el, and are covered only by a thin layer of granitoids. 

The geochemical features of the granitoids of the 
Tetčice suite, such as the peraluminous nature (ASI = 
1.14–1.20), Ca-poor character, as well as the mineral 
composition, especially the presence of Al-rich biotite as 
a dominant dark mineral, allow us to interpret the Tetčice 
granitoids as being of S-type character (Clarke 1981; 
Chappell and White 1992). Barbarin (1996) distinguished 
two main groups among the S-type granitoids. The first 

are muscovite-bearing granitoids generated through wet 
anatexis of crustal rocks. The second, formed by biotite-
cordierite or biotite-bearing granitoids, originated as a 
consequence of a fairly dry anatexis of crustal mate-
rial caused by an intrusion of a hot basic melt into the 
metasedimentary crust. Similar processes were invoked 
by Williamson at al. (1992), with Barton and Sidle (1993) 
to explain the origin of biotite-bearing peraluminous 
granitoids. Many features like (1) shared occurrence 
of metasedimentary and mafic inclusions in the grano-
diorites (Didier 1987); (2) presence of several types of 
zircon and apatite; (3) large extent of migmatitization and 
anatexis of enclosed metasedimentary rocks; (4) magma 
mixing phenomena indicative of an interaction between 
acid and basic magmas; and (5) gravimetric evidence, 
suggest the presence of more dense basic rocks at depth, 
below the granitoids. Especially the last feature indicates 
that the origin of the Tetčice suite granitoids can be best 
explained by an intrusion of hot basic magma into the 
metasedimentary crust, triggering a large-scale melting. 
Nevertheless it is necessary to take into account that the 
late-stage alteration – invoking mineralogical changes, 
like decomposition of biotite and calcic plagioclase ac-
companied by the formation of new K- (white mica), and 
Ca- (epidote, zoisite, titanite) phases, may have slightly 
changed the primary whole-rock chemical compositions. 
The decomposition of biotite was recognized as the initial 
reaction, accompanied by the release of potassium. It 
caused a succession of following reactions and, conse-
quently, a redistribution of Ca, K, and Na (decomposition 
of Ca-rich cores of plagioclases, formation of white mica, 
K-feldspar, albite, zoisite, etc.).  Realistic seems to as-
sume that these reactions were initiated by an influx of 
aqueous fluids with only limited changes of the whole-
rock chemistry. An intense redistribution of elements like 
K, Na, and Ca may explain the occurrence and origin of 
copious myrmekites (Garcia et al. 1996) observed in the 
Tetčice granitoids.

The red granites could probably represent more frac-
tionated, marginal facies, strongly influenced by the fluid 
migration. Disturbed concentrations of mainly LILE, 
induced by alteration, as well as the absence of isotopic 
data, do not allow the verification of this scenario by 
precise geochemical data.

5.2.3. hlína suite

Some accessory (primary to secondary) minerals found in 
this felsic granite correspond to peralkaline or hyperalka-
line rocks: e.g., Y, Na-rich spessartine–almandine (≤ 2.16 
Y2O3, ≤ 0.25 Na2O), Nb, Y-rich zircon, Nb, Ta, Al-rich 
titanite, plumbopyrochlore and karnarsurtite are in a con-
trast with the relatively high ASI (1.02–1.07). This may 
be a result of anhydrous crystallization of felsic, REE-, 
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Nb-, F-rich and Fe-, Mg-, Ca-, Ti-, P-poor, probably 
even highly fractionated magma, which prevented early 
precipitation of alkali pyroxenes and amphiboles, allanite 
or REE-phosphates (Leichmann et al. 1999). This type of 
granite strongly differs, by its mineralogy and geochem-
istry, from all other S- or I-type granites known from 
Brunovistulicum. The rocks are evidently anhydrous, 
anorogenic and, at least accessory minerals, indicate their 
alkaline affinity. Clearly, a distinct A-type component 
(Pitcher 1997) is apparent in this type of granite.

5.3. Geotectonic development

The rock association exposed in Brno Batholith is fairly 
variegated. The oldest member is evidently the Ophiolite 
Belt. Our petrological and geochemical data indicate, in 
accordance with Finger et al. (2000a) that it originated 
in supra-subduction zone environment. This, at least 725 
old, already metamorphosed ophiolite was intruded by 
variable granite complexes at approximately 600 Ma. 
The Eastern Granitoid Complex (part of the Slavkov 
Terrane sensu Finger et al. 2000a) intruded the ophiolite 
in the hanging-wall. It represents monotonous, I-type, 
amphibole- to biotite-bearing suite of quartz diorites–to-
nalites–granodiorites. Petrologic (Štelcl and Weiss 1986; 
Hanžl and Melichar 1997) as well as isotopic data (Finger 
et al. 2000b) indicate an origin in a primitive volcanic-
arc environment. The Western Granitoid Complex (part 
of the Thaya Terrane) intruded the base of the ophiolite 
sequence and has a much complex structure. Com-
mon relics of gneisses and calc silicates bring a strong 
evidence for an existence of an older continental crust. 
The age of this crust, as well as its possible relation to 
the ophiolites, is unknown, due to the intrusions of later 
granites. This probably mainly metasedimentary crust 
was intruded by mafic magma of dioritic composition. 
The Sr-Nd isotopic composition (87Sr/86Sr = 0.705–0.707, 
εNd = -1 to -2; Finger et al. 2000b) as well as petrologic 
and geochemical data indicate most likely a lower crustal 
origin for the parental mafic magma, or a strong interac-
tion between an ascending magma and the crust. This 
intrusion could have lead to a large-scale melting of the 
pre-existing crust and gave rise to a large S-type granite 
pluton of the Tetčice suite. Due to the presence of con-
cealed diorite bodies, this type of crust is nowadays as-
sociated with a positive gravity anomaly. Another type of 
crust is characterized by negative gravity anomaly from 
geophysical point of view. Geologically it is formed by 
felsic, highly evolved I-type, VAG granites of the Rena 
suite. The protolith of this suite is unknown, because of 
the lack of isotopic data and absence of any geological 
evidence, such as enclaves. 

Even less clear is the origin and tectonic position of 
the Hlína suite. The rocks are evidently strongly fraction-

ated, but enriched in elements such as Y, Nb, Ta, U, and 
Th. Low ASI, very high SiO2, and anhydrous character 
would make it difficult to derive these rocks from Rena 
or Tetčice granites. 

5.4. Relation between the western part  
of the Brno Batholith and the Dyje 
Batholith

Already Suess (1912) recognized some similarities be-
tween the Thaya (Dyje) and Brno batholiths. The close 
relation between the two was noticed more recently by 
Höck and Leichmann (1994), as well as Finger et al. 
(1995, 2000a). The correlation between these two batho-
liths is not simple because of strong deformation in the 
western part of the Dyje Batholith. However, petrological 
data presented here enable us to correlate individual rock 
types from both batholiths.

Finger et al. (1989) distinguished four main granitoid 
types – Hauptgranit, Gumping, Passendorf and Gauden-
dorf – in the Austrian part of the Dyje Batholith.

The most widespread variety of medium-grained, light-
coloured granites and granodiorites is called Hauptgranit. 
This type occupies more than two thirds of the batholith’s 
area. Finger et al. (1995) divided the Hauptgranit into 
two subtypes in addition. The light grey to pink biotite-
bearing granites of the Eggenburg/Maissau type occupy 
the southern part of the Batholith. The biotite-bearing, 
light-grey granodiorites to granites of the Pulkau/Zel-
lendorf type are widespread in the northern part. The 
Gumping type corresponds to biotite-rich granodiorites 
to quartz monzodiorites with K-feldspar phenocrysts 2–3 
cm across. This type is restricted to the south-western 
part of the Batholith. The Passendorf type, cropping out 
in the area between the Pulkau and Dyje valleys, is built 
by biotite-bearing tonalites. The term Gaudendorf type 
refers to fine-grained granites to granodiorites cropping 
out north of Eggenburg. 

The division of the Dyje Batholith on the Czech ter-
ritory is slightly different. The granites in the western 
part, approximately west of the city Znojmo, correspond 
mostly to the Pulkau type (Finger and Friedl 1993). The 
amphibole-biotite diorites and reddish leucogranites of 
the so-called Tasovice type (Batík 1984) crop out east of 
Znojmo. Diorites are often enclosed in the fine-grained 
biotite granodiorites, which differ from the common 
Pulkau type macroscopically by their finer grain and 
slightly higher biotite content. Likewise, the biotite-
bearing gneisses were found as inclusions in these fine-
grained granodiorites. The fine-grained granodiorites 
pass to the east into the coarse-grained granites of the 
Tasovice type. 

The biotite granites to granodiorites from the Rena 
suite in the Brno Batholith can be well compared with 
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the Pulkau/Zellendorf type from the Dyje Batholith. 
The common traits are leucocratic and biotite-bearing 
character, granitic to granodioritic composition, as well 
as pseudohexagonal development of the biotite crystals. 
Apart form petrology, similarities could be documented 
in whole-rock chemistry (Finger et al. 1995). The Pulkau 
granite is associated with the Passendorf tonalite. To-
nalites were not found in the Rena suite in the Brno 
Batholith, however the amphibole-biotite granodiorites 
are characterised by relatively low modal contents of 
K-feldspar. Even though the tonalites from the Dyje 
Batholith are more mafic compared with the granodiorites 
from the Brno Batholith, their gradational, spatial relation 
to the prevailing granites in both batholiths, and some 
textural traits (e.g. up to 1 cm long pseudohexagonal 
columnar biotite) suggest a close relation.

The Tetčice suite has an equivalent in the northeastern 
part of the Dyje Batholith in the form of inhomoge-
neous granodiorites with diorite and gneiss enclaves, 
which occur northeast of Znojmo. The abundance of 
enclaves, together with the petrological character (biotite 
granodiorites) and structural similarities (fine-grained 
types) support such a correlation. The diorites from the 
Tetčice suite are almost identical to those from the Dyje 
Batholith. Both are amphibole- and biotite-bearing, be-
ing enriched in P, Ti, and K2O. Titanite with an ilmenite 
core is a typical accessory. Tonalites commonly appear 
at the contact with granodiorites. The whole suite crop-
ping out northeast of Znojmo, is similar to the Tetčice 
suite, accompanied by a distinctive, positive gravimetric 
anomaly. The light, garnet-bearing, fine-grained gran-
ites which form dykes in the northern part of the Dyje 
Batholith (Batík and Čtyroký 1983; Leichmann 1987) 
could be compared, from the petrological point of view, 
with garnet-bearing leucogranites of the Hlina suite in 
the Brno Batholith. 

Correlation of other two granitoid types from the Dyje 
Batholith is less certain. The Gaudendorf granodiorite is, 
according to description by Finger et al. (1989, 1995), 
similar to the granodiorites from the Tetčice suite in the 
Brno Batholith. Unfortunately, the published data from 
the Gaudendorf area do not suffice for a really detailed 
correlation of both types. Similarly the red Tasovice 
granite seems petrologically close to the red granites from 
the Tetčice suite.

The occurrence of the Gumping type is restricted to 
the Dyje Batholith. Likewise, the Sr-poor and Zr-rich 
Maissau type has no equivalent in the Brno Batholith. 
Some pink to reddish biotite granites from the Rena suite 
are petrologically very close to the Maissau type. But the 
granites from the Rena suite are enriched in Sr and de-
pleted in Zr compared to those from the Maissau area. 

Taken together, the rocks which crop out in the north-
ern part of the Dyje Batholith – approximately north of 

Pulkau river – have their equivalents in the Brno Batho-
lith. Some types from the southern extremity of the Dyje 
Batholith (Gumping and Maissau) are not known from 
the Brno Batholith. At least the northern Dyje Batholith 
represents the direct southern continuation of the Western 
Granitoid Complex of the Brno Batholith. This Complex 
and Dyje Batholith differ principally from the Eastern 
Granitoid Complex of the Brno Batholith, though. 

The Brunovistulian magmatism could be therefore 
classified by two principles. The petrological observa-
tions presented in this paper strongly support the divi-
sion of the Brunovistulicum into two different terranes 
with an ophiolite belt in-between, as firstly published by 
Finger et al. (2000a). In this case, Thaya Terrane com-
prises the Brunovistulian magmatic and metamorphic 
rocks cropping out west of the ophiolite belt (Western 
Granitoid Complex of the Brno Batholith, Dyje Batholith 
and the concealed parts). Slavkov Terrane then contains 
the Brunovistulian rocks located east of the Metabasite 
Zone (Eastern Granitoid Complex of the Brno Batholith 
and concealed parts). 

The second division arises more from geomorphologi-
cal aspects that reflect post-Miocene erosion processes, 
and classify Brunovistulicum conventionally according 
the outcrop areas into Brno Batholith, Dyje Batholith 
etc. 

5.5. The position of Brunovistulicum during 
the cadomian orogeny 

The discussion about the position of Brunovistulicum 
during the Cadomian orogeny was recently summarized 
by Kalvoda et al. (2008). Three different models have al-
ready been published. Pharaoh (1999) with Żelaźniewicz 
et al. (1997, 2001) argued, based on geochronological 
and lithological data (Glassmacher et al 1999; Gee 2001; 
Scarrow et 2001), for Baltica affinity of the Brunovistu-
licum. 

More recently, Friedl et al. (2000, 2004) interpreted 
Brunovistulicum as a terrane derived from the South 
American part of Gondwana. Their main argument were 
SHRIMP zircon ages spectra with peaks at 1.2 Ga, 1.5 
Ga and 1.65–1.8 Ga indicating affinity to the Grenvillian 
orogeny. However, these high ages were found in the so-
called Bites Gneiss, which is thrusted over Brunovistulian 
rocks proper (Leichmann et al. 2006). Friedl (2000, 2004) 
considered Brunovistulicum, based on data by Finger 
and Steyrer (1995) with Finger et al (1995) as a part 
of broader tectonic unit – Moravo-Silesicum. However 
the Brunovistulicum is defined here more closely, and 
allochtonous units in the hanging wall are classified as 
Moravicum in accordance with Suess (1912). Main reason 
for the separation of Brunovistulicum from Moravicum is 
the presence of slightly metamorphosed Devonian marine 
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sediments, which are sandwiched between Brunovistuli-
cum and Moravicum (Jaroš and Mísař 1976; Schulmann 
et al. 1991). The high ages indicating the South America 
affinity are unknown from the Brunovistulian granites 
yet. However it is necessary to point out that the age 
of metasedimentary enclaves in Brunovistulian granites 
remains unconstrained. 

The third model (Finger et al 1995, 1997) invoked 
again a Gondwanan affinity of the Brunovistulicum, and 
correlated this unit with the northern Africa margin. The 
petrological characteristics of Brunovistulicum given in 
this paper enable closer lithological correlation with the 
rocks from northern Africa margin in the Eastern Desert 
in Egypt.

El-Gaby (1975, 1984), El-Gaby et al (1984), Stern 
and Hedge (1985), Stern and Gottfried (1986), as well 
as Shackleton (1994) defined several intrusion events in 
the central and northern parts of the Eastern Desert in 
Egypt. The oldest one is the Abu Ziran Group, which in-
cludes, among other rock types, dismembered ophiolites 
with a back-arc affinity. Intrusion of tonalites to granites, 
and the eruption of Dokhan volcanics, manifested the 
younger phase. The general structure in the northern part 
of the Eastern Desert (ophiolites surrounded by younger 
granites) strongly resembles the structure observed in the 
Brno Batholith. Other strong evidence for a close relation 
between northern Gondwana and the Brno Batholith is 
the geochronology. The age of the ophiolites from Brno 
Batholith (725 ± 15 Ma after Finger 2000b) is very 
close to the ages observed in the Panafrican ophiolites 
in the Eastern Desert (Shackleton 1994). The intrusion 
ages of granites and Dokhan volcanics from the Eastern 
Desert range between 620 and 550 Ma (El-Gaby et al. 
1984; Stern and Hedge 1985; Stern and Gottfried 1986; 
Shackleton 1994). These values are almost identical with 
the intrusion ages reported from various granites and 
diorites in the Brno Batholith (van Breemen et al. 1982; 
Dallmeyer et al. 1994).

Although it is necessary to take into account that it 
is difficult to compare a local geological unit of outcrop 
size  ~ 1 200 km2 with a huge craton several 10 000 km2 
in size, some important analogies in the geological struc-
ture and geochronology between the Brno Batholith and 
northern Gondwana margin could be found.

6. Conclusions

The Brno Batholith, and consequently whole Bruno-
vistulicum, consists of three independent magmatic 
complexes. They are from West to East: the Western 
Granitoid Complex (part of the Thaya Terrane), the cen-
tral Ophiolite Belt (formerly termed Metabasite Zone or 
Central Basic Belt), and the Eastern Granitoid Complex 

(part of the Slavkov Terrane). These complexes differ in 
petrology, chemistry, and post-magmatic evolution. 

Three suites of magmatic rocks – Rena, Tetčice and 
Hlína – were distinguished in the Western Granitoid Com-
plex. The amphibole-biotite granodiorites to biotite granites 
of the Rena suite represent differentiated I-type granitoids 
with a strong volcanic-arc affinity. The biotite-bearing, S-
type granodiorites of the Tetčice suite originated most likely 
via partial anatexis of metasedimentary crust. It could have 
been a consequence of elevated heat flow, induced by an 
intrusion of dioritic magma at depth, followed by mixing 
between the primary mafic and secondary granitic melts. 
The granodiorites of both suites have undergone local 
late-stage alteration manifested by strong replacement of 
plagioclase by white mica and albite, and the formation 
of epidote, carbonate, and palygorskite veinlets. Dykes, or 
small bodies of highly differentiated I- to A-type, garnet-
bearing granites of the Hlína suite with a strong within-
plate affinity, cut through both suites. All three suites have 
direct equivalents in the Dyje Batholith, which represents 
a southern continuation of the Brno Batholith.

The ophiolites comprise a full sequence including 
ultramafic and plutonic rocks, basaltic volcanics, ranging 
even to acidic composition. Based on the lithology and 
whole-rock geochemistry of the basalts, the ophiolitic 
complex can be interpreted, most likely, as supra-subduc-
tion zone related.

Our petrological data support the idea of Finger et 
al. (2000a), who interpreted the Brunovistulicum as an 
arc (Slavkov Terrane) – continent (Thaya Terrane) col-
lisional zone with relics of ocean floor (Ophiolite Belt) 
in-between. 

The broad fit in the geological structure (older ophio-
lites surrounded by younger granitoids) and geochronol-
ogy between Brunovistulicum and the northern part of 
the Eastern Desert in Egypt may favour a close relation 
of Brunovistulicum to the northern Gondwana margin 
during the Panafrican orogeny. Nevertheless, alternative 
views, searching primary position of Brunovistulicum at 
South America margin or in an orogen-rimmed Baltica 
could not be excluded yet.
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A Sr, Nd, and O isotopic study of Variscan granitoid rocks from the Western Carpathians reveals the dominance of hete-
rogeneous crustal sources for the most of the granitic rocks. Their neodymium crustal index (NCI) is 0.4 to 1.0 (mainly 
0.6–0.8). Initial (87Sr/86Sr)350 of 0.7053 to 0.7078 and εNd

(350) of -0.6 to -6.9 preclude a simple mantle and/or crustal origin 
for most of granitoids and suggest more complex sources, such as vertically zoned lower crust consisting of old metaigne-
ous, amphibolitic and metasedimentary rocks. Apparent crustal residence ages, indicated by two-stage depleted-mantle Nd 
model ages ranging from 1.6 to 1.1 Ga, are comparable with other segments of the European Variscan belt. The whole rock 
δ18O(SMOW) values of the granites are heterogeneous and range from 8.4 ‰ in tonalites to 11.3 ‰ in leucogranites, reflecting 
source compositions ranging from mafic to silicic. Petrographically, these granites are representative of common crustal 
anatectic rocks with magmatic muscovite; however, their isotopic signature reflects petrogenesis related to subduction pro-
cesses at active continental margins. Recent metamorphic, sedimentary and/or structural studies of the Variscan basement of 
the Western Carpathians suggest a continental collisional rather than a volcanic arc setting. The Western Carpathian granitic 
rocks were most likely generated by partial melting of mainly recycled Proterozoic crustal material during subduction-
collisional processes of the Variscan orogeny, with possible input of mafic magmas from the mantle. These mafic magmas 
may have served as a heat source for melting of the lower crust.
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1. Introduction

The present-day structure of the Alps and Carpathians, 
forming part of Stille’s (1924) Alpine “Neo-Europa”, is 
mainly the result of convergent processes between the 
African Plate fragments (Adria–Apulia) and the North 
European Plate (Eurasia) spanning from the Late Jurassic 
to the present (Plašienka et al. 1997). Tethian sedimentary 
rocks dominate this orogenic mobile belt. However, the 
pre-Mesozoic basement is an important component of the 
structure of the Carpathians (Petrík and Kohút 1997). Its 
polyorogenic history is characterised by juxtaposition of 
various terranes and/or blocks that in most cases originated 
at the Gondwana margin due to multistage tectonic evo-
lution with large-scale nappe and strike-slip tectonics as 
part of the European Variscan orogeny (Stampfli and Borel 
2002; von Raumer et al. 2002). Although the basement 
rocks form only discrete fragments in the Alpine Carpath-
ians structure, the granitic rocks dominate at the present 
erosion level. One of the salient features of the Western 
Carpathians is a great variety of granitic rocks within small 
areas (Petrík and Kohút 1997). There exist many simi-
larities between the Variscan granitic rocks of the Alpine 
“Neo-Europa” and those of the European Variscan belt in 

the Iberian Massif, the Massif Central, and the Bohemian 
Massif that represent “Meso-Europa” in sense of Stille 
(1924). The varieties of granitoid suites include: (a) high-
K–Mg, (b) peraluminous, (c) calc-alkaline; (d) ferro-potas-
sic, (e) subalkaline, and (f) anorogenic – alkaline (Bonin 
et al. 1993; Finger et al. 1997; Schaltegger 1997; Bussy et 
al. 2000; Kohút 2002, among others). These suites were 
generated during main and late-Variscan orogenic stages. 
However, distribution of these series within particular 
basement blocks is not uniform and is still a matter of de-
bate. The aim of this paper is to present Sr-Nd-O isotopic 
data from Western Carpathian granitic rocks that place 
constraints on their sources, petrogenesis, as well as the 
Variscan crustal evolution and tectonics. 

