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Abstract 

Texture of igneous rocks, which includes size, shape and spatial distribution of grains, 

represents the final record of kinetic and mechanical processes operating during ascent and 

final emplacement of a magma. However, traditional geochemical approaches cannot assess 

and verify the physical processes of magma solidification, in particular, crystal nucleation and 

growth, textural coarsening, or mechanical crystal-melt interactions. In this work, I apply 

stereological methods to quantitatively characterize the textures and to interpret the 

crystallization history of granitic rocks in the Western Krušné hory/Erzgebirge and Vogtland. 

The Western Krušné hory/Erzgebirge granites consist of three suites: biotite granites 

(Kirchberg), muscovite-biotite microgranites (Walfischkopf), and topaz-zinnwaldite alkali-

feldspar granites (Eibenstock), which consist of eight intrusive units and two aplite dyke sets. 

The entire granite sequence exhibits an extreme and nearly continuous differentiation range, 

but in detail the evolutionary trends of each suite are independent, and individual intrusive 

units are also clearly compositionally separated. The granites consist of 29-43 vol.% quartz, 

20-30 vol. % plagioclase, 22-31 vol. % K-feldspar, 2-9 vol. % biotite, <2 vol. % muscovite, 

and minor topaz and apatite. All samples approach minimum (or eutectic) proportions of 

quartz, plagioclase and K-feldspar, hence they initially represent crystal-free liquids or modal 

cumulates (i.e., with eutectic phase proportions), or mixtures of both. Modal composition of 

individual grain-size fractions is variable, but it does not indicate selective entrapment of 

some minerals or their sequential crystallization. In the Kirchberg and Eibestock suites, the 

textural evolution follows identical trends, from seriate coarse-grained varieties to 

equigranular fine-grained types. The log-linear crystal-size distribution histograms are 

remarkably curved (concave-up) for the coarse-grained textures and become straight as 

overall grain size decreases. Felsic minerals have non-random distribution and are clustered, 

and their contant ratios indicate preferential self-aggregation. These observations are 

consistent with substantial enrichment in large crystals in the coarse-grained granites, minor 

enrichment in the medium-grained types, and a single-step crystallization history of the fine-

grained granites, independently of the degree of chemical differentiation. Most samples and 

their minerals record substantial crystal depletion in the very small size fractions, previously 

interpreted as resulting from Ostwald ripening, but recently reproduced in single-step 

crystallization experiments and high-resolution numerical simulations. Similarly, the overall 

crystal size distribution in the coarse-grained varieties does not support widespread melt-

assisted or subsolidus coarsening. The concave-up crystal size distributions and the presence 
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of excess large crystals in the progressively coarse-grained samples are consistent with 

mechanical accumulation (settling) or extraction of the interstitial melt. In such a scenario, the 

less evolved coarse-grained granites would represent mechanical cumulates or residual crystal 

framework, and this mechanism would explain the apparently extreme range of chemical 

fractionation by inherent difference between residual melts and cumulate-dominated rocks. 
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České shrnutí 

Textura vyvřelých hornin, tj. velikost, tvar a distribuce zrn, představuje konečný 

záznam kinetických a mechanických procesů působících během výstupu a konečném vmístění 

magmatu. Tradiční geochemické ani petrografické studie nedokáží posoudit ani ověřit 

fyzikální procesy tuhnutí magmatu, a to zejména rychlosti nukleace a růstu, příp. i zotavení 

krystalů nebo mechanické interakce mezi krystaly a taveninou. V této práci se zabývám 

aplikací stereologických metod pro kvantitativní charakterizaci textur a následnou interpretací 

krystalizační historie granitových hornin v západních Krušných horách a Vogtlandu. 