2. Geological setting

Similarly to the Pyrenees and Alps, the Carpathian 
Mountain chain is a typical Alpine collisional fold belt. 
However, its pre-Mesozoic basement rocks were part of 
the Variscan orogenic belt. During the Alpine orogeny, 
the Carpathian part of the Variscan belt was disrupted and 
sliced into nappe and terrane blocks that were variously 
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uplifted (Andrusov 1968; Plašienka et al. 1997). This 
polyorogenic history makes reconstruction of the Variscan 
structures rather difficult but provides excellent exposure 
of various levels of the Variscan crust. The Western 
Carpathians form a direct eastern continuation of the 
Eastern Alps. The pre-Alpine crystalline basement crops 
out mainly in the Central Western Carpathians (CWC) 
which consist of three principal crustal-scale superunits 
(from north to south): the Tatricum, the Veporicum and 
the Gemericum. In addition there are several cover-
nappe systems, including the Fatricum, the Hronicum 
and the Silicicum, also generally emplaced in sequence 
from north to south (Plašienka et al. 1997). The Variscan 
granitoid rocks occur in all three superunits of the CWC 
(Fig. 1; a more detailed geological map of the Western 
Carpathians can be found at http://www.geology.sk). 

In the Tatricum the granitoids along with pre-Meso-
zoic metamorphic rocks build backbones of the so-called 
“core mountains”. Both rock types are overlain by Meso-
zoic cover sediments and/or nappes. The basement rocks 
were only weakly affected by Alpine metamorphism 
(Krist et al. 1992). A large composite granodiorite–tonal-
ite body, strongly affected by the Alpine shear tectonics, 
dominates the Veporicum. Other basement rocks include 
high- to low-grade metamorphic rocks. These are overlain 

by Upper Paleozoic and Mesozoic cover. Due to complex 
Variscan and Alpine tectonics, this unit has a very com-
plicated imbricate structure. The degree of penetrative 
brittle–ductile deformation increases from the northwest 
to the southeast. The Gemericum is dominated by a large 
hidden granitoid body, which penetrates the overlying 
Lower Paleozoic rocks in the form of apophyses (Kohút 
and Stein 2005 and references therein). The Paleozoic 
rocks are composed of Silurian to Late Carboniferous, 
mostly low-grade flysch-like metasedimentary rocks 
and metavolcanics with remnants of an ophiolite com-
plex. Granitoid magmatism dominated in the Variscan 
orogeny of the Western Carpathians from 360 to 250 Ma 
(Petrík and Kohút 1997; Finger et al. 2003). In response 
to variable geotectonic events, different types of granitic 
magmas have formed during: a) Early Carboniferous 
crustal thickening, b) Late Carboniferous thermal event, 
and c) Permian transtension, as recorded by the respective 
presence of S-, I- and A-type granitic suites (Petrík and 
Kohút 1997; Broska and Uher 2001; Finger et al. 2003). 
Available age data (U-Pb, Rb-Sr and Ar-Ar) indicate the 
main phase of granite magmatism to have been between 
360 and 340 Ma (Petrík and Kohút 1997; Kohút 2007); 
therefore we adopted the age 350 Ma for calculations of 
initial isotopic compositions. 

Fig. 1 Simplified tectonic-geological sketch of the Western Carpathians (Slovak part) with location of investigated samples. 1 – Pre-Alpine crystalline 
basement of Tatric Unit, 2 – Mesozoic sedimentary cover and nappe structures, 3 – Veporic Unit, 4 – Gemeric Unit, 5 – Klippen belt, 6 – Flysch 
zone, 7 – Neogene to Quaternary Central and East Slovakian neovolcanites, 8 – Neogene to Quaternary sedimentary basins.
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3. Analytical methods

Geochemical analyses were performed at the Univer-
sity of Ottawa by X-ray fluorescence and at the Dionýz 
Štúr Institute of Geology, Bratislava using classical wet 
chemical techniques. The REE concentrations were ana-
lyzed at the Memorial University of Newfoundland, St. 
John’s by ICP-MS (Jenner et al. 1990) and by INAA at 
MEGA Brno Inc. The measurements were verified against 
international GM and BM standards. The Sm-Nd isotope 
analyses were performed at the Institute of Precambrian 
Geology and Geochronology, Russian Academy of Sci-
ences, St. Petersburg, and Rb-Sr data were acquired in the 
laboratories of BGR Hannover on a Finnigan MAT 261 
mass spectrometer. The powdered whole-rock samples 
(WR) for Sm-Nd studies were analysed following the 
method of Richards et al. (1976) and the Rb-Sr analyses 
were carried out using the method of Wendt (1986). Pul-
verized samples were spiked with a mixed 149Sm-146Nd 
or a 85Rb-84Sr solution, respectively, and then dissolved 
in a mixture of HF + HNO3 + HClO4. Separation of the 
relevant elements was done using conventional cation-
exchange chromatography, followed, for Nd, by extrac-
tion chromatography on HDEHP covered Teflon powder. 
Total blanks during the measurements were 0.1–0.2 ng 
for Sm, 0.1–0.5 ng for Nd, 0.03–0.07 ng for Rb and 
0.5–0.8 ng for Sr. Accuracy of the measurements of Sm 
and Nd concentrations at the 2σ level was ±0.5 %, for 
147Sm/144Nd ±0.5 %, for 143Nd/144Nd ±0.005 %, for 87Rb/
86Sr ±0.5 %, and for 87Sr/86Sr ±0.005 %. The weighted 
average of 31 measurements of the La Jolla Nd-standard 
yielded 0.511845 ± 4 (2σ) for 143Nd/144Nd, normalized to 
146Nd/144Nd = 0.7219. For Rb-Sr determinations, internal 
standards NBS 987 and NBS 607 were used, respectively; 
all measurements were fractionation corrected to 86Sr/88Sr 
= 0.1194. Further details on the analytical techniques 
were described by Neymark et al. (1993) and Kohút et 
al. (1996, 1999).

Oxygen isotope analyses were conducted on a Finni-
gan MAT Delta-E mass spectrometer at the University 
of Missouri. The samples were reacted with BrF5 in Ni 
vessels and the liberated oxygen was converted to CO2 
by reaction with a hot carbon rod (Clayton and Mayeda 
1963). All values are reported in permil deviation relative 
to V-SMOW. Repeated analyses of NBS 28 (quartz) gave 
a δ18O value of 9.68 ± 0.21‰. 

The εNd(0) values were calculated using 147Sm/144Nd 
= 0.1967 and 143Nd/144Nd = 0.512638 for the Chondritic 
Uniform Reservoir (CHUR) following Jacobsen and 
Wasserburg (1980). A linear model with parameters 
147Sm/144Nd = 0.2136 and 143Nd/144Nd = 0.513151 was 
used for the Depleted Mantle reservoir (DM) according 
to Goldstein and Jacobsen (1988). Two-stage apparent 
crustal residence ages were calculated with a correction 

for crustal component 147Sm/144Nd(CC) = 0.12 and the De-
pleted Mantle parameters 143Nd/144Nd(DM) = 0.513151 and 
147Sm/144Nd(DM) = 0.219 following the model of Liew and 
Hofmann (1988). The εSr(0) values were calculated using 
87Sr/86Sr = 0.7045 and 87Rb/86Sr = 0.0816 for the present-
day Bulk Earth (or Uniform Reservoir, UR) composition 
(DePaolo and Wasserburg 1976; Faure 1986). The values 
of the neodymium crustal index (NCI) were computed 
according to the model of De Paolo et al. (1992).

4. Results

The major- and trace-element chemical compositions 
of the studied samples are given in Tab. 1. The sample 
set includes ten specimens from one core in the Veľká 
Fatra Mts. and several representative samples from each 
of the Western Carpathian granite massifs. The broad 
sample set, covering all principal granitic types, includ-
ing tonalites, granodiorites, granites and/or leucogranites 
(Fig. 2) and hybrid samples from the Veporic Unit, is 
complemented by one sample of gabbro that is used to 
constrain the petrogenetic model. The majority of the 
Carpathian granitoid plutons are composed of several rock 
types, including tonalites, trondhjemites, granodiorites and 
leucogranites (granites and granodiorites predominate). 
Generally, the granitoids have SiO2 concentrations ranging 
from c. 60 to 77 wt. %, have increasing alkalinity from 
the more basic to the most acid varieties, but overall they 
are calc-alkaline. They are metaluminous to peraluminous 
(A/CNK = 0.7–1.5). Noteworthy is the markedly peralu-
minous character of hybrid tonalites (A/CNK = 1.4–1.5), 
in contrast to the subaluminous character of the Veľká 
Fatra Mts. leucogranites (A/CNK = 0.96–1.04). The 
prevalence of Na2O over K2O is a common feature (K2O/
Na2O by weight = 0.25–1.15), including the porphyritic 
“Prašivá” type granite whose alkali ratio is close to 1. The 
medium- to high-K calc-alkaline character is a common 
attribute of the European Variscan granitoids (Bonin et 
al. 1993). Biotite is the dominant ferromagnesian mafic 
mineral, whereas hornblende occurs only rarely in dioritic 
enclaves. Accessory mineral assemblages, magnetite + alla-
nite versus monazite + ilmenite, define in some plutons two 
granite groups (Petrík and Broska 1994) – the occurrence 
of mafic microgranular enclaves (MME) in magnetite-bear-
ing granites and the presence of metamorphic country-rock 
xenoliths in magnetite-free granites support division of the 
Western Carpathian granites into I- and S-type suites. The 
Sm-Nd, Rb-Sr and oxygen isotopic data are listed in Tab. 
2. The Rb-Sr isotopic systematics of the granitoids are 
shown in Fig. 3. With the exception of two leucogranite 
samples (ZK-4 and VVM-129), the granitoids fall on a 
linear array that is in a good agreement with the 350 Ma 
reference isochron. It is obvious as HT/MP metamor-
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Fig. 2 An-Ab-Or CIPW normative diagram (Barker 1979) showing 
varied character of the Variscan Western Carpathian igneous rocks. 
Symbols: circles – tonalites, squares – granodiorites, triangles – grani-
tes, diamonds – leucogranites, cross – gabbro.

Sample Rb Sr 1/Sr Rb/Sr 87Rb/86Sr 87Sr/86Sr(2σ) εSr(0) (87Sr/86Sr)350 εSr(350) Sm
VF-43 110 259 0.0039 0.42 1.3838 0.71359 ± 21 129.03 0.706695 36.95 3.05
VF-153 82 521 0.0019 0.16 0.4759 0.70856 ± 16 57.56 0.706184 29.69 5.89
VF-157 65 161 0.0062 0.40 1.1644 0.71214 ± 18 108.43 0.706338 31.87 2.26
VF-283 117 179 0.0056 0.65 2.9164 0.71985 ± 22 217.87 0.705318 17.40 3.41
VF-298 108 146 0.0068 0.74 3.0970 0.72220 ± 20 251.24 0.706770 38.01 3.25
VF-356 91 563 0.0018 0.16 0.4330 0.70824 ± 21 53.09 0.706083 28.25 4.73
VF-417 105 302 0.0033 0.35 1.1067 0.71164 ± 20 101.31 0.706123 28.82 4.27
VF-636 93 369 0.0027 0.25 0.5673 0.70962 ± 16 72.65 0.706792 38.32 4.55
VF-639 91 365 0.0027 0.25 0.5255 0.70882 ± 20 61.32 0.706202 29.94 4.72
VF-700 103 177 0.0056 0.58 1.6920 0.71521 ± 16 152.02 0.706780 38.15 2.07
VK-139 99 285 0.0035 0.35 0.9891 0.71240 ± 34 112.14 0.707472 47.98 5.66
BGPI-1 61 284 0.0035 0.21 1.6198 0.71492 ± 22 147.91 0.706850 39.15 3.52
T-87 92 482 0.0021 0.19 0.3500 0.70768 ± 28 45.14 0.705936 26.17 4.82
MM-29 56 327 0.0031 0.17 1.7590 0.71496 ± 24 148.47 0.706196 29.86 5.72
Z-164 80 305 0.0033 0.26 1.5696 0.71403 ± 16 135.27 0.706210 30.05 5.77
MF-4a 65 473 0.0021 0.14 0.4390 0.70848 ± 18 56.49 0.706293 31.24 4.19
NT-401 125 600 0.0017 0.21 0.5644 0.71010 ± 30 79.49 0.707288 45.37 4.19
ZK-4 158 122 0.0082 1.30 3.4260 0.73700 ± 28 461.32 0.719930 224.93 3.57
TL-117 88 449 0.0022 0.20 0.6092 0.70920 ± 20 66.71 0.706165 29.42 3.75
VG-46 89 344 0.0029 0.26 0.5480 0.70800 ± 40 49.68 0.705270 16.71 25.50
VG-47 131 210 0.0048 0.62 1.4660 0.71510 ± 30 150.46 0.707796 52.58 7.96
V-7312 240 120 0.0083 2.00 0.9727 0.71123 ± 28 95.53 0.706384 32.53 5.00
V-9738 72 320 0.0031 0.23 0.7440 0.71005 ± 24 78.78 0.706343 31.95 5.04
VVM-129 448  21 0.0476 21.33 17.4520 0.87094 ± 36 2362.5 0.783988 1134.70 2.58
CH-3/72 102 464 0.0022 0.22 1.0252 0.71110 ± 22 93.68 0.705992 26.97 11.83
KV-3/622 139 638 0.0016 0.22 0.1965 0.70330 ± 20 -17.03 0.702321 -25.17 11.39

t(DM2st) – two-stage apparent crustal residence ages (Liew and Hofmann 1988); NCI – neodymium crustal index (DePaolo et al. 1992)

Tab. 2 Isotopic composition and related parameters for the studied Western Carpathian granitic rocks

phism with widespread granitic magmatism is typical 
of European Variscides, and could have lead partial 
isotopic homogenization throughout wide areas during 
Early Carboniferous period or sources could have been 
isotopically similar a	 priori (F. Finger, personal com-
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Fig. 3 Whole-rock Rb/Sr isochron (Nicolaysen-type) plot indicating 
evolution of the Western Carpathian granitic rocks with dominance 
of studied samples clustering around the reference 350 Ma isochron. 
Symbols as in Fig. 2.
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Nd Sm/Nd 147Sm/144Nd 143Nd/144Nd (2σ) εNd(0) (143Nd/144Nd)350 εNd(350) t(DM2st) NCI δ18O
15.93 0.19 0.11602 0.512391 ± 5 -4.82 0.512125 -1.21 1155 0.58 9.8
32.25 0.18 0.11636 0.512323 ± 6 -6.14 0.512056 -2.56 1261 0.70 9.3

8.54 0.26 0.13045 0.512284 ± 8 -6.91 0.511985 -3.95 1370 0.77 10.5
15.85 0.22 0.12985 0.512273 ± 10 -7.12 0.511975 -4.14 1385 0.79 11.3
15.45 0.21 0.12768 0.512306 ± 11 -6.48 0.512013 -3.39 1327 0.73 11.0
23.44 0.20 0.12241 0.512346 ± 6 -5.70 0.512065 -2.38 1247 0.66 9.7
23.89 0.18 0.11918 0.512265 ± 9 -7.28 0.511992 -3.81 1359 0.81 10.4
24.47 0.19 0.11444 0.512338 ± 8 -5.85 0.512076 -2.18 1231 0.67 9.6
25.19 0.19 0.11364 0.512347 ± 7 -5.68 0.512087 -1.97 1214 0.66 9.5

8.39 0.25 0.14990 0.512330 ± 13 -6.01 0.511986 -3.92 1368 0.69 9.0
30.80 0.18 0.11135 0.512302 ± 6 -6.55 0.512047 -2.74 1275 0.74 10.2
18.50 0.19 0.11551 0.512235 ± 9 -7.86 0.511970 -4.24 1393 0.86 11.1
27.70 0.17 0.10548 0.512397 ± 7 -4.70 0.512155 -0.62 1109 0.57 10.7
30.60 0.19 0.11346 0.512278 ± 11 -7.02 0.512018 -3.30 1319 0.78 11.2
31.99 0.18 0.10947 0.512298 ± 10 -6.63 0.512047 -2.74 1275 0.75 10.0
22.30 0.19 0.11362 0.512307 ± 11 -6.46 0.512047 -2.75 1276 0.73 9.8
22.66 0.18 0.11216 0.512396 ± 9 -4.72 0.512139 -0.94 1134 0.57 8.6
15.40 0.23 0.14044 0.512156 ± 8 -9.40 0.511834 -6.89 1601 1.00 9.6
21.50 0.17 0.10597 0.512343 ± 4 -5.75 0.512100 -1.70 1194 0.67 9.5
82.10 0.31 0.18865 0.512516 ± 5 -2.38 0.512084 -2.02 1219 0.36 8.4
33.91 0.23 0.14237 0.512354 ± 11 -5.54 0.512028 -3.11 1305 0.65 10.5
22.50 0.22 0.13498 0.512333 ± 14 -5.95 0.512024 -3.19 1311 0.68 8.6
28.50 0.18 0.10717 0.512332 ± 12 -5.97 0.512086 -1.97 1215 0.69 9.3

8.93 0.29 0.17537 0.512364 ± 9 -5.34 0.511962 -4.40 1405 0.63 9.9
52.04 0.23 0.13787 0.512343 ± 9 -5.68 0.512031 -3.05 1299 0.66 9.1
65.68 0.17 0.10515 0.512715 ± 6 1.50 0.512474 5.60 620 0.00 6.6

munication). The (87Sr/86Sr)350 ratios in granitoid rocks 
of the Tatric and Veporic units are low (0.705–0.708), 
suggesting a mixed lower crustal and mantle source, mix-
ing of more and less radiogenic sources and/or a Rb-poor 
crustal source (Fig. 4). Granitoids from the Gemeric Unit 
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Fig. 4 Initial Sr isotopic ratios at 350 Ma vs. 1/Sr plot documenting 
nearly balanced and quasi-homogenized isotopic composition during 
genesis of the Variscan granites in the Western Carpathians. Symbols 
as in Fig. 2.

(VVM-129) have extremely high (87Sr/86Sr)350 ≥0.725 
(Kovach et al. 1986), which suggests an older supracrustal 
metasedimentary source. 

The εNd(0) values for the West Carpathian granitoids, 
ranging from -2.3 to -9.4, are comparable with other 
data for the Variscan fold belt of Central Europe (Liew 
and Hofmann 1988), the Massif Central (Pin and Duthou 
1990), the Bohemian Massif (Liew et al. 1989; Janoušek 
et al. 1995; Gerdes 2001) and the Tauern Window (Finger 
et al. 1993). In contrast to the Rb-Sr isotopic system, no 
isochron relationship is apparent in the Sm-Nd system at 
350 Ma (Fig. 5), and the (143Nd/144Nd)350 ratios are more 
heterogeneous (Fig. 6). Even though, there is an overlap 
in the Nd isotopic ratios of tonalites, granodiorites, and 
granites, the leucogranites have systematically less radio-
genic Nd. Nevertheless, in comparison to the general broad 
range of Nd isotope ratios of crustal rocks wordlwide, the 
range in the CWC granitoids is small. Only the gabbro 
sample is distinct with the most radiogenic ratio, which 
reflects its mantle source.The δ18O values of the granitoids 
range from 8.4 to 11.3 ‰ (Figs 7 and 8). On average, the 
tonalites have the lowest δ18O values of 9.1 ± 0.6 ‰, the 
granodiorites have 9.9 ± 1.3 ‰, the granites show 10.2 ± 
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Fig. 5 143Nd/144Nd versus 147Sm/144Nd isochron diagram for the Western 
Carpathian granitic rocks. A reference 350 Ma isochron is drawn for 
comparison As can be seen, there is no linear relationship reflecting the 
lack of the regional-scale homogenization. Symbols as in Fig. 2.
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Fig. 6 Initial Nd isotopic ratios at 350 Ma versus 1/Nd ratio diagram. 
The lack of a linear array rules out simple two-component source 
mixing and reflects rather heterogeneous sources and/or open-system 
interactions during genesis of the Carpathian granites.
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Fig. 7 Diagram δ18O vs. (87Sr/86Sr)350 of the Western Carpathian grani-
tes; crustal and mantle components (CC + MC) are taken from James 
(1981). According this model the CWC granites represent 10–50% 
assimilation of crustal rocks.

Fig. 8 Plot of δ18O vs. (143Nd/144Nd)350 for granitic rocks of the Western 
Carpathians. Potential crustal source (upper crust – UC) and depleted 
mantle component (DM) are shown for comparison.

1.6 ‰, and the leucogranites have 10.0 ± 1.0 ‰. Thus, 
there is a considerable overlap in the oxygen isotope com-
position between individual granitoid types. However, with 
the exception of the leucogranites and one granodiorite 
sample, there is a fairly good negative correlation of the 
δ18O values with (143Nd/144Nd)350

 (Fig. 8) whereby higher 
δ18O values tend to indicate a sedimentary crustal protolith 
and lower values a mafic protolith (O’Neil and Chappell 
1977; Taylor 1988). The gabbro sample has δ18O value of 
6.6 ‰, which is typical of mantle-derived rocks. 

5. Discussion

5.1. Sources of granitoids

In spite of the broad range of granitoid types in the Tatric 
and Veporic superunits, the granitoids have rather narrow 
ranges of (87Sr/86Sr)350 and (143Nd/144Nd)350 ratios, particu-

larly in comparison to granitoids of other orogenic belts 
such as the Lachlan fold belt of Australia (McCulloch and 
Chappell 1982). The possible source rocks of the Western 
Carpathian granitoids have previously been discussed 
(e.g. Cambel and Petrík 1982; Kráľ 1994; Petrík et al. 
1994; Kohút and Nabelek 1996; Petrík and Kohút 1997; 
Petrík 2000; Finger et al. 2003). According to Kráľ (1994), 
the Tatric and the Veporic granitoids were generated from 
an isotopically inhomogeneous source by mixing of mantle 
and crustal material with a low Rb/Sr ratio. Petrík et al. 
(1994) suggested that S-type granitoids were generated 
by dehydration melting of peraluminous muscovite- and 
biotite-bearing metasedimentary rocks with graphitic 
intercalations because of fairly reduced accessory oxide 
assemblage. They viewed biotite- and biotite-hornblende 
plagioclase gneisses as plausible sources for generation of 
the I-type group. Kohút and Nabelek (1996) suggested for 
part of the Tatric transitional (I/S) granitoids melting of a 
vertically zoned lower crust, including a volcanic arc and 
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crustal metasediments. Petrík and Kohút (1997) preferred 
a) supracrustal, reduced granulite-facies rocks with minor 
addition of a mantle-like component as sources for the S-
type granites, b) intermediate, oxidized metaigneous rocks 
in combination with underplated mafic crust as protolith 
for the I-type group, c) H2O-poor and F-rich granulite 
and/or tonalite crust as parental to the A-type group, and d) 
mature, recycled sedimentary supracrustal rocks, or rocks 
which experienced sea-floor weathering and were perme-
ated by volcanic (boron) emanations as source lithologies 
for the Gemeric granites. Petrík (2000), on the basis of pre-
viously published data, considered various proportions of 
at least two contrasting source components – old recycled 
supracrustal metasediments and a young mafic source with 
possible addition of assimilants. Presented isotopic data 
(Sr, Nd and O) preclude a simple mantle (like plagio-
granites in ophiolitic complexes) or crustal origin (like 
Himalayan granites) for most of the Tatric and Veporic 
granites. Although the lowermost (87Sr/86Sr)350 ratio in 
the Fig. 4 is close to the CHUR composition and thus 
the mantle limit, most samples have this ratio slightly 
higher (0.706–0.708). Most of the Western Carpathian 
granitoids define a well-defined field in a (87Sr/86Sr)350 vs. 
(143Nd/144Nd)350 plot (Fig. 9) that is characteristic of I-type 
granitoids (McCulloch and Chappell 1982; Hensel et al. 
1985; Liew et al. 1989; Petford and Atherton 1996). 
Only the Kralička and the Gemer granites have isotopic 
characteristics that indicate involvement of upper-crustal 
sources. All granitoid samples lie in quadrant IV, but close 
to the mantle domain in quadrant II. Magma sources with 
positive values of both enrichment parameters fSm and fRb 
(quadrant I) are not typical of ordinary felsic igneous rocks 
(Faure 1986) but old amphibolite/greenstone lower crust 

shows such enrichment behavior (Keay et al. 1997; Poller 
et al. 1998). Apparent two-stage Nd crustal residence ages 
(tDM2st) range from 1.6 to 1.1 Ga, but are mostly between 
1.4 and 1.1 Ga (Fig. 10). The 1.6 Ga age is for a leucocratic 
sample ZK-4 which has the lowest εNd(0) value. Overall, the 
model ages are comparable with those of the Variscan belt 
elsewhere in Europe. For example, Nd crustal residence 
ages in the Central Iberian zone vary between 1.7 to 1.4 Ga 
(Moreno-Ventas et al. 1995; Villaseca et al. 1998; Castro 
et al. 1999), in the Bohemian Massif between 1.7 and 1.1 
Ga (Liew and Hofmann 1988; Janoušek et al. 1995), in 
Schwarzwald between 1.6 to 1.4 Ga (Liew and Hofmann 
1988) and in Massif Central between 1.8 to 1.1 Ga (Pin 
and Duthou 1990; Turpin et al. 1990; Williamson et al. 
1996; Downes et al. 1997). Analogues of dioritic rocks in 
the Tatra Mountains are scarce – similar rocks are found 
in Massif Central (Shaw et al. 1993), Corsica (Cocherie 
et al. 1994) or Bohemian Massif (Janoušek et al. 1995; 
Sokol et al. 2000).

The gabbro from the Veporic superunit falls on the 
mantle array in quadrant II, which demonstrates its man-
tle origin. The gabbro’s model age is 620 Ma, which is in 
accord with evolution of a hypothetical depleted mantle 
reservoir in the Carpathian realm during the Pan-African 
orogeny (700–500 Ma). However, recent U-Pb zircon 
SHRIMP dating of gabbro from the Branisko Mountains 
anatectic complex suggests a Late Devonian (370 Ma) 
age (Kohút et al. in print). 

The low (87Sr/86Sr)350 ratios might be interpreted in 
several ways: 1) melting of a relatively young crust, 
2) melting of lower crustal rocks with Rb depleted during 
the ancient granulite-facies metamorphism, 3) melting 
of a mixture of deep sea sediments with seafloor basalts, 
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4) melting of subducted oceanic slab, 5) melting of 
an underplated basaltic crust, and 6) melting of an old 
greenstone belt. Given that the European Hercynides are 
essentially related to subduction and collisional processes 
(Burg and Matte 1978; Matte 1986, 1991; Pin and Duthou 
1990; von Raumer and Neubauer 1993; and/or Petrík and 
Kohút 1997), one possibility is that the principal source 
of the Tatric and Veporic granitoids was an underplated 
volcanic arc below the collisionally thickened continen-
tal crust. On the other hand, more mature supracrustal 
metamorphic rocks and infracrustal igneous rocks were 
sources for the Gemeric granitoids that have more el-
evated Sr isotope ratios. From the geochemical point of 
view, the CWC granitoids seem to be analogues of vol-
canic-arc granitoids but such a character may have been 
inherited from products of Early Variscan active margin 
subduction processes. Similar scenario was described in 
the Bohemian Massif by Finger and Clemens (1995). The 
rather broad range of oxygen isotope ratios would then 
suggest that the arc crust was variably hydrothermally 
altered prior to underplating.

However, the source region was probably composite and 
certain portions were perhaps as old as Proterozoic as sug-
gested by the TDM ages of the granitoids. Where exposed 
by thrusting, the Carpathian basement includes low- to 
high-grade metamorphic rocks, amphibolites, migmatites, 
orthogneisses, granites, greenstone rocks and/or Upper 
Paleozoic sedimentary and volcanic rocks. A heterogeneous 
source region for the granitoids is inferred by variability of 
enclave populations, represented by country-rock xenoliths 
(gneisses, amphibolites, eclogites and granulites), and/or 
mafic microgranular enclaves (Hovorka and Petrík 1992; 
Petrík et al. 1994; Janák 1994; Janák et al. 1996, 1999; 
Petrík and Kohút 1997). An excellent perspective on how 
the source region may have appeared can be obtained in a 
new, 4 km long highway tunnel in the Branisko Mountains 
that exposes a small portion of the Variscan lower crust. 
The exposed rocks include a greenstone-like granite 
anatectic complex, composed of various amphibolites 
alternating with tonalitic gneisses on one side but rather 
typical greywacke gneisses on the other side of the 
tunnel. Widespread anatectic phenomena are observed 
in both lithologies. Stromatic migmatite, metatexite, 
diatexite and/or dictyonic structure indicate melting and 
segregation of the melt (Sawyer 1991, 1996; Brown 
1994). Salient is the presence of gabbroic enclaves within 
this anatectic complex and this may indicate input of a 
juvenile basic magma into the lower crust. It is possible 
that such a source region yielded the observed spectrum 
of Variscan granitoids. It is apparent, however, that Sr and 
Nd isotopes were already fairly homogeneous during the 
anatectic event as suggested by their narrow ranges in the 
granitoids. 

For better understanding of the nature of the compo-
nents in the complex source region during the Variscan 
magmatism, we added fields of amphibolites and metasedi-
mentary rocks from the Tatra Mountains (Poller et al. 1998, 
Kohút et al. 2008), which represent plausible lower crustal 
and upper crustal sources, respectively, to the (87Sr/86Sr)350 
vs. (143Nd/144Nd)350 diagram (Fig. 9). A prospective mantle 
source is represented by the gabbro and another upper-
crustal component by the Kralička granite (Tab. 3). Al-
though it is possible to construct a simple binary mixing 
array between a mantle source and the isotopically variable 
metasedimentary rocks, the occurrence of tonalites indi-
cates that amphibolites were also involved in the melting 
process. Mixing calculations involving gabbro (mantle 
source), amphibolites, and metapelites as potential sources 
yield the following proportions: 25–75 % metasediments, 
0–75 % amphibolites and 5–25 % gabbroid rocks, with 
ranges depending on the assumed isotopic compositions of 
the metapelites and amphibolites. Mixing calculations in-
volving orthogneisses (represented by the Kralička granite 
instead of amphibolites) yield 25–75 % metasedimentary 
rocks, 0–45 % orthogneisses, and 20–35 % mantle-derived 
melts. In either case, the presence of crustal sources during 
the generation of the Carpathian granites is evident. 

The importance of crustal contribution to the Western 
Carpathian granitoids is confirmed also by the neodymium 
crustal index (DePaolo et al. 1992) NCI = 0.4–1.0, mostly 
between 0.6 and 0.8 (Tab. 2). Furthermore, the δ18O values 
of the granitoids are generally elevated relative to mantle 
values including the gabbro (Figs 7–8), which suggests a 
significant crustal component in the protolith. This is in 
accord with the large amount of anatectic granite rocks ob-
served elsewhere within the European Variscides. We note 
that the two-stage Nd model age for amphibolitic rocks 
is identical to that of the granitoids and it is in contrast 
to the Early Proterozoic model ages of metasedimen-
tary rocks and orthogneisses from the Tatra Mountains 
(Fig. 10). This implies addition of mantle material to the 
source region that may have initially consisted of more 
silicic crustal materials. Such an addition is also sug-
gested by the compositions of dioritic MME in the Tatra 
Mts. granitoids (Poller et al. 2001). The mantle origin of 
the Tatra Mts. diorites has never been advocated, in accor-
dance with the observation of Pin et al. (1991). However, 
MME are commonly thought to be products of magma 

Tab. 3 Input parameters for individual sources in the mixing models.

Sr (87Sr/86Sr)350 Nd (143Nd/144Nd)350

Gabbro 638 0.702321 65.7 0.512474
Amphibolite 106 0.707730 13.7 0.512426
Metapelite  95 0.711537 31.9 0.511602
Orthogneiss 122 0.719930 15.4 0.511834
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mixing/mingling processes (e.g., Didier 1973; Didier and 
Barbarin 1991).

5.2. Thermal aspects of melt generation

As is the case for much of the exposed European 
basement, crystalline products of the Variscan orog-
eny dominate the present erosion level of the Western 
Carpathians. Available dates (U-Pb, Rb-Sr and Ar-Ar) 
support granite-forming events mainly between 360 and 
260 Ma. The results of the present study indicate that the 
source region of the granitoid magmas could have included 
amphibolites, metasedimentary rocks and orthogneisses, 
and some mantle-derived material, perhaps in the form of 
magmas that invaded the source region during anatexis, 
was probably involved in the petrogenesis. The spectrum 
of granitoid compositions in the Western Carpathians and 
their isotopic compositions are consistent with a hetero-
geneous source region as seen on the exposures in the 
Branisko Mountains. The source region probably included 
potentially fertile lithologies, represented by metagrey-
wackes, metapelites and hydrated mafic or intermediate 
metavolcanics (amphibolites or greenstone-like rocks). 
The dehydration melting of muscovite, biotite and/or 
hornblende-bearing rocks has widely been suggested as 
an anatectic crustal process (Clemens and Vielzeuf 1987; 
Le Breton and Thompson 1988; Patiño Douce et al. 1990; 
Skjerlie et al. 1993; Wolf and Wyllie 1994; Singh and 
Johannes 1996; Montel and Vielzeuf 1997 among others). 
The continental crust must have been considerably thick 
(>40 km) and hot enough for melting of a basic metaig-
neous source to occur. Indeed, the voluminous granitoid 
production during the Variscan period demonstrates that 
the pre-Carboniferous crust of the European Variscides 
was sufficiently thickened by multistage collisional tec-
tonics to become fertile for granite production (Vielzeuf 
et al. 1990). Although leucogranites can potentially be 
produced by decompression melting or shear heating 
of mid-crustal metasedimentary rocks (e.g. Daniel et 
al. 1987; Nabelek and Barlett 1998; Patiño-Douce and 
Harris 1998; Nabelek and Liu 1999), these processes are 
unlikely to result in sufficiently high melt production to 
explain the volume of the Western Carpathian granitoids. 
Therefore an enhanced heat flux from mantle or unusually 
high radioactive heat production is required (e.g. Royden 
1993). Supracrustal sedimentary rocks enriched in U, Th 
and K could potentially sufficiently heat the source region 
to induce anatexis but a large abundance of such a lithology 
is not evident in the isotopic composition of the granitoids. 
The most likely source of heat for anatexis of the Variscan 
lower crust is an underplated and/or intraplated mantle-
derived magma as has been proposed for production of 
other orogenic granites (e.g. Holland and Lambert 1975; 
Wells 1981; Huppert and Sparks 1988; Dewey 1988). The 

gabbro from the Veporicum may represent a product of 
crystallization from such a magma, although its genetic 
relationship to the Western Carpathian granitoids is not 
yet clear. Gabbroic rocks also occur within the Branisko 
greenstone–granite anatectic complex. Field and petrologic 
evidence indicates collisionally thickened and inverted 
structure of the CWC Variscan basement (Janák 1994; 
Kohút and Janák 1994)	with intrusion of lens-like granite 
bodies within the upper unit. Similar structure occurs in 
the classical Himalayan convergent orogen (Le Fort 1981; 
France-Lanord and Le Fort 1988; Harrison et al. 1998). It 
is suggested that melting of heterogeneous crustal sources 
in the Western Carpathians occurred during subduction 
of the lithosphere and continental collision in the early 
Variscan times. Heating through underplating and/or 
intraplating of mantle-derived magma facilitated partial 
melting. After the main collisional stage, the thick and 
thermally weakened crust most probably collapsed due 
to gravitational instability (Dewey 1988; Hollister 1993), 
leading to decompression and rapid exhumation at 2–3 
mm/year accompanied by rapid cooling of 35–87 °C/Ma 
(Janák and Kohút 1996; Kohút et al. 1997). Rapid cool-
ing of the hanging wall containing the melt by thrusting 
onto the colder footwall in the Carboniferous times 
was followed by gradual cooling attributed mainly to 
the extensional denudation and concomitant erosion 
forced by propagation of normal faults in the Permian. 
Therefore, majority of the crystalline basement terranes 
of the Western Carpathians have been eroded before the 
Alpine–Lower Triassic sedimentation.

6. Conclusions

The Western Carpathians belong to the Alpine Neo-Eu-
rope. Even though they may have been variably affected 
by the Alpine orogeny, the granitic rocks in the Variscan 
basement show many similarities to other European oc-
currences of granitic rocks within the Variscan orogenic 
belt. The Sr-Nd-O isotopic compositions of the Variscan 
granitic rocks in the Western Carpathians indicate a 
mixed source consisting of Proterozoic and younger 
crustal and mantle-derived lithologies. It is inferred that 
the source was vertically-zoned lower crust consisting of 
felsic and mafic metaigneous and metasedimentary rocks. 
A contribution of mantle-derived magma is evident in Sr 
and Nd isotope compositions. Intrusion of such magma 
may have contributed to homogenization of the isotope 
ratios of these elements and provided the heat necessary 
for melting of the lower crust. Although the geochemical 
features of the Western Carpathian granitoids are typical of 
volcanic arc igneous suites, the surrounding metamorphic 
rocks association and their P-T conditions indicate their 
generation during an intracontinental subduction or conti-
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nental collision that involved high-grade metasedimentary 
and metaigneous rocks in the lower- to mid-crust. 
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Appendix: Sample description and location

Sample number Rock type, location Longitude 
(°E)

Latitude 
(°N)

Altitude
(m)

 1 VF- 43 muscovite-biotite granite, natural outcrop Vyšná Krivá 49°01´23˝01 19°11´33˝20 1 035.0
 2 VF-153 biotite tonalite, natural outcrop Vyšné Matejkovo 48°59´48˝10 19°13´35˝46 1 130.0
 3 VF-157 muscovite granite, natural outcrop Stupecké Valley 49°46´45˝24 19°10´49˝47 820.0
 4 VF-283 muscovite-biotite granodiorite, natural outcrop, Matejkov Ridge 48°59´53˝05 19°16´02˝20 831.5
 5 VF-298 muscovite-biotite granodiorite, natural outcrop, Vyšné Matejkovo 48°59´44˝21 19°15´57˝02 705.0
 6 VF-356 biotite tonalite, quarry Vyšné Matejkovo 48°59´47˝22 19°15´03˝59 812.0
 7 VF-417 muscovite-biotite granodiorite, natural outcrop Javorisko 49°02´34˝56 19°10´27˝18 905.0
 8 VF-636 biotite granodiorite, natural outcrop Blatná Valley 49°00´29˝39 19°09´05˝16 685.0
 9 VF-639 biotite granodiorite, natural outcrop Blatná Valley 49°00´17˝11 19°09´29˝40 742.0
10 VF-700 muscovite granite, natural outcrop Nižné Matejkovo 49°00´09˝26 19°15´54˝23 825.0
11 VK-139 biotite granodiorite, natural outcrop Malý Javorník 48°15´31˝20 17°08´57˝10 545.0
12 BGPI-1 biotite granodiorite, natural outcrop Hradná Valley 48°36´31˝04 18°00´59˝50 290.0
13 T-87 biotite granodiorite, natural outcrop Krnča 48°31´36˝00 18°15´58˝50 250.0
14 MM-29 muscovite-biotite granite, natural outcrop Poruba Valley 48°50´48˝02 18°33´11˝54 665.0
15 Z-164 biotite-muscovite granite, quarry Veľká Valley 48°49´27˝03 18°46´27˝30 590.0
16 MF-4a muscovite-biotite granodiorite, quarry Bystrička 49°10´24˝12 19°06´34˝44 575.0
17 NT-401 biotite granodiorite, natural outcrop Liptovská Lúžna 48°57´41˝50 19°20´19˝13 960.0
18 ZK-4 muscovite granite, natural outcrop Vyšná Boca 48°55´28˝56 19°44´28˝57 1 045.0
19 TL-117 muscovite-biotite granodiorite, natural outcrop, Prostredný Ridge 49°11´24˝19 20°01´31˝23 1 920.0
20 VG-46 biotite granodiorite, quarry Klementka 48°40´12˝41 19°37´30˝52 870.0
21 VG-47 muscovite-biotite granodiorite, quarry Chorepa 48°35´43˝17 19°51´31˝50 555.0
22 V-7312 biotite-muscovite granite, natural outcrop České Brezovo 48°29´13˝21 19°48´33˝32 340.0
23 V-9738 muscovite-biotite granite, natural outcrop Solisko 48°42´31˝53 20°09´48˝11 660.0
24 VVM-129 biotite-muscovite granite, drill well Peklisko 48°48´40˝58 20°33´39˝49 596.9
25 CH-3/72 muscovite-biotite granodiorite, quarry near Ružín dam 48°51´48˝42 21°05´28˝30 360.0
26 KV-3/622 gabbro, Rochovce borehole 48°42´04˝06 20°17´39˝21 408.5
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Accessory Fe-rich columbite-group minerals, tapiolite and Hf-rich zircon occur in Hercynian pegmatitic leucogranite 
near Duchonka, Považský Inovec Mts., western Slovakia. The host rock represents highly peraluminous and fraction-
ated S-type pegmatitic leucogranite with ASI = 1.27, EuN/Eu*N = 0.16, Rb/Sr = 7.2, Ta/Nb = 1.1 and Zr/Hf = 21, but 
not enriched in Li, B, Be or P. Columbite–tantalite, tapiolite and hafnian zircon form discrete crystals, 30 to 350 µm in 
size, in association with quartz, plagioclase, K-feldspar, muscovite, sillimanite, almandine–spessartine and fluorapatite. 
Columbite–tantalite crystals show coarse oscillatory zoning, usually with border parts enriched in Ta. Locally, there is 
a reversal trend of zoning (decrease of Ta towards the border parts), or irregular convoluted zoning as a result of late-
magmatic to subsolidus dissolution-reprecipitation. The composition of columbite–tantalite shows a relatively constant 
Mn/(Mn + Fe) ratio (0.20–0.27, locally 0.35–0.40), but extreme variations of the Ta/(Ta + Nb) ratio (0.18–0.72). Ratios 
higher than 0.63 plot inside the tantalite–tapiolite miscibility gap. Ferrotapiolite is mainly homogenous and shows 
relatively consistent compositions with Mn/(Mn + Fe) = 0.03–0.04 and Ta/(Ta + Nb) = 0.88–0.97. Metamict zircon  
(5 to 120 μm in size) exhibits tiny uraninite inclusions, high Hf contents (6 to 23 wt. % HfO2, 0.06–0.23 Hf apfu), and 
locally elevated P, As and U contents, whereas Y and REE concentrations are low. Unusually widely variable and high 
Ta/Nb and Hf/Zr ratios in the accessory minerals are probably the product of extreme local Nb-Ta and Zr-Hf fractiona-
tion in highly peraluminous granite-pegmatite system.