Západokrušnohorské granity sestávají ze tří suit: biotitové granity (Kirchberg), muskovit-

biotitové mikrogranity (Walfischkopf) a topaz-zinnwalditové alkalickoživcové granity 

(Eibenstock), které sestávají z osmi intruzivních jednotek a dvou sad aplitových žil. Tato 

granitová sekvence zdánlivě představuje extrémní a téměř kontinuální diferenciační řadu, ale 

ve skutečnosti je diferenciační trend nezávislý pro každou suitu a individuální intruzivní 

jednotky v rámci každé suity jsou od sebe navzájem zřetelně chemicky liší. Granity obsahují 

29 až 43 obj. % křemene, 20 až 30 obj. % plagioklasu, 22 až 31 obj. % K-živce, 2-9 obj. % 

biotitu, < 2 obj. % muskovitu a podružného topazu a apatitu. Všechny vzorky obsahují 

minimální (nebo eutektický) objemový podíl křemene, plagioklasu a K-živce, a tudíž 

představují původní taveninu nebo modální kumuláty (tj. kumuláty s modálním zastoupením 

eutektické fázi), nebo směs obojího. Modální složení jednotlivých zrnitostních frakcí je 

variabilní, ale neindikuje selektivní zachycování minerálů nebo jejich postupnou krystalizaci. 

V intruzivních suitách Kirchbergu a Eibestocku sleduje texturní vývoj shodné trendy, od 

seriálních hrubozrnných odrůd k stejnozrnným jemnozrnným typům. Log-lineární histogramy 

velikostní distribuce zrn jsou značně zakřivené (konkávní) pro hrubozrnné textury a s klesající 

velikostí zrna se stávají lineární. Felsické minerály nejsou ve vzorcích náhodně distribuovány, 

ale vytvoří shluky a jejich poměry naznačují upřednostňování agregace vlastní minerální fáze. 

Tato pozorování jsou konzistentní s podstatným obohacením velkými krystaly v 

hrubozrnných granitech, menším obohacení pro středně zrnité typy, a jednorázovou 

krystalizační historií pro jemnozrnné granity, nezávisle na stupni chemické diferenciace. 

Většina minerálů je značně ochuzena o nejjemnější zrnitostní frakce. Tento jev byl dříve 

interpretován jako důsledek Ostwaldova zrání, nicméně nejnovější experimenty a detailní 

numerické simulace prokázaly tento jev i jako důsledek jednostupňové krystalizace. Stejně 

tak distribuce velikosti zrn pro hrubozrnné variety nepodporuje rozsáhlé zotavení (zrání) 

krystalů, ať už v přítomnosti taveniny nebo v subsolidových podmínkách. Konkávní 
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distribuce velikosti zrn a přítomnost nadbytečných velkých krystalů v progresivně 

hrubnoucích vzorcích je v souladu s mechanickou akumulací nebo extrakcí intersticiální 

taveniny. V takovém případě méně vyvinuté hrubozrnné granity představují mechanické 

kumuláty nebo reziduální krystalovou kostru. Tento mechanismus by vysvětloval zdánlivě 

extrémní rozsah chemické frakcionace mezi zbytkovými taveninami a jejich kumuláty. 
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1 Introduction 

In contrast to a large number of geochemical and geochronological studies, our 

understanding of processes and timescales of igneous crystallization, chemical and 

mechanical interactions of crystals and melt in magmatic reservoirs is still very preliminary. 

Fundamental kinetic processes such as nucleation, growth and coarsening of crystals, or 

mechanical interactions between crystals and melt underlie the origin and final appearance of 

igneous texture (Higgins 1996; Zieg and Marsh 2002; Zieg and Lofgren 2006). Timescales of 

crystallization, propagation of solidification fronts in magma reservoirs and the transition 

from magmatic suspension into a rigid crystal network have essential influence on the 

convection in the magmatic system and, eventually, on the viability of melt extraction from 

the crystal mush, that is, efficiency of chemical differentiation (Higgins 2006; Marsh 2006; 

2007; Farina et al. 2010; Vinet and Higgins 2010; Yang 2012). This information is eventually 

included in the texture of an igneous rock, which is easily accessible to direct observation and 

quantitative measurement (Bryon et al. 1995; Higgins 2006; Hersum and Marsh 2007).  