Keywords: ferrocolumbite, ferrotantalite, ferrotapiolite, hafnian zircon, Hercynian pegmatitic leucogranite, Považský Inovec Mountains, Western	
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1. Introduction

Although uncommon, Nb-Ta oxide minerals and Hf-rich 
zircon belong to the most characteristic accessory phases 
in evolved granitic rocks. They can reveal important 
information about the degree of melt fractionation and 
are useful tools for interpreting the P-T-X conditions of 
formation of their host rocks. The Nb-Ta oxide minerals 
and hafnian zircon are usually found in highly evolved, 
specialized granites, commonly rich in volatile elements 
(F, B, P), and their greisenized cupolas, in association 
with cassiterite, wolframite, topaz, Li-silicates and 
other characteristic minerals (e.g., Johan and Johan 1994; 
Raimbault et al. 1995; Huang et al. 2002; Breiter et al. 
2007). However, our knowledge of accessory Nb-Ta and 
Zr-Hf phases in non-specialized, “barren” granites with-
out Li, Be, B or P enrichment and Sn ± W mineraliza-
tion is still very scarce in comparison to the specialized 
granites or rare-element granitic pegmatites. 

In this article we describe accessory Nb-Ta oxide min-
erals and Hf-rich zircon in such non-specialized S-type 
pegmatitic leucogranite near Duchonka, the Považský 
Inovec Mountains, Western Carpathians, Slovakia as an 
example of unusual Nb-Ta and Zr-Hf fractionation in 
highly peraluminous environment.

2. Geological setting

The Považský Inovec Mountain range represents the 
north-western part of the core mountain belt of the Inner 
(Central) Western Carpathians, a typical Miocene mega-
anticlinal horst that originated before 18–13 Ma (Danišík 
et al. 2004). It is elongated in the NNE–SSW direction. 
Maheľ (1986) distinguished three particular blocks of the 
Považský Inovec: northern – the Selec block, situated 
north of the Hrádok line, middle – the Bojná block, which 
extends between the Hrádok and the Koplotovce tectonic 
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lines, and southern – the Hlohovec block, situated south 
of the Koplotovce line. The studied locality occurs in the 
eastern part of the Bojná block. Based on differences in 
the lithological and metamorphic setting, the crystalline 
basement in the Bojná block was divided into a Lower 
and an Upper structural level. The Lower structure of the 
crystalline basement consists of a relatively high-grade 
metamorphosed (T > 550 °C, P > 350 MPa) gneissic-am-
phibolitic complex with intrusions of two generations of 
granitic rocks (Ivanička et al. 2007). The protolith of the 
Lower metamorphic complex is Ordovician to Upper Si-
lurian, and shows polymetamorphosed character. The up-
per structural level of the crystalline basement is formed 
by the younger, Devonian volcano-sedimentary Hlavinka 
Complex (Kohút et al. 2006), which is metamorphosed 
in lower grade (T ≤ 500 °C, P ≤ 300 MPa) and without 
intrusive contacts with the Hercynian granitic rocks. 

The acid magmatic rocks of the Bojná block are repre-
sented by the older granitoids of S-type (Lower Ordovician 
age), which were sheared to orthogneisses during the Her-
cynian orogeny, as well as the younger unsheared Meso-
Hercynian granitoids of S-type (Lower- to Middle-Carbon-
iferous age), which consist of biotite and muscovite-biotite 
granodiorites to granites, “non-homogenized – immature” 
hybrid granitoids – diatexites, as well as muscovite and 
biotite-muscovite leucocratic granites (Kamenický 1956; 
Broska and Uher 1988; Kohút et al. 2004). 

The pegmatitic leucogranite examined in this study 
belongs to the younger, Meso-Hercynian suite. It oc-
curs in a granite body situated between Podhradie and 
Duchonka, at the ridge between Lipová and Soľnisko 
Hill, about 13 km NNW of the town Topoľčany (Fig. 1), 

western Slovakia. The main body of biotite-muscovite 
(leuco-) granite is commonly cut by apophyses and dikes 
of pegmatitic leucogranite to granite pegmatite, usually 
1 to 5 m thick. The studied sample represents an example 
of such pegmatitic leucogranite apophysis/dike.

3. Analytical methods

Electron-microprobe analyses (EMPA) were carried out 
in the wavelength-dispersion mode using the Cameca SX-
100 electron-microprobe at the State Geological Survey of 
Slovak Republic, Bratislava (Nb-Ta and silicate minerals) 
and an analogous instrument at the Institute of Geological 
Sciences, Masaryk University, Brno (zircon and apatite). 

The following analytical conditions were used: ac-
celerating voltage of 15 kV, a sample current of 20 nA, 
beam diameter of 1–3 μm and a counting time of 20 to 40 
s. For the Nb-Ta minerals, the following standards were 
applied: metallic W (W Lα), LiNbO3 (Nb Lα), LiTaO3 (Ta 
Lα), TiO2 (Ti Kα), SnO2 (Sn Lα), ZrSiO4 (Zr Lβ), ThO2 
(Th Mα), UO2 (U Mβ), ScPO4 (Sc Kα), YPO4 (Y Lα), Sb 
(Sb Lα), fayalite (Fe Kα), rhodonite (Mn Kα), MgO (Mg 
Kα), wollastonite (Ca Kα), ZnS (Zn Kα), and PbS (Pb 
Mα). For zircon, metallic W (W Lα), apatite (P Kα, Ca 
Kα), InAs (As Lα), ferrocolumbite (Nb Lα), titanite (Si 
Kα, Ti Kα), zircon (Zr Lα), metallic Hf (Hf Mα), cheralite 
(Th Mα), metallic U (U Mβ), sanidine (Al Kα), ScVO4 
(Sc Kα), YAG (Y Lα), CeAl2 (Ce Lα), Dy and Er glass 
(Dy Lα, Er Lα), YbP5O14 (Yb Lα), andradite (Fe Kα), 
rhodonite (Mn Kα), topaz (F Kα), and vanadinite (Cl Kα) 
standards were used. All data were reduced using the PAP 
routine (Pouchou and Pichoir 1985).

The rock was analyzed in the ACME Analytical Labo-
ratories Ltd., Vancouver. Total abundances of the major 
oxides and several minor elements were analysed by 
ICP-emission spectrometry following a lithium metabo-
rate/tetraborate fusion and dilute nitric digestion. Loss 
on ignition (LOI) is by weigh difference after ignition 
at 1000 °C. Rare earth and refractory elements were de-
termined by ICP mass spectrometry following a lithium 
metaborate/tetraborate fusion and nitric acid digestion 
of a 0.1 g sample. In addition a separate 0.5 g split was 
digested in aqua regia and analysed by ICP mass spec-
trometry. For other details see www.acmelab.com.

4. Results

4.1. Mineral and chemical composition 
of the host pegmatitic leucogranite

The pegmatitic leucogranite studied (sample PI-457b) 
is an equigranular, coarse-grained rock with the granitic 

Fig. 1 Simplified geological map of the Duchonka region, Považský 
Inovec Mountains (modified from Ivanička et al. 2007).
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lepido-granoblastic texture. Its main mineral constituents 
are anhedral quartz, plagioclase (An04–28), rare K-feldspar 
and muscovite (Fig. 2a). The muscovite shows usual 
composition with low Rb and F contents (c. 0.1 wt. % 
Rb2O and 0.1–0.2 wt. % F, respectively). Common ag-
gregates of fibrolitic sillimanite are intergrown with 
muscovite and quartz (Fig. 2b). Garnet forms euhedral 
to subhedral crystals (up to 3 mm in size), in association 
with quartz, alkali feldspar, muscovite and apatite. It 
shows almandine–spessartine composition with a small 
admixture of the pyrope and grossular end-members 
(Alm52–61Sps31–44Prp03–06Grs00–03), locally a slight Mn/Fe 
enrichment in rim parts and up to 0.6 wt. % P2O5 (0.04 P 
apfu). Apatite occurs as anhedral inclusions in the garnet 
(100–150 μm in size) or widespread discrete prismatic 
crystals (up to 400 μm across) in association with quartz, 
plagioclase, muscovite, garnet and zircon. It shows 
relatively homogeneous fluorapatite composition with 
0.78–0.94 F apfu, up to 0.6 wt. % MnO (≤ 0.04 Mn apfu) 
and up to 0.3 wt. % FeO (≤ 0.02 Fe apfu). An acces-
sory Ti-phase in muscovite (probably rutile), a Fe-phase 
(probably magnetite), a Fe-S mineral (probably pyrite), 
thorianite and barite were identified by EMPA occasion-
ally, besides zircon and Nb-Ta oxide minerals.

The studied rock is geochemically characterized as 
relatively strongly peraluminous and highly fractionated 
pegmatitic leucogranite with S-type characteristics. High 
Si, Al, Na, moderate K and P, and low Ti, Fe, Mg and 
Ca contents are typical features of the rock (Tab. 1). The 
aluminium saturation index (ASI, or molar Al/(Ca + Na 
+ K)) of the rock attains a value of 1.27 and indicates its 
relatively strong peraluminous character (Fig. 3). Concen-
trations of index trace elements show elevated Ta and Nb, 

Fig. 2 Optical photomicrographs (transmitted light) of the Duchonka pegmatitic leucogranite (sample PI-457b) with Nb-Ta oxide minerals:  
a – Prismatic acicular crystal of columbite–tantalite (black inclusion in centre) in muscovite associated with quartz (left part) and plagioclase (right 
part). Crossed nicols. The length of columbite–tantalite is ~0.1 mm. b – Tapiolite inclusion (black) in quartz with fibrolitic sillimanite aggregate 
(upper and left part). Parallel nicols. The size of tapiolite is ~0.07 mm.

Uher et al., Fig. 2
For double column width

a b

Tab. 1 Chemical composition of the Duchonka pegmatitic granite 
(sample PI-457b)

wt. % ppm
SiO2 74.05 Li  35
TiO2 0.17 Rb 173
Al2O3 15.16 Cs   6.0
Fe2O3 0.53 Sr  24
FeO 0.28 Ba  45
MnO 0.04 Be   2.5
MgO 0.09 B   8.0
CaO 0.34 Ga  18
Na2O 4.76 Sn   3.0
K2O 3.23 Zr  21
P2O5 0.16 Hf   1.0
LOI 0.71 Nb  18.5
H2O

- 0.19 Ta  21.0
Total 99.71 Mo   0.8

ppm ppm
As  0.75 Ce 4.55
Cr  5.0 Pr 0.55
V  5.5 Nd 2.20
Ni  0.5 Sm 0.65
Co  6.0 Eu 0.04
Zn 16 Gd 0.90
Cu  4.0 Tb 0.15
Pb 11 Dy 0.95
Th  3.0 Ho 0.20
U  3.0 Er 0.45
Sc  1.0 Tm 0.07
Y  5.75 Yb 0.05
La  2.15 Lu 0.06
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moderate Li, Rb, Cs, Be, Ga, Sn and U, as well as low Sr, 
Ba, B, REE, Zr, Hf and Th contents (Tab. 1). Moreover, 
high Rb/Sr = 7.2, and especially unusually high values 
of Ta/Nb = 1.1 and low Zr/Hf = 21, together with dis-
tinctly negative Eu-anomaly (EuN/Eu*N = 0.16) provide 
an evidence for a relatively high degree of magmatic 
fractionation of the investigated pegmatitic leucogranite 
compared to other granitic rocks in the Považský Inovec 
Mountains (Fig. 4).

4.2. Niobium–tantalum oxide minerals

Columbite-group	minerals	form discrete tabular crystals 
30–350 µm in size, in association with quartz, alkali-
feldspar, muscovite and sillimanite (Figs 2a, 5a–b). The 
grains commonly show prograde zoning with central parts 
enriched in Nb (ferrocolumbite) and rims enriched in Ta 
(ferrotantalite). However, an irregular convoluted zoning 
of border parts, as a result of late-magmatic to subsolidus 
dissolution-reprecipitation processes is also present (Figs 
5c–d), or a reversed trend of zoning with decrease of 
Ta towards the border parts of the crystals was detected 
(Fig. 5e). The composition of columbite–tantalite shows 
a relatively constant Mn/(Mn + Fe) = 0.20–0.27 (locally 
0.35–0.40), but an extreme range of Nb-Ta fractionation 
(Ta/(Ta + Nb) = 0.18–0.72). Moreover, some analyses 
in the rim of the tantalite crystals show a Ta/(Ta + Nb) 
ratio above 0.63 and plot in the field of the miscibility 
gap between tantalite and tapiolite (Tab. 2, Figs 5f, 6). 
Contents of Ti, W, Sn, Mg and other elements in studied 
columbite to tantalite are low. Titanium attains mostly 
about 0.5 wt. % TiO2 and a slight decrease of Ti with 
increasing values of Ta/(Ta + Nb) was recorded. Locally 
slightly elevated Zr and Pb contents were noted (≤ 0.6 
wt. % ZrO2 and ≤ 1.2 wt. % PbO) but they represent only 
up to 0.02 apfu and do not influence significantly crystal 
chemistry of the columbite–tantalite. 

Ferrotapiolite forms discrete irregular or shortly pris-
matic crystals, c.	15–75 µm in size, in association with 
quartz and sillimanite (Figs 2b, 7a). The ferrotapiolite 
displays slightly irregular compositional zoning in a 
BSE image with Mn/(Mn + Fe) = 0.03–0.04 and Ta/(Ta 
+ Nb) = 0.88–0.97 (Figs 7b–c, Tab. 2). The Ti and Sn 
contents are slightly higher than in the co-existing co-
lumbite-group minerals (SnO2 ≤ 0.8 wt. % and TiO2 ≤ 
1.3 wt. %). 

In view of the low contents of W, Ti, Sn, Zr, Mg, Pb 
and other elements, we conclude that only the single 
TaNb-1 and MnFe-1 substitutions, separately or in com-
bination, are relevant to compositional changes for both 
the columbite–tantalite and the tapiolite.

4.3. Hafnian zircon

Accessory zircon forms euhedral to subhedral, columnar 
prismatic crystals, 5 to 120 μm long, included in quartz 
or muscovite (Fig. 7a). In BSE, zircon usually displays a 
slightly diffuse zoning with a darker center and a brighter 
rim zone (Fig. 7d), probably mainly due to variations in 
Hf and U concentrations and/or different metamictization 
degree. The central parts commonly contain numerous 
oval inclusions of uraninite, c. 0.7 to 2 μm across (Fig. 
7d). Zircon shows distinct Hf enrichment, HfO2 con-
centrations vary between 6 and 23 wt. %, 0.06–0.23 Hf 
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Fig. 3 The A/NK vs. A/CNK diagram for the Duchonka pegmatitic 
leucogranite (sample PI-457b) in comparison to the adjacent granites, 
pegmatitic granites and granitic pegmatites of the Bojná and Soľnisko 
massifs, Považský Inovec Mountains (unpublished analyses of the 
authors). A/NK = Al/(Na + K), A/CNK = Al/(Ca + Na + K) (millica-
tions).
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Fig. 4 The chondrite-normalized REE diagram for the Duchonka 
pegmatitic leucogranite (sample PI-457b). For comparison are plotted 
adjacent granites, pegmatitic granites and granitic pegmatites of the Bojná 
and Soľnisko massifs, Považský Inovec Mountains (unpublished analyses 
of the authors). Chondrite values after Taylor and McLennan (1985).
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Uher et al., Fig. 5
For double column width

a b

c d

e f

Fig. 5 Back-scattered electron (BSE) images of columbite–tantalite from the Duchonka pegmatitic leucogranite. a – columbite–tantalite crystals 
(white) in muscovite (light grey) in association with quartz (dark grey). b – columbite–tantalite crystal (white) in plagioclase (light grey) in 
association with quartz (dark grey) and muscovite (medium grey, right part). c and d – columnar columbite–tantalite crystals with irregular zon-
ing caused by late-magmatic to subsolidus partial dissolution-reprecipitation processes. e – combination of concentric progressive zoning (dark  
Nb-rich core and light Ta-rich intermediate zone) with late reverse zoning (Nb-rich rim zone) of columbite–tantalite crystal. f – columnar crystal 
with a core of ferrocolumbite (grey) surrounded by younger (white) rim of ferrotantalite composition falling into the tantalite–tapiolite miscibil-
ity gap (see text).
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Tab. 2 Representave compositions of ferrocolumbite (Fe-Col), ferrotantalite (Fe-Tan), ferrotantalite in the miscibility gap field (Fe-Tan X) and 
ferrotapiolite (Fe-Tap) from the Duchonka pegmatitic leucogranite (in wt. %)

Fe-Col Fe-Tan Fe-Tan Fe-Tan X Fe-Tan X Fe-Tan X Fe-Tap Fe-Tap

WO3 0.25 0.10 0.00 0.15 0.05 0.00 0.12 0.17

Nb2O5 41.66 25.36 20.83 21.79 17.94 15.88 6.14 1.58

Ta2O5 39.81 58.90 63.45 62.44 66.56 68.18 78.91 83.22

TiO2 0.07 0.09 0.04 0.46 0.16 0.44 1.28 0.83

SnO2 0.07 0.00 0.18 0.17 0.00 0.13 0.46 0.45

ZrO2 0.25 0.06 0.24 0.24 0.05 0.24 0.21 0.12

Sc2O3 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00

Y2O3 0.00 0.00 0.04 0.02 0.04 0.00 0.00 0.00

Sb2O3 0.06 0.10 0.00 0.03 0.00 0.04 0.10 0.05

Fe2O3 calc. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

FeO 11.73 10.57 9.22 10.65 9.89 10.14 12.31 11.90
MnO 4.22 3.81 5.22 3.05 3.66 2.90 0.48 0.41
MgO 0.16 0.19 0.02 0.28 0.23 0.26 0.00 0.00
CaO 0.02 0.02 0.02 0.01 0.04 0.00 0.01 0.00
PbO 0.58 0.21 0.23 0.43 0.36 0.27 0.00 0.02
Total 98.31 99.22 99.26 99.31 98.63 98.21 100.07 98.73
Formulae based on 6 oxygen atoms and valence calculation
W 0.004 0.002 0.000 0.003 0.001 0.000 0.002 0.004
Nb 1.275 0.844 0.712 0.735 0.626 0.561 0.225 0.061
Ta 0.733 1.179 1.304 1.268 1.397 1.450 1.740 1.925
Ti 0.004 0.005 0.002 0.026 0.009 0.026 0.078 0.053
Sn 0.002 0.000 0.005 0.005 0.000 0.004 0.015 0.015
Sum B 2.019 2.030 2.023 2.037 2.033 2.041 2.061 2.058
Zr 0.008 0.002 0.009 0.009 0.002 0.009 0.008 0.005
Sc 0.000 0.002 0.000 0.000 0.001 0.000 0.000 0.000
Y 0.000 0.000 0.002 0.001 0.002 0.000 0.000 0.000
Sb 0.002 0.003 0.000 0.001 0.000 0.001 0.003 0.002
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe2+ 0.664 0.651 0.583 0.665 0.638 0.663 0.835 0.846
Mn 0.242 0.237 0.334 0.193 0.239 0.192 0.033 0.029
Mg 0.016 0.021 0.002 0.031 0.026 0.031 0.000 0.000
Ca 0.002 0.002 0.002 0.001 0.004 0.000 0.001 0.000
Pb 0.011 0.004 0.005 0.009 0.007 0.006 0.000 0.000
Sum A 0.944 0.922 0.936 0.909 0.919 0.902 0.880 0.882

Sum A+B 2.963 2.952 2.959 2.946 2.952 2.943 2.942 2.940

Mn/(Mn+Fe) 0.267 0.267 0.364 0.225 0.272 0.225 0.038 0.033
Ta/(Ta+Nb) 0.365 0.583 0.647 0.633 0.691 0.721 0.885 0.969

Contents of Th, U and Zn are below the detection limit.

Fig. 7 BSE photomicrographs of ferrotapiolite and hafnian zircon from the Duchonka pegmatitic leucogranite. a – ferrotapiolite (larger white) 
and zircon (smaller white) inclusions in quartz (dark grey) in association with plagioclase (medium grey) and muscovite (light grey). b and c – ir-
regularly zoned ferrotapiolite crystals. The zoning reflects slight Ta–Nb compositional variations. d – columnar metamict, slightly zoned hafnian 
zircon with numerous uraninite inclusions (white).


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apfu (Tab. 3). Therefore, HfZr-1 is the principal substitu-
tion in the hafnian zircon (Fig. 8). However, increased 
contents of P (P2O5 ≤ 0.9 wt. %), As (As2O5 ≤ 0.7 wt. %) 
and U (UO2 ≤ 1.4 wt. %), together with slightly elevated 
amounts of Fe and Ca were detected locally (Tab. 3). 
On the other hand, concentrations of Y, REE and Al are 
usually negligible to low. The apparent discrepancy be-
tween the presence of pentavalent cations (P and As) and 
paucity of trivalent cations (such as Y, REE, Al and Sc) 
could be explained by partial leaching of some elements 
during metamictization and structural degradation of the 
zircon and/or analytical errors of EMPA at low elemental 
concentrations.

Uher et al., Fig. 6
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Fig. 8 The Hf vs. Zr substitution diagram for hafnian zircon from the 
Duchonka pegmatitic leucogranite (atomic proportions).

Tab. 3 Representative compositions of zircon from the Duchonka pegmatitic leucogranite (in wt. %)

Crystal 1 Crystal 2 Crystal 3 Formulae based on 4 oxygen atoms

P2O5 0.94 0.01 0.25 P 0.026 0.000 0.007

As2O5 0.19 0.35 0.73 As 0.003 0.006 0.013

SiO2 30.65 31.49 28.61 Si 0.982 1.006 0.982

ZrO2 56.60 56.26 44.67 Sum B 1.011 1.012 1.002

HfO2 6.19 11.51 23.00

UO2 1.26 0.13 1.41 Zr 0.884 0.876 0.748

Al2O3 0.18 0.02 0.06 Hf 0.057 0.105 0.225

Y2O3 0.92 0.00 0.00 U 0.009 0.001 0.011

Ce2O3 0.06 0.05 0.00 Al 0.007 0.001 0.002

Dy2O3 0.30 0.04 0.14 Y 0.016 0.000 0.000

Er2O3 0.04 0.13 0.24 Ce 0.001 0.001 0.000

FeO 0.39 0.04 0.04 Dy 0.003 0.000 0.002
MnO 0.14 0.00 0.08 Er 0.000 0.001 0.003
CaO 0.23 0.02 0.01 Fe 0.010 0.001 0.001
F 0.00 0.00 0.00 Mn 0.004 0.000 0.002
Cl 0.04 0.00 0.11 Ca 0.008 0.001 0.000
O=F 0.00 0.00 0.00 Sum A 0.999 0.987 0.994
O=Cl -0.01 0.00 -0.02
Total 98.12 100.05 99.33 Sum A+B 2.010 2.000 1.997

ZrO2/HfO2 9.14 4.89 1.94 Cl 0.002 0.000 0.006

Zr/Hf weight 8.48 4.53 1.80 O 3.998 4.000 3.994
100Hf/(Hf + Zr) at. 6.06 10.70 23.12

Contents of W, Ti, Th, Sc, Yb, Bi and F are below the detection limit. 

5. Discussion and conclusion

5.1. Regional importance of Nb-Ta and Zr-Hf 
mineralization

The disseminated Nb-Ta and Zr-Hf mineralization, which 
occurs in the fractionated, peraluminous sillimanite-bear-
ing pegmatitic leucogranite apophysis/dike at Duchonka, 
represents a new genetic type of mineralization in the 
Považský Inovec Mountains, as well as in the whole West 
Carpathian area. The occurrence of fibrolitic sillimanite 
intergrown with primary muscovite and garnet of the al-
mandine–spessartine composition documents the strongly 
peraluminous character of the host pegmatitic leucogran-
ite (ASI = 1.27; Tab. 1, Figs 2b, 3). Similar occurrences 
of fibrolitic sillimanite were documented in different 
granodioritic to leucogranitic rocks in the Považský In-
ovec Mountains (Broska and Uher 1988). Apparently, the 
Nb-Ta oxides and other accessory minerals did not suffer 
any strong post-Hercynian metamorphic overprint and, 
consequently, they represent primary magmatic to early 
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post-magmatic textural and compositional features rather 
than relicts of any progressive metamorphic overprint. 
On the contrary, effects of a prograde, sillimanite-grade 
metamorphism on an older granitic pegmatite are known 
for example from Maršíkov, Czech Republic (Černý et 
al. 1992b), where took place extensive compositional and 
structural re-equilibration of the Nb-Ta oxide minerals 
and breakdown of beryl to chrysoberyl.

In the Považský Inovec Mountains, rare-element min-
eralization containing Nb-Ta oxide minerals (columbite to 
tantalite, tapiolite, pyrochlore to microlite and fersmite), 
in association with beryl, almandine–spessartine, gahnite, 
and hafnian zircon was described only in a large granite 
pegmatite dike at Moravany nad Váhom, in the Striebor-
nica Ridge (Uher 1991; Uher et al. 1994; Novák et al. 
2000). Accessory Nb, Ta-rich rutile with exsolved titanian 
ixiolite occurs in the (biotite-) muscovite leucogranite 
at Malá Kurňa Hill near Kovarce, in the adjacent Tribeč 
Mountains (Uher and Broska 1992). However, this min-
eralization is Ti, Nb-rich and Ta-poor, and represents 
a different geochemical type in comparison to the Ta-
rich and Ti-poor assemblage at Duchonka. Moreover, 
occurrences of disseminated Nb, Ta-mineralization (W-
rich columbite, W-rich ixiolite, qitianlingite?, Nb-rich 
ferberite, Nb, Ta-rich rutile and pyrochlore to microlite, 
in association with cassiterite) are known from Permian 
highly evolved, specialized S-type topaz-albite granites 
and adjacent greisenized and albitized rocks at Dlhá Val-
ley near Gemerská Poloma, Hnilec, Betliar and Poproč in 
the Gemeric Superunit, Central Western Carpathians (e.g. 
Malachovský et al. 2000). However, this mineralization is 
connected with specialized ore-bearing granites distinctly 
enriched in Li, B, F, and with Nb, Ti, W, Sn > Ta feature 
of the Nb-Ta oxide minerals, as opposed to the Duchonka 
Ta > Nb >> Ti, Sn, W pattern.

5.2. The tantalite–tapiolite association

The Duchonka pegmatitic leucogranite revealed the pres-
ence of accessory columbite to tantalite, tapiolite and 
hafnian zircon with unusually wide and up to extremely 
high Ta/Nb and Hf/Zr fractionation level. Chemical com-
position of the host leucogranite indicates its distinctive 
peraluminous character (ASI = 1.27) and relatively high 
fractionation degree (Tab. 1). Nevertheless, tantalite and 
especially tapiolite are restricted to the strongly evolved, 
rare-element granitic pegmatites of the LCT-family (ac-
cording to the classification of Černý and Ercit 2005), 
where extreme magmatic fractionation enables the 
production of volatile- and alkali-rich residual melts, 
essentially enriched in Ta, Hf, Li, Rb, B and other rare 
lithophile elements (e.g., Černý et al. 1985; London 1990, 
2005). The tantalite plus tapiolite assemblage is typical 
of all types of rare-element granitic pegmatites of the 

LCT-family; the association of ferrotapiolite with Fe-
rich columbite–tantalite is mostly characteristic of more 
primitive beryl type populations (e.g., Černý et al. 1986; 
Černý 1989; Novák et al. 2000). The tapiolite + Mn-rich 
columbite–tantalite pairs occur in the most fractionated 
beryl and especially complex Li, Cs, Ta, F-rich granitic 
pegmatites worldwide (e.g., Černý et al. 1986, 1992a; 
Černý 1989; Novák et al. 2000, 2003; van Lichtervelde 
et al. 2007). 

On the other hand, Fe-rich tantalite and ferrotapiolite 
are scarce in highly evolved, specialized leucogranites, 
connected with Sn ± W ± Nb-Ta ± Li mineralization, 
where W-(Ti)-rich columbite and ixiolite, Nb, Ta-rich 
rutile, Nb, Ta-bearing cassiterite, Nb-rich ferberite–hüb-
nerite and locally pyrochlore-group minerals occur (e.g., 
Johan and Johan 1994; Raimbault et al. 1995; Uher 
1998; Breiter et al. 2007). Rare exceptions are found 
in Ta-rich, specialized rare-element granites in China, 
where tantalite (Yichun, Suzhou granite) and also tapi-
olite (Suzhou granite) were reported (Wang et al. 1997; 
Huang et al. 2002). Accessory tapiolite is present also 
in the Sn-bearing granite at Rudolfstein, Fichtelgebirge 
Mountains, Germany (Bernard and Hyršl 2004). In 
contrast to the above-mentioned tantalite and tapiolite 
occurrences, the Duchonka pegmatitic leucogranite rep-
resents a relatively highly fractionated but still common, 
non-specialized rock without apparent enrichment in Li, 
Rb, Cs, B, P, Sn or other elements, typical of rare-ele-
ment pegmatites and ore-bearing granites.

The Fe-rich tantalite compositions with Ta/(Ta + Nb) 
= 0.63–0.72 and Mn/(Mn + Fe) = 0.20–0.27, which enter 
the empirically defined natural miscibility gap between 
tantalite and tapiolite (Černý et al. 1992a), is a par-
ticularly striking feature of the Duchonka leucogranite. 
Despite lack of a XRD determination, the phase very 
likely belongs to ferrotantalite, and not ferrotapiolite. 
These anomalous compositions are connected with ex-
ternal parts of the columbite to tantalite crystals (Fig. 5f) 
and these phases represent a part of the same columbite 
to tantalite evolutionary trend with a rapid increase of 
Ta/Nb and a stable Mn/Fe ratio (Fig. 6). On the contrary, 
ferrotapiolite occurs as separate grains with different tex-
tural pattern and chemistry (Figs 6–7). Such tantalite or 
tapiolite compositions are exceptional and are considered 
as metastable in pegmatitic environments (Černý et al. 
1992a). However, some “hyper-ferrotantalite” compo-
sitions with Ta/(Ta + Nb) between 0.62 and 0.97 were 
described from some rare-element granitic pegmatites in 
Africa (von Knorring and Fadipe 1981; Baldwin 1989) 
and the Separation Rapids pegmatite group, Ontario, 
Canada (Tindle and Breaks 1998). Moreover, W, Ti, Fe-
rich tantalites from the Suzhou and Yichun specialized 
granites, China, show Ta/(Ta + Nb) ratios from 0.50 
to 0.73 and from 0.14 to 0.95, respectively (Wang et 
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al. 1997; Huang et al. 2002). All the presented Fe-rich 
tantalite compositions lie within the field of the tanta-
lite–tapiolite miscibility gap, or even in the tapiolite com-
positional field (such as ferrotantalite from the Rubicon 
Mine, Namibia; Baldwin 1989). However, such data are 
commonly based solely on EMPA without precise XRD 
identification, and must be taken with a large caution. 
On the other hand, an empirically determined field of 
the tantalite–tapiolite miscibility gap (sensu Černý et al. 
1992a) is based only on known data from granitic peg-
matites, and it can be entered by some natural (stable or 
metastable) compositions as a consequence of specific P-
T-X conditions. Based on experimental works, boundaries 
of the tantalite–tapiolite miscibility gap are controlled 
by temperature, oxygen fugacity, and phase structural 
state. The temperature is probably the key factor but the 
experimental data show inconsistent results (see discus-
sion in Černý et al. 1992a). However, it is reasonable 
to suggest that the Duchonka pegmatitic leucogranite 
crystallized at higher temperature compared to classical 
granitic pegmatites. The tantalite–tapiolite miscibility gap 
shrinks at such conditions, like in other natural systems of 
solid solutions or related phases (e.g. Fe-Ti oxide miner-
als, pyroxenes, feldspars). Moreover, variations of Ta/Nb 
ratios in Nb-Ta oxide minerals strongly depend on pH of 
the host pegmatitic melt. The decrease in pH (increase 
in acidity) causes an increase in the Ta/Nb ratio of the 
solution and precipitation of Nb-Ta phases (Alexandrov 
et al. 1985). Similarly, Ta/Nb ratio and the span of the 
tantalite–tapiolite miscibility gap are possibly controlled 
also by the ASI (molar Al/(Ca + Na + K) ratio) of the 
host granite or pegmatite melt. Experimental data show 
a higher solubility of manganotantalite relative to that of 
manganocolumbite in silicate melts as well as decrease in 
columbite and tantalite solubility with Al/(Na + K) ratio. 
This explains the Ta/Nb enrichment during fractionation 
and lower saturation level of columbite–tantalite in a 
peraluminous melt compared to a peralkaline one (Linnen 
and Keppler 1997; Linnen and Cuney 2005). The Duch-
onka pegmatitic granite represents such example, where 
possible synergy of relatively high solidus temperature 
(compared to common granitic rare-element pegmatites) 
with an increased fractionation level and strongly peralu-
minous composition caused precipitation of ferrotapiolite 
and exceptionally Ta-rich ferrotantalite. 

5.3. Occurrence of hafnian zircon 

Hafnium concentration in accessory zircon, together with 
the progressive host-rock Hf/Zr enrichment, represent 
well-known indicators of magmatic fractionation (see 
e.g., Černý et al. 1985). Hafnium-rich zircon is character-
istic of leucocratic, highly peraluminous crustal granites 
with S-type affinity in contrast to the metaluminous man-

tle-crustal I-type, and especially (per-) alkaline mantle-
derived granite of A- or M-type suites (Pupin 2000; Uher 
2007). However, the most effective Zr–Hf fractionation 
was observed in the rare-element granitic pegmatites 
and highly evolved, specialized granites. Generally, the 
most fractionated granitic pegmatites contain the most 
Hf-rich zircon, e.g., Tanco, Canada (Černý and Siivola 
1980), Mixeriquera, Brazil (Cassedanne et al. 1985), up 
to exceptional presence of hafnon (HfSiO4) at the Muiane 
pegmatite, Mozambique (Correa Neves et al. 1974). The 
Hf concentration in the Duchonka pegmatitic leucogran-
ite shows wide variations and unusually high maximum 
values: from 6 to 23 wt. % HfO2 (0.06–0.23 Hf apfu; Tab. 
3). Analogous variations and high Hf concentrations in 
zircon (~5 to 40 wt. % HfO2) were described from the 
specialized granites, e.g. Beauvoir, France (Wang et al. 
1992), Suzhou and Laoshan, China (Wang et al. 1996, 
2000), Podlesí, Czech Republic (Breiter et al. 2006) and 
several other rare-metal bearing granites (Kempe et al. 
1997). Wide Hf variations in zircon (5–22 wt. % HfO2) 
are also known from the moderately fractionated, granitic 
pegmatite of the columbite-beryl subtype at Kamzík Hill 
in Bratislava, Slovakia (Uher and Černý 1998). This trend 
is supported by experimental data, whereby zircon/haf-
non solubility ratio in a metaluminous melts at 800 °C is 
c. 0.2 and similar behaviour could be suggested also for 
peraluminous melts (cf. Linnen and Keppler 2002; Lin-
nen and Cuney 2005). The solubility of zircon is strongly 
dependent on temperature and melt composition, ranging 
from several wt. % Zr levels in peralkaline melts to less 
than 100 ppm in siliceous peraluminous melts (Watson 
and Harrison 1983; Linnen and Cuney 2005). The experi-
mental data explain the Hf/Zr enrichment coherent with 
the magmatic fractionation degree in metaluminous to 
peraluminous systems and relatively low zircon satura-
tion level and temperature in peraluminous, silica-rich 
granitic to pegmatitic melts. However, the above men-
tioned Hf/Zr trend is relatively rough and irregular due to 
the presence of other important factors, for example post-
magmatic processes (albitization, fluid-driven alteration, 
metamictization). Therefore, the Hf/Zr ratio in zircon as 
an index of magma fractionation should be used with cau-
tion (Kempe et al. 1997; Pérez-Soba et al. 2007). In the 
case of the Duchonka pegmatitic leucogranite, the wide 
Hf/Zr variations and high Hf enrichment in zircon could 
be explained by a coupled effect of high fractionation and 
a specific, strongly peraluminous local environment. Con-
sequently, the precipitation of the studied Hf-rich zircon 
is connected with the same specific environment, as the 
columbite to tantalite and tapiolite crystallization.
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In the Mongolian Altay range, immediately south of the Bogd fault zone, the Chandman Massif intruded the Chandman 
Khayrkhan Crystalline Complex to the NE. This complex consists of migmatized biotite gneisses, orthogneisses and 
amphibolites. To the south, the Massif cuts the chlorite schists and quartzites of the Tugrug Formation. The Massif mainly 
consists of diorites to granites with rare gabbro bodies interspersed with metamorphic host rock screens, generally of 
amphibolite with calc-silicate lenses. Granitoids are further categorized based on petrography and whole-rock geochemical 
data into peraluminous and metaluminous groups. Granites comprise the peraluminous group, and possess high (71–77 
wt. %) silica contents with abundant modal K-feldspar. Metaluminous granitoids span a wide range in silica contents, 
from diorite to granite. Also their feldspars are compositionally variable. Both these granitoid units are of volcanic-arc 
character and display a calc-alkaline geochemical trend. Granodiorites of the metaluminous group contain widespread 
planar rhythmic schlieren layering. Metaluminous units slightly predate the intrusion of peraluminous granites, but the 
two suites are occasionally co-magmatic. The Al-in-hornblende barometric analysis combined with plagioclase thermo-
metry reveals a depth of emplacement of 11.5–13.7 km and magma temperatures of 725–775 ºC. Chandman Khayrkhan 
metamorphic foliations strike NNW. Magmatic fabrics in the Chandman Massif roughly E–W and subparallel E–W 
solid-state foliations overprint magmatic foliations. All foliations are moderately to steeply dipping. Fabric analysis shows 
a discordance of structures to the north and south of a fault that cross-cuts the field area. This fault is interpreted to be 
related to motion on the Bogd Fault. Thus, this area experienced 1) amphibolite-facies metamorphism of the Chandman 
Khayrkhan Crystalline Complex, 2) exhumation to higher crustal levels, 3) juxtaposition against the greenschist-facies 
Tugrug Formation, 4) intrusion of the Chandman Massif under tectonic strains that continued through the solidification 
of plutons, and 5) late block-style rotation related to motion on recent faults. These age and geological constraints iden-
tify the Chandman Massif as an intrusion of substantially younger age than the “Caledonian” association into which it 
was previously placed. It is thus far the only arc-type intrusion in the earliest “Hercynian” age range identified in the 
Gobi-Altay Terrane. Its metamorphic and magmatic history of migmatization followed by intrusion of metaluminous and 
peraluminous plutons are similar to those of rocks to the west, in the Tseel Terrane, and may represent its easternmost 
counterpart. The exact juxtaposition mechanism for metamorphic units of different grade and the formation of schlieren 
layering in the Chandman Massif granodiorites remain enigmatic.

Keywords:	Mongolian	Altay,	Al-in-hornblende	barometry,	Gobi-Altay	Terrane,	magmatism,	arcs,	granite,	Chandman	Massif
Received: 15 April 2008; accepted 19 December 2008; handling editor: J. Žák
The	online	version	of	this	article	(doi:	10.3190/jgeosci.034)	contains	supplementary	electronic	material.

1. Introduction

The Mongolian Altay is a young intraplate transpres-
sional orogen developed during the Late Cenozoic uplift 
of central Mongolia (Cunningham 2005). Although it is 
morphologically young, an important boundary between 
the northern and southern geological domains of Mongo-
lia occurs in this mountain range. The northern domain 

is usually classified as belonging to the Caledonian oro-
gen and the southern domain to the Hercynian orogen 
(Marinov et al. 1973). Although the terms of Caledonian 
or Hercynian are inappropriate for the complicated 
geological collage of Central Asian Orogenic Belt, the 
basic two-fold subdivision for Mongolia into northern 
and southern domains is still applicable (Badarch et al. 
2002). The so-called Main Mongolian Lineament sepa-
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rates dominantly Proterozoic and Lower Paleozoic rocks 
to the north from Lower to Upper Paleozoic rocks in the 
south (Fig. 1, inset). 

The area we discuss below lies immediately to the 
south of the recently active Cenozoic Bogd fault zone 
(Molnar and Tapponnier 1975). The area is situated in 
the surroundings of the Chandman town (Fig. 1) (Govi 
Altay Aymag, SW Mongolia), approximately 750 km SW 
of Ulaanbaatar at the junction of south-eastern Mongolian 
Altay with western Gobi Altay.

This area has been identified by several workers 
as the transition zone between the “Caledonian” and 
“Hercynian” provinces (Dergunov 2001; Badarch et al. 
2002, references therein). The transition between these 
phases of magmatism is proposed to represent the col-
lision and consolidation of Caledonian and Hercynian 
magmatic arcs and the reinitiation of subduction beneath 
the amalgamated continental margin (e.g. Kovalenko et 
al. 2004, Table 1). The study area lies in the heart of this 
transitional zone, and has thus drawn recent attention 
and attracted detailed studies (Kovalenko et al. 2004; 
Kozakov et al. 2007; Kröner et al. 2007).

In this paper, we will present new mapping, structural 
and petrographic data to describe temporal and geochemi-
cal relationships between magmatic rocks of the Chand-
man Massif and its metamorphic host rocks. Magmatic 
rocks of the Chandman Massif are further characterized 

into metaluminous and peraluminous units based on field 
evidence, geochemistry, and petrography. The timing 
and conditions of intrusion are constrained by previous 
geochronology (Hrdličková et al. 2008) and new geother-
mobarometry. These data are combined to create a model 
of the metamorphic and intrusive history of the area.

2. Geological setting

2.1. General geological and tectonic setting

Mongolia consists of a number of tectonic zones that 
form the part of the extensive Central Asian Orogenic 
Belt (CAOB) (Mossakovsky et al. 1994) known also as 
the Altaid Tectonic Collage (Sengör et al. 1993). This 
belt occurs between the Siberian Craton in the north, 
the Tarim Craton in the southwest and the Sino-Korean 
Craton in the south. It is characterized by a collage of 
various terranes of different origin (Sengör et al. 1993; 
Windley et al. 2002; Jahn et al. 2004) and evolved in the 
time span of 1000–250 Ma (Windley et al. 2007). The 
CAOB is characterized by an abundance of Paleozoic 
and Mesozoic granitic intrusions as well as basaltic to 
rhyolitic volcanics (e.g. Jahn et al. 2000), and is known 
as an important site of Late Precambrian to Phanerozoic 
juvenile crustal growth (Sengör et al. 1993; Hu et al. 
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Fig. 1 Geologic map of the Chandman Massif and adjacent metamorphic host rocks. CHC – Chandman Khayrkhan Crystalline Complex. Locations 
of samples for geochemistry and thermobarometry detailed. Foliation data are selected as representative averages for magmatic and metamorphic 
foliations. Inset map is modified after Badarch et al. (2002).
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2000; Jahn et al. 2000; Jahn et al. 2004). Granitoids have 
a wide range of compositions and show a temporal evolu-
tion from calc-alkaline and alkaline to peralkaline series. 
The emplacement of most granitic plutons falls between 
500 and 120 Ma (Jahn et al. 2000). 

In the terrane division of Mongolia by Badarch et al. 
(2002), the studied area is situated within the Gobi Altay 
Terrane at its northern margin, near the boundary with 
the Lake Terrane. The boundary between these two units 
coincides here with the Chandman strand of the Bogd 
fault zone (Baljinnyam et al. 1993). 

The Gobi-Altay Terrane most likely represents the 
southwestern continental margin of the Siberian Plate. 
According to Badarch et al. (2002), it forms a long nar-
row belt rimming the northern margin of the southern do-
main of Mongolia. It is composed of Cambrian (?) marine 
sediments and volcaniclastic rocks metamorphosed under 
greenschist-facies conditions accompanied by Paleozoic 
sediments, volcanic and volcaniclastic rocks of a forearc/
backarc character. The sequence was intruded mainly by 
Carboniferous to Permian granite plutons.

The Lake Terrane is composed of slightly metamor-
phosed volcanosedimentary sequences of Neoprotero-
zoic to Lower Paleozoic ages, which alternate with 
highly metamorphosed rocks in the Zamtyn Nuruu and 
Alag Khadny Crystalline Complexes and with relics of 
oceanic crust (Hanžl and Aichler eds. 2007). The Perm-
ian volcanic and volcaniclastic sequences covering the 
Lower Paleozoic units are tectonically incorporated 
into the structure of the Lake Terrane along its southern 
boundary. 

The study area occurs spatially in the “Caledonian” 
province (generally of Cambrian to Ordovician age) of 
Kovalenko et al. (2004) where Nd model ages of ~900 
Ma of felsic igneous rocks indicate the incorporation 
of older crustal material in their generation. Kozakov 
et al. (2007) also referred to this area as falling into the 
Caledonides of the north Asian continental margin, while 
the adjacent Tseel Terrane to the west (also of Badarch 
et al. 2002), has been characterized as the northernmost 
representation of “Hercynian” (generally of Ordovician to 
Early Carboniferous age) tectonic and magmatic activity. 
Kröner et al. (2007) similarly described the study area as 
being built by Ordovician metavolcanics and plutonics. 
According to map patterns (Kröner et al. 2007, fig. 17), 
the area represents a sliver of older material bounded to 
the south by younger Devonian granites, metavolcanics 
and metasedimentary sequences, and to the north (across 
the Bogd fault zone) by Permian volcanics and granites. 
These interpretations, however, are inconsistent with geo-
chronological findings and the geological character of the 
Chandman Khayrkhan Crystalline Complex, as described 
below, in Hrdličková et al. (2008) and in geological maps 
(Hanžl and Aichler 2007).

2.2. Geology of the Chandman massif and 
adjacent metamorphic units

The Chandman	Massif is located in the eastern part of 
the Mongolian Altay Mountains. It is exposed in an E–W 
elongated, oval-shaped body in the region of the Chand-
man Khayrkhan Mountain near the town of Chandman 
(Fig. 1). Plutons of the Chandman Massif span a wide 
compositional range, from diorite to granite. A variety 
of preserved magmatic structures are overprinted by 
mild to moderate solid-state deformation. The Mas-
sif intruded migmatites of the Chandman Khayrkhan 
Crystalline Complex in the northeast. The contact be-
tween metamorphic rocks and the Chandman Massif is 
disrupted by NW–SE trending faults on the SW slopes 
of the Chandman Khayrkhan Mountain. The boundary 
with the Paleozoic volcanosedimentary sequence in the 
NW is overprinted by mylonite zones associated with 
the Chandman rupture of the Bogd Fault. The southern, 
intrusive contact with the moderately metamorphosed 
volcanosediments of the Tugrug Formation of supposed 
Cambrian age (Rauzer et al. 1987) is commonly obscured 
by faults. The eastern termination of the Massif is cov-
ered by Quaternary alluvial fans. The Tugrug Formation 
and the Chandman Khayrkhan Crystalline Complex are 
never observed in contact, always being separated by 
granitoids of the Chandman Massif.

The Chandman	 Khayrkhan	 Crystalline	 Complex 
consists of migmatites, orthogneisses, gneisses and am-
phibolites with lenses of skarn-like rocks. Reconstruction 
of the metamorphic evolution of this unit is also com-
plicated due to overprinting by HT-LP metamorphism 
related to the intrusion of the Chandman Massif. The 
main mineral assemblages indicate amphibolite-facies 
metamorphism. The mentioned rocks are affected by 
extensive migmatitization which was likely dominantly 
related to a pre-intrusive metamorphic event (based on 
data presented below). Lit-par-lit intrusion by Chandman 
Massif granites suggests that partial melting caused by 
high temperatures and fluid flow during granite emplace-
ment also contributed to local migmatization. Discrimi-
nation between the magmatic products of migmatization 
of the Chandman Khayrkhan Crystalline Complex and 
the peraluminous granites of the Chandman Massif was 
made on subtle field relationships, which are discussed 
at length below. For example, structural relationships 
of cm thick pegmatite dikes of the mineral composition 
identical to the migmatite leucosomes indicate that these 
dikes were mainly related to the emplacement of the 
Chandman Massif.

The Tugrug	Formation is exposed along the southern 
and western contact of the Massif. The formation is 
composed of siliceous, green-gray chlorite-sericite schists 
with intercalations of light gray quartzites. Layers of 
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metabasalts and tuffaceous sandstones are minor. Units 
with greenschist-facies assemblages grade into biotite 
gneiss and amphibolite towards the Chandman Massif. 
Bedding is not preserved here, and the dominant structu-
re is the NW–SE oriented crenulated foliation with a 
prevailing dip (moderate to steep) toward the SW. The 
sequence is folded by close to tight overturned folds 
with amplitudes of up to 1 m and a NW–SE orientation 
of fold axes.

 Intrusive boundaries between the Tugrug Formati-
on and Chandman Massif are frequently disrupted by 
faults. Equivalents of Tugrug Formation are preserved 
as remnants of metamorphic wall rocks of the Chandman 
Massif. Rauzer et al. (1987) interpreted crystalline rocks 
of the Chandman Khayrkhan Mountain situated towards 
the north as a part of the Tugrug Formation. However, 
the lithology and character of metamorphism enable us to 
separate these rocks from the Tugrug Formation proper.

The Chandman Massif includes plutonic suites of both 
metaluminous and peraluminous character. Metaluminous 
plutons span a wide compositional range from diorite to 
granite. Dioritic units were grouped in the field based on 
proportions of both feldspars, the occurrence of horn-
blende, the presence of microgranitoid enclaves, and a 
characteristic rhythmic planar schlieren layering. Some 
granites of the Chandman Massif were grouped with 
these units based on their spatial association and com-
mon gradational contacts with granodiorites. Porphyritic 
biotite granodiorite forms the southern part of the Massif, 
whereas the biotite to biotite-amphibole granodiorite and 
tonalite units are situated in the northern part (Fig. 1). 
The boundary is commonly marked by a discontinuous 
belt of amphibolites and gneisses in roof pendants of the 
Massif. 

Peraluminous granites were identified based on the 
presence of primary muscovite, color index, and their 
common occurrence in the vicinity of the Chandman 
Khayrkhan Crystalline Complex. Compositions of these 
rocks represent a narrow range from biotite to leucocratic 
biotite granite and they have a monotonous macroscopic 
appearance. These units were intruded into granodiorites 
and diorites in the northern part of the Chandman Massif 
and in some cases display mutually intrusive relationships 
with these rocks. 

All plutonic units in the Chandman Massif display 
magmatic fabrics, defined by the statistical alignment 
of minerals with high axial ratios. These fabrics are 
presumed to represent strain in plutons during the final 
stages of crystallization (Paterson et al. 1998). In more 
mafic units, internal heterogeneities such as schlieren lay-
ering and elongate mafic enclaves are aligned parallel to 
this fabric. Granitoids also display a solid-state foliation 
in many localities, defined in the field by stretched quartz 
crystals and in thin section by the presence of subsolidus 

microstructures. The intensity of this deformation in-
creases towards the northeast where granitic rocks grade 
into orthogneisses. The contact between orthogneisses of 
the Chandman Khayrkhan Crystalline Complex and the 
Chandman Massif is gradational.

3. Petrography

3.1. Petrography of metamorphic rocks

3.1.1. tugrug Formation 

The Tugrug Formation (Etg – index used in Fig. 1) is 
dominated by siliceous, chlorite-sericite schists, with 
layers of greenschists and quartzite. The composition 
of rocks varies from sericite phyllite to greenschist. Chlo-
rite schists are fine-grained, banded with lepidoblastic 
microstructure and a mineral association of quartz + 
albite + sericite + chlorite ± epidote ± biotite ± carbonate. 
Opaque minerals and tourmaline appear as accessories. 
Metabasalts, tuffaceous green–gray, slightly metamorpho-
sed sandstones, greenschists, and quartzite form elongate 
lenses in the schists, typically with gradational contacts. 
The metabasalts are fine-grained, massive rocks, locally 
with relics of tabular phenocrysts of altered feldspars 
and chloritized amphibole. The groundmass consists 
of actinolite, chlorite, epidote and opaque minerals. 
Titanite is accessory. Fine-grained, banded amphibolite 
with calc-silicate lenses form a narrow, morphologically 
prominent range exposed together with gneisses near the 
contact with the Chandman Massif. Amphibolites have 
poikiloblastic texture and are composed of amphibole, 
plagioclase, epidote and rare quartz. Titanite is accessory. 
The amphibolite contains lenses of calc-silicate rocks 
composed of epidote, quartz and plagioclase.

 Fine-grained, laminated quartzites are exposed in thin 
layers, forming resistant ridges in the chlorite-sericite 
schist. They are fine- to very fine-grained rocks compo-
sed of elongated quartz grains and sericite oriented in 
the foliation. The trend of the layers is parallel with the 
foliation. Biotite to chlorite-biotite schists are exposed 
together with amphibolites in two belts. They also are 
exposed in the marginal part of the unit near the contact 
with the Chandman Massif. Main phases are plagio-
clase, quartz, biotite, sometimes muscovite and locally 
cordierite. 

3.1.2. Chandman Crystalline Complex

Orthogneiss (Gch) forms bodies in migmatites on the SE 
slopes of the Chandman Khayrkhan Mountain. It is a me-
dium-grained rock of granodiorite to granite composition 
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with locally porphyroblastic texture. It is composed of 
K-feldspar, plagioclase, interstitial quartz, minor biotite 
and muscovite. Interstitial quartz is often recrystallized to 
very fine-grained mosaics, and K-feldspars are partially 
recrystallized.

Fine-grained metagranite, locally garnet-bearing, alter-
nated with meta-aplite, metapegmatite, and gneiss  forms 
discontinuous dikes and small lenticular bodies in mig-
matites and granites on the SE slopes of the Chandman 
Khayrkhan Mountain. The rocks have a granular texture 
that gives them a massive appearance. This fine-grained 
character is accentuated by homogeneous distribution of 
the major mineral components (K-feldspar, plagioclase, 
quartz and biotite). Quartz forms grains with sutured 
contacts and exhibit undulatory extinction. Accessory 
minerals are apatite, zircon and occasionally garnet. 

Red porphyritic metagranites are fine- to medium-
grained equigranular rocks with plagioclase and biotite 
phenocrysts. The groundmass consists of plagioclase 
(30–40 %), K-feldspar (20–30 %), quartz (15–20 %) and 
biotite (10–15 %). Accessory minerals include muscovite, 
epidote, apatite and zircon. 

Metagranodiorite to metadiorite  are the prevailing 
rocks in the central part of the Chandman Khayrkhan 
Crystalline Complex. Microscopic examination reveals 
that the protolith was similar to granodiorite and diorite 
of the Chandman Massif. Granular texture is typical, 
occasionally with a distinct subsolidus fabric defined by 
thin flakes of biotite and alternating domains of recrystal-
lized feldspar and deformed quartz. Average grain size is 
up to 1 mm, often with plagioclase or microcline sericit-
ized. Quartz and perthitic microcline form subhedral or 
elongate grains, mostly or partially recrystallized. Ac-
cessory minerals are apatite, zircon, epidote, magnetite 
and titanite.

Biotite-amphibolite gneiss to amphibolite to horn-
blende gneiss with skarn and metagabbro lenses (Ach) 
form layers surrounded by migmatites or metaigneous 
rocks. The largest bodies are exposed in migmatites on 
the eastern slope of the Chandman Khayrkhan Moun-
tain. These medium- to fine-grained, commonly banded 
rocks have varied amphibole content (30–70 modal %). 
Amphibolites also usually contain anorthitic plagioclase 
(Ab7–11), quartz, and secondary chlorite. Minor biotite, ore 
minerals and titanite are locally present. Amphibolites are 
often migmatized or interlayered with migmatites. The 
metagabbro is composed of prevailing amphibole (more 
than 60 %), minor plagioclase, rare biotite and titanite, 
secondary epidote, calcite and sericite. The skarns consist 
mainly of garnet and pyroxene accompanied by intersti-
tial quartz and plagioclase.

Biotite migmatite to pearl gneiss with anatectic 
textures, layers of amphibolite (Mch) surrounds me-
tagranodiorite and metadiorite in the central part of the 

Chandman Khayrkhan Crystalline Complex. The grain 
size is medium to coarse; biotite is common in both mafic 
and felsic lithologies. Plagioclase is often present as por-
phyroblasts. Layers of migmatized amphibolite are up to 
several dm thick and contain mainly hornblende and pla-
gioclase, with minor quartz, biotite, epidote and titanite. 
The migmatites also contain layers of calc-silicate rock 
up to 30 cm thick. The calc-silicate rocks are composed 
mainly of biotite, plagioclase and quartz, and occasion-
ally muscovite, sillimanite and garnet. Tourmaline occurs 
only locally in the migmatites, namely on the boundary 
between melanosome and leucosome. 

Biotite gneiss and porphyroblastic gneiss (gch) oc-
curs in the belt in the northernmost part of the unit along 
the Ikh Bogd Fault. The gneiss is a medium-grained rock, 
composed of plagioclase, biotite, quartz and sometimes 
K-feldspar or muscovite, accessory zircon and apatite. 
Chloritization of biotite is common, and local melting 
occurs in rare localities in this unit.

Additional information on the described units, includ-
ing mineralogical compositions determined by electron 
microprobe, is available in Hrdličková et al. (2008).

Metamorphic host-rock septa within the Chandman 
Massif include amphibolites, calc-silicate rocks, biotite 
schists, and rare quartzites. Very fine grained amphibo-
lites are the most common and consist almost entirely 
of equigranular, stubby hornblende and plagioclase. 
Some amphibolites contain hornblende porphyroblasts 
up to 3 mm across with mottled textures and a very dark 
brown to dark green appearance. Calc-silicate rocks are 
dominated by calcite with extensive deformation twin-
ning and grain size reduction. Biotite schists are rare 
and are mostly found near the contact with the Tugrug 
Formation. Blocks of this composition have undergone 
a small amount of partial melting, possibly associated 
with their engulfment in plutons. All host-rock blocks 
have undergone metamorphism and moderate temperature 
deformation before their integration into the massif, with 
quartz, where present, displaying grain size reduction and 
core and mantle structures.

3.2. Petrography of plutonic rocks

Diorite units are found throughout the Chandman Massif 
and are characterized by the profusion of long, lath-like 
plagioclase crystals (Fig. 2a), and large euhedral titanite 
crystals that can be observed in hand specimen. K-feld-
spars are rare to absent in these rocks. Mafic minerals 
include biotite and hornblende in varying proportions; 
hornblende crystals are subhedral and stubby. Prismatic 
epidote crystals are common and microstructural rela-
tionships confirm that it is a primary magmatic mineral 
(Fig. 2b). Apatite and magnetite are present as accessory 
phases.
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Granodiorites with extensive planar schlieren layer-
ing are found in the southern portions of the massif. 
Petrographic observations support the interpretation that 
these rocks are petrologically related to the diorite units. 
Granodiorites share with diorites long subhedral plagio-
clase crystals, an abundance of euhedral gold-colored 
titanite, and accessory magnetite. The major petrologic 
difference between these two units is the presence of 
macroscopically perceptible K-feldspar grains. The 
schlieren distinctive to this unit appear as concentrations 
of aligned biotite books in thin section, but their matrix is 
otherwise of the granodioritic composition (Fig. 2a).

Granitic to leucogranitic units are peppered throughout 
the complex. They consist dominantly of K-feldspar and 
quartz crystals with plagioclase and biotite. K-feldspars 
sometimes form phenocrysts. While it is difficult to dis-
cern between metaluminous and peraluminous granites in 
the field, they can be subdivided geochemically and have 
some distinctive microstructural characteristics. Upon 
petrographic inspection, peraluminous granites are finer 
grained and display ubiquitous grain boundaries with a 
sutured appearance. All crystals are sub- to anhedral, and 
quartz is polycrystalline. Metaluminous granites tend to 
have larger grain sizes and more euhedral grains. 

4. Geochemistry and thermobarometry

4.1. Whole-rock geochemistry

Samples from the main lithological types of at least 2–4 
kg in mass were used for whole-rock geochemical analy-
ses. Major and trace elements were determined at ACME 
Laboratories, Canada (Tab. 1a–b). Igneous rocks of the 
Chandman Massif range from diorite to granite (Fig. 3d). 

Three types can be distinguished according to SiO2 con-
tent: granites (71–77 wt. %), granodiorites with tonalites, 
(61–71 wt. %) and diorites (55–59 wt. %). Plutonic rocks 
are calc-alkaline (Fig. 3b), with potassium abundances 
corresponding to the high-K series for granites and me-
dium-K series for tonalites to granodiorites (Fig. 3a). 
Analyzed plutonic samples can be separated into peralu-
minous and metaluminous suites based on A/CNK values 
and Eu anomaly magnitudes (Fig. 3c, 4a). 

Peraluminous samples are acid (SiO2 = 72–77 wt. %) 
and display trace-element ratios K/Rb of 145–265 and 
Rb/Sr of 1–11. The total REE contents are low (49–166 
ppm). LREE are slightly to moderately fractionated 
(LaN/SmN = 2.1–5.5) and the HREE trends in chondrite-
normalized patterns are flat (GdN/YbN = 0.9–1.4). These 
rocks also have a pronounced negative Eu anomaly, 
demonstrated by Eu/Eu* ratios of 0.2–0.6 (Fig. 3f). In 
the NMORB-normalized spider diagram, there is deple-
tion in Ba, Nb, Sr, P and Ti, slight depletion in Zr and 
enrichment in Cs, Rb, Th, K, Pb and MREE (Fig. 3e). 
Samples fall mainly within the Volcanic Arc Granite 
(VAG) field, and two samples into the Within Plate 
Granite (WPG) field of the classification by Pearce et 
al. (1984) (Fig. 4b–c). A shallow trend is also observed 
in the CaO/Na2O vs. Al2O3/TiO2 binary plot, with most 
peraluminous samples having CaO/Na2O < 0.3 (Fig. 4e). 
In addition half of peraluminous rocks sampled fall into 
the strongly peraluminous categorization, having A/CNK 
values of 1.1 to 1.3 (Fig. 3c) (Sylvester 1998). This sug-
gests a pelitic source according to Sylvester (1998) and 
references therein. 

Metaluminous rocks demonstrate a greater variety, in-
cluding a wide range in SiO2 content, from 55 to 77 wt. % 
(Fig. 3a). Samples show higher and much more variable 
K/Rb ratios (142–519) than granite units. They are also 

Economos et al, Fig. 2
To page width

a b 0.5 mm1 mm

Fig. 2a – Photomicrographs of a biotite-rich schlieren layering characteristic of granodiorites in the Chandman Massif, and b – a subhedral epidote 
crystal situated between plagioclase and biotite demonstrating its magmatic origin.
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and sputter coated with graphite. Major oxides were 
analyzed for plagioclase, hornblende, biotite and Fe-Ti 
oxide minerals. Plagioclase and hornblende analyses 
were used to apply the Al-in-Hbl barometer and the pla-
gioclase-hornblende thermometer (Blundy and Holland 
1990) in order to constrain conditions of crystallization 
of dioritic plutons (Fig. 5a–b). Analysed were conducted 
on adjacent plagioclase and hornblende grains that were 
each touching a quartz grain to ensure silica saturation at 
the last phase of crystallization (Fig. 5d). Transects from 
core to rim of both the plagioclase and hornblende grains 
were conducted, and additional analyses of each crystal 
on its rim against quartz were also obtained. The goal of 
these transects was to constrain both the crystallization 
history of the sample and the thermobarometric condi-
tions at the final stages of crystallization, represented by 
analyses on sample rims. To constrain secular variation, 
three plagioclase–hornblende pairs were analyzed for 
each sample. Pressures stated are corrected for tem-
perature according to the formulation of Anderson and 
Smith (1995).

Sample 204 displays complexly zoned hornblende 
crystals that yield an average rim crystallization of 2.9 ± 
0.5 kbars (1σ combined analytical and statistical errors) 
(Fig. 5a). Based on a pressure gradient of 3.7 km per 
kbar (based on a crustal density of 2.7 g/cm3), these rocks 
crystallized at c.	11 km. Anorthite content of plagioclase 
in this sample varies from 30 to 40 %. Rim crystallization 
temperatures are calculated as 756 ± 23 ºC. 

far less enriched in Rb, with Rb/Sr ratios of 0.06–0.60; 
only one sample has Rb/Sr = 1.3. The REE concentra-
tions are similar to granites in their low values, from 86 
to 180. The LREE are moderately fractionated (LaN/SmN = 
2.3–6.7). The HREE show a weak fractionation (GdN/YbN 
= 1.4–2.7). The Eu anomalies in these rocks are weak or 
absent (Fig. 3f). In NMORB-normalized spider diagrams, 
there is a distinct depletion in Nb and P, and a slight 
depletion in Ti. This diagram also indicates a pronounced 
enrichment in Cs and K, and a slight enrichment in Th and 
Nd. The Ba, Pb and Sr show complex trends for felsic and 
intermediate rocks (Fig. 3e). Rocks of the metaluminous 
group fall into the Volcanic Arc Granite (VAG) field in the 
Pearce et al. (1984) classification scheme (Fig. 4b–c).

4.2. mineral composition and thermobaro-
metric analysis

Analysis of mineral major oxide composition for the alu-
minum-in-hornblende igneous barometer (Hammastrom 
and Zen 1986; Hollister et al. 1987) was conducted on a 
JEOL JXA-8200 electron microprobe at the University 
of California, Los Angeles. Samples were analyzed in 
spot mode with a beam current of 15 nA and acceler-
ating voltage of 15 kV. One σ analytical error is 1 %. 
Two samples from dioritic units were selected based 
on the presence of the appropriate mineral assemblage, 
including amphibole, quartz, K-feldspar, titanite, and 
magnetite. These samples were doubly polished, cleaned 

Tab. 1a Whole-rock major-element analyses (wt. %)  for igneous rocks of the Chandman Massif

Sample H0168 H0239 H0332 H0333 H0337 H0338 H0339 H0341 H0549 H0551 R0405 Z0992
Sheet_no L-47-101A L-47-89A L-47-101A

E_coord. (o) 98.22329 98.02093 98.16809 98.19587 98.13047 98.11511 98.05684 98.03772 98.15180 98.11545 98.01052 98.17676

N_coord. (o) 45.27573 45.25558 45.26511 45.26924 45.25467 45.25046 45.26844 45.27135 45.25055 45.24709 45.31053 45.27202

Rock granite granite diorite granite diorite granite granite diorite granite granite diorite granodiorite
SiO2 75.48 58.63 57.72 76.12 67.06 76.58 73.67 71.19 77.29 75.94 54.99 70.64
Al2O3 14.00 17.44 15.43 13.43 15.20 12.99 13.31 14.11 11.49 13.22 19.48 14.16
Fe2O3 1.05 6.87 8.39 1.15 4.29 1.20 2.64 2.84 1.59 0.85 6.44 2.92
MgO 0.13 2.69 4.14 0.19 1.42 0.21 0.50 0.81 0.18 0.09 3.36 0.69
CaO 0.66 5.55 6.63 0.68 4.10 0.74 1.30 2.16 0.76 0.54 7.33 1.78
Na2O 3.45 4.07 2.82 2.63 3.27 3.54 3.50 3.50 2.52 3.54 3.95 3.56
K2O 4.32 2.15 1.78 4.51 2.59 4.17 3.80 3.79 5.05 4.34 1.41 4.07
TiO2 0.05 1.10 1.20 0.08 0.65 0.11 0.30 0.35 0.16 0.04 1.01 0.43
P2O5 0.08 0.44 0.46 0.08 0.19 0.04 0.10 0.11 0.05 0.03 0.24 0.13
MnO 0.10 0.09 0.13 0.04 0.06 0.05 0.05 0.04 0.02 0.07 0.07 0.03
Cr2O3 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
LOI 0.60 0.50 0.80 0.90 0.80 0.20 0.60 0.80 0.70 1.20 1.40 1.40
TOT_C 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.04 0.03 0.10
Total 99.92 99.54 99.52 99.81 99.63 99.83 99.77 99.70 99.81 99.86 99.69 99.82

Abundances of the major oxides were analysed by ICP-emission spectrometry in ACME Laboratories, Canada. Loss on ignition (LOI) was calcu-
lated by weight difference after ignition at 1000 ºC. 
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Tab. 1b Whole-rock trace-element analyses (ppm) for igneous rocks of the Chandman Massif

Sample H0168 H0239 H0332 H0333 H0337 H0338 H0339 H0341 H0549 H0551 R0405 Z0992
Rock granite granite diorite granite diorite granite granite diorite granite granite diorite granodiorite
Ba 119.2 419.6 404.4 174.3 457.1 264.9 524.4 648.6 472.5 46.6 369.9 1305.0
Co 0.8 18.0 27.6 1.0 9.2 1.3 4.0 5.8 2.4 0.6 21.9 5.5
Cs 8.6 6.4 1.9 4.4 2.7 1.3 2.8 5.0 1.4 5.1 6.2 1.7
Ga 21.4 23.7 20.8 17.8 19.1 16.2 17.6 17.9 12.6 21.2 23.4 15.7
Hf 2.4 6.6 5.4 1.9 5.2 3.1 5.9 4.9 2.9 2.1 4.1 6.8
Nb 32.0 12.2 14.9 19.1 12.5 16.4 13.5 10.1 3.5 32.2 7.6 9.0
Rb 244.9 93.9 66.9 173.3 100.0 131.6 136.4 132.8 88.0 240.8 51.0 65.1
Sn 2 2 3 2 2 1 3 2 1 6 1 1
Sr 28.6 628.0 382.1 50.3 316.5 95.8 131.3 204.5 67.5 20.1 798.5 278.0
Ta 3.8 1.7 0.9 2.5 1.1 1.8 1.3 1.0 0.3 7.9 0.4 0.6
Th 6.7 7.3 4.4 7.2 13.5 12.7 15.1 14.6 14.8 10.6 4.8 6.5
U 1.3 3.5 1.2 1.6 2.6 1.5 2.2 2.3 0.8 2.7 1.4 1.3
V – 114 173 6 74 10 22 37 10 7 158 29
W 0.5 0.4 0.1 2.4 0.1 0.3 0.1 0.1 0.2 1.3 0.5 0.2
Zr 48.6 265.5 226.7 45.5 185.5 66.4 201.9 162.7 94.5 31.3 153.8 267.9
Y 25.8 29.7 29.0 21.9 21.9 17.7 24.5 23.4 8.1 21.5 13.7 17.9
Mo 0.2 0.2 0.3 0.2 0.3 0.2 0.3 0.3 0.3 0.2 0.2 0.2
Cu 6.3 32.2 53.0 6.9 19.6 4.6 5.8 6.8 15.2 4.4 47.8 6.1
Pb 1.7 1.0 1.1 2.8 1.6 6.6 6.4 4.3 6.7 8.7 1.6 3.2
Zn 9 68 61 13 49 21 40 38 17 4 45 35
Ni 2.2 17.5 49.9 2.1 6.9 2.8 4.8 8.0 4.1 2.2 17.0 4.4
As 0.5 0.5 0.8 0.6 – – 0.8 0.6 0.9 – 0.8 0.5
Cd 0.1 – – – – – – – – – – –
Sb – – – – – 0.1 0.1 – – – – –
Bi 0.1 0.1 – 0.2 – – – – 0.1 0.1 – –
Au 1.4 – 1.1 0.9 – 0.7 – 0.7 2.1 3.1 1.2 4.3
La 10.0 33.4 25.2 11.3 37.8 15.6 34.5 29.5 35.5 7.0 22.9 41.7
Ce 22.9 66.9 62.5 25.1 79.5 32.5 72.5 62.8 72.5 17.2 50.3 86.7
Pr 2.52 7.46 7.55 2.68 8.44 3.52 7.51 6.33 6.81 1.86 5.44 8.83
Nd 10.1 33.0 34.3 10.4 31.7 12.7 28.4 23.7 23.9 7.6 21.7 32.5
Sm 2.6 6.3 6.7 2.6 5.5 2.7 5.2 4.4 3.3 2.1 4.1 5.1
Eu 0.27 1.57 1.57 0.38 1.24 0.44 0.93 0.99 0.65 0.15 1.36 1.32
Gd 3.23 5.22 6.02 2.80 4.63 2.19 4.67 4.08 2.21 2.57 3.50 3.69
Tb 0.69 0.79 0.86 0.50 0.65 0.38 0.66 0.60 0.27 0.58 0.47 0.61
Dy 3.97 4.29 5.03 3.35 3.69 2.61 4.34 3.86 1.54 3.55 2.70 3.26
Ho 0.86 0.89 1.06 0.66 0.76 0.52 0.83 0.74 0.24 0.65 0.47 0.57
Er 2.46 2.64 2.70 1.80 1.97 1.64 2.47 2.14 0.70 1.93 1.37 1.64
Tm 0.38 0.41 0.39 0.29 0.29 0.23 0.37 0.32 0.12 0.30 0.18 0.23
Yb 3.04 2.94 2.54 2.35 1.90 1.76 2.90 2.39 0.66 2.10 1.25 1.44
Lu 0.40 0.44 0.34 0.33 0.28 0.25 0.39 0.32 0.11 0.28 0.18 0.21
REE 63.42 166.25 156.76 64.54 178.35 77.04 165.67 142.17 148.51 47.87 115.92 187.80

The rare earth and most remaining trace elements were analysed in ACME Laboratories, Canada by INAA and ICP-MS following a LiBO2 fusion; 
the precious and base metals were analysed by aqua regia digestion/ICP-MS.

Sample 126 displays an average rim pressure of 3.7 ±  
0.5 kbars (Fig. 5b), representing a crystallization depth 
of 13.7 km. An average of core analyses yields 2.8 ± 0.2 
kbars. This pattern is antithetical to the simple scenario 

where, in an ascending magma, the crystal rims preserve 
the lowest pressures. This may suggest that hornblende 
crystals grew at the expense of pyroxene or indicate that 
core compositions are not representative of equilibrium 
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crystallization. Estimated temperature for this sample is 
740 ± 14 ºC. In P-T space, these samples plot well above 
the tonalite solidus (Fig. 5c). Anorthite content of plagio-
clase in this sample varies from 25 to 32 %.

Further barometric constraint is provided by several 
dioritic and granodioritic samples that contain magmatic 
epidote. Igneous epidote has been shown to exist at a 
minimum pressure of 4–6 kbars (Schmidt 1983; Zen and 
Hammastrom 1984; Schmidt and Poli 2004). Magmatic 
epidotes are found in the northern portion of the field 
area, near the contact between diorites and the Chand-
man Khayrkhan Crystalline Complex. This stability field 
translates to a minimum of 15–20 km for emplacement 
of diorites based on a barometric gradient of 3.7 km per 
kbar.

4.3. u-Pb la-ICP-ms zircon dating

Zircons from a dioritic sample were analyzed for U-Pb 
geochronology (Hrdličková et al. 2008). Thirty-two U-Pb 
spot analyses were carried out on 26 grains by LA-ICP-
MS at the Institute of Geosciences, Johann-Wolfgang-
Goethe-University, Frankfurt. Zircons displayed igneous 
textures including long prismatic crystal habit. Cathodolu-

minescence images revealed fine igneous oscillatory crys-
tal zoning: no discordant cores were identified. Continu-
ous zoning from core to rim documents only one phase 
of zircon growth, which is in line with the U-Pb analyses. 
Twenty-five spot analyses yielded concordant results with 
a concordia age of 345 ± 2 Ma (2σ). Additional analytical 
details are available in Hrdličková et al. (2008).

5. Structural data

5.1. General structure

Satellite images of the Chandman Massif reveal a fault 
that trends ~330o that dissects the Chandman Massif into 
a northern and southern section (Fig. 1). Orientations of 
structures display a marked difference to the north and 
south of this fault (Fig. 6).

Metamorphic foliation in host rocks, rafts and blocks 
is the oldest foliation in the complex and displays some 
variation. The northern domain of the complex displays 
strikes toward ~345o while the southern domain has 
strong maxima towards ~330o. Both foliations are mod-
erately to steeply dipping towards the NNE (Fig. 6a). 
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Cross-cutting relationships 
throughout the field area indi-
cate that peraluminous granitic 
intrusions are generally younger 
than dioritic intrusions. Dikes of 
granite cross-cut granodioritic 
units. Granitic contacts cross-cut 
internal structures in the dioritic 
units, including schlieren layering 
and magmatic fabrics. While these 
contacts are generally sharp, occa-
sional cuspate-lobate margins can 
be observed between the granite 
and diorite units. Furthermore, 
granitic intrusions, such as dikes, 
rarely fine toward their margins or 
display quench textures that would 
indicate intrusion into a cold host. 
Finally, at one locality granites 
and diorites are mutually intrusive 
with blocks of granites enclosed 
in diorites and dikes of granites 
cutting diorites (Fig. 7c–d). Meta-
luminous granodiorite and granite 
plutons display multiple varieties 
of schlieren. The most common 
are conspicuous, planar, rhythmic 
schlieren, best defined adjacent to 
contacts with schists, but common 
throughout the complex south 
of the fault. These schlieren are 
parallel to the magmatic mineral 
foliation and are repeated on the 
cm to dm scale. Individual layers 
have a thickness on the mm scale 
and can be continuous for several 
meters. Where these schlieren are 
present, layers are in groups that 
are several meters thick and con-
tinuous for 10 to 50 meters. While 
these schlieren are sometimes 
concordant to earlier metamor-
phic layering, suggesting a “ghost 
stratigraphy” type origin, such as 
that described by Pitcher (1970) 
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for the Main Donegal Pluton, there are no minerals with 
metamorphic textures in these layers. Petrographically, 
these layers consist of accumulation of only biotite and 
apatite. Thus, the mechanism for formation of these 
structures remains enigmatic. 

Magmatic fabrics were defined by the statistical align-
ment of minerals with high axial ratios, particularly bio-
tite in granites and biotite and hornblende in granodiorites 
to diorites. In granodioritic and dioritic units, elongate 
mafic enclaves are often aligned with the magmatic fo-
liation. Magmatic foliation represents strain potentially 
caused by several processes, including margin effects, 
local flow, and strain from tectonic forces (Paterson et al. 
1998). Thus, it is not surprising that measured magmatic 
foliations show a moderate amount of scatter. However, 
clear differences in maxima are seen to the north and 
south of the fault. North of this structure, steeply dipping, 
roughly N-S oriented magmatic fabrics are observed. To 
the south of the fault, magmatic foliations are oriented 
roughly E–W and are also steeply dipping (Fig. 6b).

Dioritic units also contain schlieren, but this layering 
is rarer and more complex in geometry. Discontinuous 
schlieren are found particularly along contacts with 
metamorphic host-rock blocks. This layering displays 
trough-like structures with crystal size sorting along 
trough bottoms, similar in appearance to sedimentary 
graded bedding. These structures suggest, according to 
Barrière (1981), that crystal deposition and magmatic 
scouring and flow-sorting occurred during magmatic 
flow (Fig. 7b).

Solid-state foliations in plutons were defined in the 
field by observable elongation of quartz grains and occa-
sionally folding of earlier magmatic foliations (Fig. 8a). 
In the southern portion of the complex, solid-state folia-
tions are found only at scattered outcrops spaced over 
several tens to several hundreds of meters. Effects of 
solid-state deformation become more widespread to-
ward the north, and are ubiquitous on the SW slopes of 
the Chandman Khayrkhan Mountain. As the foliation 
becomes more pervasive, it also increases in intensity. 

Economos et al, Fig. 7
To page width

a b

c d
Fig. 7 Field photographs of magmatic structures in plutons: a–b field evidence for the coeval intrusion of granites and diorites, c–d enigmatic 
rhythmic schlieren layering common in granodioritic units.
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These foliations again show distinct orientations in north-
ern and southern portions of the Massif. These orienta-
tions are in excellent agreement with magmatic fabrics, 
with those to the north striking roughly N–S and those to 
the south striking roughly E–W (Fig. 6c).

5.2. structures in migmatites

Migmatites throughout the Chandman Khayrkhan Crys-
talline Complex display a wide range of structures. 
Lit-par-lit style migmatization is defined by leucosome 
and melanosome layering, for example in the core of the 
Chandman Khayrkhan Mountain (Fig. 8b–c). Here, leu-
cosomes form discontinuous elongate bodies, generally 
cm to dm in length, and all structures are parallel to the 
foliation in metamorphic rocks. These concordant stro-
matic migmatites grade into a more diatectic structural 
style, where leucosomes cross-cut and disrupt schist fo-
liation (Fig. 8c). Here leucosomes comprise a larger total 
percentage of rocks and form continuous interconnected 
melt networks. In outcrops where leucosome dominates, 
melanocratic material becomes highly disrupted and can 
achieve a rounded or ellipsoidal shape.

Near the margins of the Chandman Khayrkhan Moun-
tain, where schists are intruded by diorites and granites, 
leucosomes make up approximately 20 % of the rock. 
Gradational contacts with granites in these localities 
suggest that migmatitic material contaminated granite 
intrusions. Such localities often display gradational 
contacts with adjacent granodiorites and granites where 
physical contamination of granitoids is observed in 
the form of small fragments of melanosome/restite en-
cased in the intruding bodies. In many instances, dikes 
with sharp contacts are observed cross-cutting these 
structures. However, in some localities, leucosomes 
grade into intruding magmas at fine scales. While these 
structures do not rule out that migmatization occurred 
prior to the intrusion of the Chandman Massif, they do 
indicate that, at least in part, the heat of these intrusions 
contributed to local melting and contamination of the 
magmas.

6. Discussion

Intrusive relationships indicate that units of the per-
aluminous and metaluminous suites of the Chandman 
Massif formed (nearly) contemporaneously. While the 
majority of cross-cutting relationships show the Chand-
man granites as younger than granodiorites, rare outcrops 
with cuspate–lobate margins and mutually intrusive 
contacts suggest that these units are nearly co-magmatic. 
However, even in these areas, no effects of mixing or 

Economos et al, Fig. 8
To column width

a

b

c

Fig. 8 Field photographs of post-magmatic structures in plutons and 
wall rocks, a – solid-state foliation folding of the earlier magmatic fab-
rics, b – lit-par-lit or stromatic migmatites, c – diatectic migmatites.
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hybridization are observed. Compositional variation at 
the intrusive contacts between these two magma types 
suggests a significant viscosity contrast, which could 
have prevented hybridization. 

While peraluminous granites are closely spatially re-
lated to migmatites, it is unlikely that migmatites at the 
level of exposure were the main source material for these 
plutons. At the relatively shallow level of intrusion of 
these granites, only a very small percent of partial melt-
ing would be possible without a significant input of a sur-
plus heat. Based on hornblende-plagioclase thermometry 
and the presence of magmatic epidote, melting of fertile 
materials at the emplacement level would be likely, but 
the large amount of schist needed to generate volumi-
nous peraluminous plutons is lacking in the Chandman 
Khayrkhan Crystalline Complex. Thus, contamination 
from local migmatites could account for only a small por-
tion of the volume of Chandman granites exposed here. 
In addition, in Qtz-Or-An space (Fig. 4d), Chandman 
granites are evolved away from eutectic compositions 
for melting at 3–3.5 kbars, which could be evidence of 
fractionation during ascent. These data are consistent 
with the bulk of Chandman peraluminous granites having 
a source below the level now exposed. Thus, although 
the Chandman Massif peraluminous granites have some 
connection to the adjacent migmatite terrane, a larger 
body, not presently exposed, must be responsible for the 
bulk of the peraluminous material seen in the Chandman 
Massif. 

Metaluminous rocks of the Chandman Massif display 
calc-alkaline geochemical trends and are of magnetite 
series, indicating crystallization from highly oxidized 
magmas (Ishihara 1977). They contain a high percentage 
of hydrous minerals, particularly hornblende, and fall 
within the volcanic arc geochemical field. Based on this 
evidence, we suggest that these plutons were generated 
in a subduction regime. The temporally overlapping, but 
slightly delayed, emplacement of peraluminous granites 
with respect to the metaluminous magmas suggests that 
the intrusion of more mafic units could have initiated 
partial melting of country rock during their ascent and/or 
emplacement. 

Finally, the excellent agreement of magmatic and 
solid-state foliations suggests that the tectonic forces 
responsible for generating the strong magmatic fabric in 
the massif continued to influence these rocks after crys-
tallization – we are unsure as to the cause of increased 
pervasiveness of solid-state foliation toward the Chand-
man Khayrkhan Mountain. The present discordance of 
metamorphic foliations, magmatic foliations, and solid-
state fabrics to the north and south of the central fault 
suggests that it was active late in the evolution of the 
complex, possibly as a secondary Riedel Fault related 

to recent motion on the Bogd Fault along the northern 
margin of the massif.

Compilation of all available datasets suggests that this 
area experienced amphibolite-facies metamorphism of the 
Chandman Khayrkhan Crystalline Complex, exhumation 
to mid-crustal levels, and juxtaposition against the green-
schist-facies Tugrug Formation. The Crystalline Complex 
was then intruded by metaluminous and peraluminous 
plutons of the Chandman Massif. These data correlate 
well with the findings of Hrdličková et al. (2008), where 
a similar sequence of events (early migmatite generating 
metamorphism and later peraluminous granitic intrusion) 
was identified in the Unegt Uul Crystalline Complex. As 
no geochronological constraints on the age of migmatiza-
tion are currently available for the Chandman Khayrkhan 
Crystalline Complex, a possibility of a shared evolution 
of the complexes cannot be assessed.

The Chandman Massif is shown here to be unique 
among the complexes presented in Hrdličková et al. 
(2008), in that it consists of dominantly metalumi-
nous, amphibole-bearing units that fall clearly into the 
volcanic-arc field. These data thus indicate that the 
generation of the massif could not be due to crustal 
thickening and geothermal heating alone, but was 
mainly related to the subduction-related magmas. The 
Chandman Massif represents the first recognition of a 
volcanic-arc magmatism of Mississippian age in the 
western Gobi-Altay Terrane. The onset of Hercynian 
magmatism is suggested to be as early as 370 Ma, 
based on rocks from the Tseel Terrane (immediately 
to the west of the Chandman Massif area), which bear 
striking resemblance to those studied here. Kozakov et 
al. (2007) described plutons of mafic to plagiogranite 
compositions as well as granites and migmatites in-
truding biotite schists in many areas in the Tseel Ter-
rane. Additional study is required in order to identify 
whether there is a relationship between Tseel Terrane 
units and the Chandman Massif, which may represent 
the easternmost extremity of the Hercynian arc.

Furthermore, the relationship between the Chandman 
Khayrkhan Crystalline Complex and Chandman Massif 
may be a direct evidence for the integration of pre-exist-
ing Caledonian materials into magmas of the Hercynian 
arc, suggested by isotopic evidence (Kovalenko et al. 
2004). This situation calls for further work on the age 
of metamorphism within the crystalline complex and the 
isotopic systematics of both metamorphic and plutonic 
rocks. Such studies of central Mongolian granites, in 
concert with data presented here and by Hrdličková with 
her co-workers, will further our understanding of the 
complex transition from collision and crustal amalgama-
tion to renewed magmatism (345 Ma) in Early Carbon-
iferous times.
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7. Conclusions

Recent mapping of the Chandman Massif and its coun-
try rocks has led to the recognition of the Chandman 
Khayrkhan Crystalline Complex as having a separate 
protolith and metamorphic history from the Tugrug For-
mation. Structural, geochemical and thermobarometric 
evidence presented here suggests that the Chandman 
Khayrkhan Crystalline Complex is related to, but not rep-
resentative for the entire source region of, the peralumi-
nous granites in the Chandman Massif. The granitic rocks 
were classified into metaluminous and peraluminous units 
with distinctly different chemistries and subtly distinct 
petrographic characteristics. Our preferred interpretation 
of the two, roughly coeval, units is that they represent an 
evolution of volcanic-arc magmas, from diorite to granite, 
and partial melting of fertile sedimentary materials, trig-
gered by their thermal input. 

Mapping, petrography, geochemical and thermo-
barometric analyses all suggest a multi-phase history 
to migmatization of the Chandman Khayrkhan Crys-
talline Complex migmatites. Thermobarometry places 
constraints on the conditions of pluton emplacement to 
11.5–13.7 km in the south, at least 15–20 km in the north 
and temperatures of 725–775 oC. These estimates provide 
the necessary conditions for migmatization of gneisses 
of the Chandman Khayrkhan Mountain. However, field 
observations, geochemistry and petrography suggest that 
additional processes below the level of exposure largely 
contributed to migmatization and the generation of per-
aluminous plutons. The barometry and magmatic history 
also place constraints on the exhumation history of this 
migmatite terrane.

Our data point to a few local problems that require 
additional attention. For instance it remains unclear what 
mechanism juxtaposed of the Chandman Khayrkhan 
high-grade metamorphic rocks with greenschist-facies 
rocks of the Tugrug Formation. Any structure that would 
have accommodated this movement is now obscured by 
the Chandman Massif, but mapping of even greater detail 
of common host-rock septa in the complex could yield 
important constraints on such a structure. In addition, 
the mechanism for the formation of repetitive schlieren 
layering is enigmatic, but additional study could yield 
insights into internal processes that occurred during the 
construction of the Chandman Massif. Further geochro-
nological and isotopic work in the area would supplement 
the available data that suggest that the evidence for initia-
tion of Hercynian magmatism in Mississippian times is 
preserved in the Gobi-Altay Terrane.

Acknowledgements. Fieldwork was done during the proj-
ect Geological	survey	of	the	Mongolian	Altay	on	the	scale	
1:	50,000, which was performed in the framework of the 

Program of the Development Cooperation Project of the 
Czech Republic. We are grateful to Mongolian staff of 
the expedition for participating in the fieldwork. We are 
indebted to J. Holák and Z. Novotný for the technical 
backing of geological survey. Funding was also provided 
by the Department of Earth Sciences at the University of 
Southern California. Our thanks extend to Viktor Kovach 
and an anonymous reviewer for their contributions to the 
manuscript.

Electronic	supplementary	material. The table with whole-
rock geochemical data (Tab. 1),  tables with geobaro-
metric determinations by the Al-in-hornblende method, 
as well as GPS coordinates of the studied samples, are 
available online at the Journal web site (http://dx.doi.
org/10.3190/jgeosci.034).

References

Anderson JL (1996) Status of thermobarometry in gra-
nitic batholiths. Trans Roy Soc Edinb, Earth Sci 87: 
125–138

Anderson JL, smith dr (1995) The effects of fO2 on the Al-
in-hornblende barometer. Amer Miner 80: 549–559.

BAdArch G, cunninGhAm Wd, WindLey BF (2002) A new 
terrane subdivision for Mongolia: implications for the 
Phanerozoic crustal growth of central Asia. J Asian Earth 
Sci 20: 87–100

BALJinnyAm i, BAyAsGALAn A, Borisov BA, cisternAs A, 
dem’yAnovich mG, GAnBAAtAr L, KochetKov vm, Ku-
rushin rA, moLnAr P, PhiLiP h, vAshchiLov yy (1993) 
Ruptures of major earthquakes and active deformation 
in Mongolia and its surroundings. Geol Soc Am Memoir 
181:  pp 1–62

BArrière M (1981) On curved laminae, graded layers, 
convection currents and dynamic crystal sorting in the 
Ploumanac’h (Brittany) subalkaline granite. Contrib 
Mineral Petrol 77: 214–224

BLundy Jd, hoLLAnd tJB (1990) Calcic amphibole equi-
libria and a new amphibole-plagioclase geothermometer. 
Contrib Mineral Petrol 104: 208–224

Boynton Wv (1984) Cosmochemistry of the rare earth ele-
ments: meteorite studies. In: henderson Pe (ed) Rare Earth 
Element Geochemistry. Elsevier, Amsterdam, pp 63–114 

cox KG, BeLL Jd, PAnKhurst rJ (1979) The Interpretation 
of Igneous Rocks, George Allen & Unwin, London, pp 
1–450.

cunninGhAm d (2005) Active intracontinental transpres-
sional mountain building in the Mongolian Altai: defin-
ing a new class of orogen. Earth Planet Sci Lett 240: 
436–444

derGunov, AB  (2001) Tectonics, Magmatism, and Metal-
logeny of Mongolia. Routledge, London, pp 1–288



magmatic history of the Chandman massif, mongolian altay

 351 

hAmmArstrom Jm, Zen e (1986) Aluminum in hornblende: 
an empirical igneous geobarometer. Amer Miner 71: 
1297–1313

Hanžl P, aicHler J (eds) (2007) Geological Survey of the 
Mongolian Altay at a scale 1 : 50,000 (Zamtyn Nuruu 
– 50). Final report of the International Development Co-
operation project of the Czech Republic. Czech Geologi-
cal Survey, Brno & MPRAM, Ulaanbaatar, pp 1–376

hoLLAnd tJB, BLundy Jd (1994) Non-ideal interactions 
in calcic amphiboles and their bearing on amphibole-
plagioclase thermometry. Contrib Mineral Petrol 116: 
433–447

hoLLister Ls, Grissom Gc, Peters eK, stoWeLL hh, sisson 
vB (1987) Confirmation of the empirical correlation of 
Al in hornblende with pressure of solidification of calc-
alkaline plutons. Amer Miner 72: 231–239

Hrdličková k, Bolormaa k, Buriánek d, Hanžl P, Gerdes 
A, JAnoušeK v (2008) Petrology and age of metamor-
phosed rock in tectonic slices inside the Palaeozoic 
sediments of the eastern Mongolian Altay, SW Mongolia. 
J Geosci 53: 139–165

hu A, JAhn BM, ZhAnG G, chen y, ZhAnG Q (2000) Crustal 
evolution and Phanerozoic crustal growth in northern 
Xinjiang: Nd isotopic evidence. Pt 1. Isotopic character-
ization of basement rocks. Tectonophysics 328: 15–51

irvine tn, BArAGAr Wr (1971) A guide to the chemical 
classification of the common volcanic rocks. Can J Earth 
Sci 8: 523–548

ishihArA, s (1977) The magnetite-series and ilmenite-series 
granitic rocks. Mining Geology 27: 293–305

JAhn Bm, Wu F, chen B (2000) Massive granitoid genera-
tion in Central Asia: Nd isotope evidence and implication 
for continental growth in the Phanerozoic. Episodes 23: 
82–92

JAhn Bm, Wu F, chen B (2001) Granitoids of the Central 
Asian Orogenic Belt and continental growth in the Pha-
nerozoic. Trans Roy Soc Edinb, Earth Sci 91: 181–193

JAhn Bm, cAPdeviLA r, Liu d, vernon A, BAdArch G 
(2004) Sources of Phanerozoic granitoids in the transect 
Bayanhongor–Ulaan Baatar, Mongolia: geochemical and 
Nd isotopic evidence, and implications for Phanerozoic 
crustal growth. J Asian Earth Sci 23: 629–653

JohAnnes W, hoLtZ, F (1996) Petrogenesis and Experimental 
Petrology of Granitic Rocks. Springer-Verlag, Berlin, 
pp 1–335 

KovALenKo vi, yArmoLyuK vv, KovAch vP, Kotov AB, 
KoZAKov iK, sALniKovA eB, LArin Am (2004) Isotope 
provinces, mechanisms of generation and sources of 
the continental crust in the Central Asian mobile belt: 
geological and isotopic evidence. J Asian Earth Sci 23: 
605–627

KoZAKov iK, KovAch vP, BiBiKovA ev, KirnoZovA ti, 
ZAGornAyA ny, PLotKinA yv, PodKovyrov vn (2007) 
Age and sources of granitoids in the junction zone of the 

Caledonides and Hercynides in southwestern Mongolia: 
geodynamic implications. Petrology 15: 126–150

Kröner A,WindLey BF, BAdArch G, tomurtoGoo o, heG-
ner e, JAhn Bm, GruschKA s, KhAin ev, demoux A, 
WinGAte mtd (2007) Accretionary growth and crust 
formation in the Central Asian Orogenic Belt and com-
parison with the Arabian-Nubian shield. In: hAtcher 
rd, cArLson mP, mcBride Jh, mArtineZ cAtALAn Jr 
(eds) 4-D Framework of Continental Crust. Geol Soc 
Am Memoir 200: pp 181–209 

Luth Wc, JAhns rh, tuttLe oF (1964) The granite sys-
tem at pressures of 4 to 10 kilobars. J Geophys Res 69: 
759–773

mArinov nA, ZonenshAin LP, BLAGonrAvov vA (eds) 
(1973) Geologija Mongolskoi Narodnoi Respubliky. 
Nedra, Moscow, pp 1–582 (in Russian)

moLnAr P, tAPPonnier P (1975) Cenozoic tectonics of Asia: 
effects of a continental collision: features of recent con-
tinental tectonics in Asia can be interpreted as results of 
the India–Eurasia collision. Science 189: 419–426

mossAKovsKy AA, ruZhentsev sv, sAmyGin sG,  
KherAsKovA tn (1994) Central Asian fold belt; geo-
dynamic evolution and formation history. Geotectonics 
27: 445–474.

PAterson sr, FoWLer tK, schmidt KL, yoshinoBu As, 
yuAn es, miLLer rJ (1998) Interpreting magmatic fab-
rics in plutons. Lithos 44: 53–82

PeArce JA, hArris nW, tindLe AG (1984) Trace element 
discrimination diagrams for the tectonic interpretation 
of granitic rocks. J Petrol 25: 956–983

PecceriLLo A, tAyLor sr (1976) Geochemistry of Eocene 
calc-alkaline volcanic rocks from the Kastamonu area, 
Northern Turkey. Contrib Mineral Petrol 58: 63–81

Pitcher Ws (1970) Ghost stratigraphy in intrusive granites: 
a review. In: neWALL G, rAst n (eds) Mechanisms of Ig-
neous Intrusion. Geol J Special Publication 2: 123–140

PiWinsKii AJ (1968) Experimental studies of igneous rock 
series: Central Sierra Nevada Batholith, California. 
J Geol 76: 548–570

rAuZer AA, ZhAnchiv di, GoLyAKov vi, yhhinA iF, ivAnov 
iG, tsuKerniK AB, AFonin vv, smirnov iG, ByKhover 
vi, KrAvtsev Av, BAAtArKhuyAG A, sKoryuKin mi, 
KhodiKov, iv, mAntsev nv, oKAemov sv, mischin vA, 
enKhsAJKhAn t (1987) Report on results of geological 
mapping on scale 1:200,000 in the south-western part of 
Mongolian Altay in 1983–1983, Mongolian National Re-
public. Tekhnoexport, Moscow, pp 1–352 (in Russian)

schmidt mW (1983) Phase relations and compositions in 
tonalite as a function of pressure: an experimental study 
at 650 ºC. Am J Sci 293: 1011–1060

schmidt mW, PoLi s (1983) Magmatic epidote. In: LieB-
scher A, FrAnZ G (eds) Epidotes. Mineralogical Society 
of America and Geochemical Society Reviews in Min-
eralogy and Geochemistry 56: 399–430



Rita C. Economos, Pavel Hanžl, Kristýna Hrdličková, David Buriánek, lkhagva-Ochir said, axel Gerdes, scott R. Paterson

352

senGör Ac, nAtAL’in BA, BurtmAn vs (1993) Evolution of 
the Altaid tectonic collage and Paleozoic crustal growth 
in Eurasia. Nature 364: 299–306

shAnd sJ (1943) Eruptive Rocks. Their Genesis, Composi-
tion, Classification, and Their Relation to Ore-Deposits 
with a Chapter on Meteorite. 2nd Edition. John Wiley & 
Sons, New York, pp 1–444

sun s-s, mcdonouGh WF (1989) Chemical and isotopic 
systematics of oceanic basalts: implications for mantle 
composition and processes. In: sAunders Ad, norry mJ 
(eds) Magmatism in the Ocean Basins, Geol Soc London 
Spec Pub 42: 313–345

syLvester PJ (1998) Post-collisional strongly peralumi-
nous granites. Lithos 45: 29–44

WindLey BF, Kröner A, Guo J, Qu G, Li y, ZhAnG c 
(2002) Neoproterozoic to Paleozoic geology of the Altai 
orogen, NW China: new zircon age data and tectonic 
evolution. J Geol 110: 719–737

WindLey BF, dmitriy A, WenJiAo x, Kröner A, BAdArch G 
(2007) Tectonic models for accretion of the Central Asian 
Orogenic Belt. J Geol Soc, London 164: 31–47 

Zen e, hAmmAstrom Jm (1984) Magmatic epidote and its 
petrologic significance. Geology 12: 515–518