The fundamental approach for quantitative analysis of igneous texture and interpretation 

of crystallization kinetics and crystal-melt interaction is the study of the distribution of grain 

sizes (Marsh 1988; Higgins 2006; Hersum and Marsh 2007). So far, the textural analysis is 

the only means for interpreting the rates of crystal nucleation and growth, effects of 

coarsening and/or subsolidus annealing, accumulation or separation of crystals and the melt 

(e.g., Voorhes 1992; Higgins 1998; Marsh 1998; Higgins 1999, 2006, 2011; Yang 2012). This 

method has been mainly applied to dilute quenched suspensions in volcanic environments 

(e.g., Mangan 1990; Cashmann 1991, Cashmann and Marsh 1988; Higgins 2002; Higgins and 

Roberge 2003), but more rarely to plutonic rocks (e.g., Higgins 1998; Zieg and Marsh 2002; 

Farina et al. 2010; Patwardhan and Marsh 2011; Yang 2012; Špillar and Dolejš 2014) and 

occassionally cumulates (e.g., Magee et al. 2010; O‘Driscoll et al. 2010). Complementary 

approaches using the same textural data include evaluation of the spatial distribution pattern 

(Jerram et al. 1996) and of the frequency of mineral contacts (Lafeber 1963; Flinn 1969; 

Kretz 1969) provide additional information on clustering of crystals (i.e., crystal 

accumulation, mush compaction or melt extraction) or the role of contact aggregation or 

heterogeneous nucleation. 

The aim of this thesis is to apply the textural analysis to a comagmatic sequence of 

texturally variable granitic rocks and to determine the kinetic and mechanical factors during 
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crystallization in an intrusive setting. This approach is applied to the late Variscan post-

collisional granites of the Western Krušné Hory/Erzgebirge pluton in the Federal Republic of 

Germany, on the basis of (i) extensive textural variations, (ii) absence of significant preferred 

orientation (magmatic fabric), and (iii) exposure in numerous operating or abandoned 

quarries. Additional advantages are provided by (i) modal homogeneous rocks across the 

pluton, (ii) textural homogeneity of each intrusive unit, (iii) very low intensity of magmatic 

structures and shape anisotropy, and (iv) extensive geological, geochemical and 

geochronological background information (e.g., Teuscher 1933; Schust 1965; Breiter et al. 

1997; Förster et al. 1999a; Štemprok et al. 2008). 

This thesis is organized into three major parts as follows: the first part (Chpts. 2-3) 

presents theory and state-of-the-art knowledge of textural measurements and outline to the 

local geological setting, the second part (Chpts. 4-7) describes methodology and research 

results, and the last part (Chpts. 8-9) presents discussion of crystallization conditions, which 

provides basis for a petrogenetic considerations.  

In detail, the next chapter (Chpt. 2) is devoted to geological setting of the Western 

Krušné Hory/Erzgebirge pluton (WKHE) and its framework – the Saxothuringian 

metamorphic – magmatic complexes. The discussion then concentrates on the geology and 

geochemistry of the WKHE granites, which form the basis of this study. The following 

chapter (Chpt. 3) describes the underlying theory of textural analysis and stereological 

methods, which are applied for quantitative description of igneous textures, i. e., distribution 

of crystals, their sizes, shapes, spatial distribution pattern and contact relationships. Detailed 

attention is paid to the issue of transformation of two-dimensional vs. three-dimensional data. 

The field and laboratory analytical methodology are described in the fourth chapter. The 

analytical results are presented in chapters 5-7, which include subdivision into intrusive suites 

and their detailed petrographic description (Chpt. 5), mineral chemistry of rock-forming 

minerals acquired by scanning electron microscopy (Chpt. 6), and results of textural 

measurements, which include modal abundances, crystal size distribution, crystal shape 

parameters, contact and clustering relationships (Chpt. 7). The eighth chapter focuses on the 

interpretation of the textural measurements and synthesizes the observations into petrogenetic 

remark on the WKHE granite pluton. Summary of all results and interpretations is given in 

Chpt. 9. 
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2 Theory of textural analysis 

Textural description of igneous rocks is based on sample fabric, which includes both 

texture and structure. The borderline between these two terms is related to size of the object or 

feature. In past, the terms texture and structure were not used consistently and their meanings 

are reversed in Czech, German and French due to historical reasons (cf. Hejtman 1962, 1977; 

Dudek et al. 1962; Wimmenauer 1985; Holub 2002). Here I follow current international 

English terminology, where size, shape, distribution and mutual arrangement of mineral 

grains from thin section to hand specimen scale are described as rock texture (Raymond 2002; 

Vernon 2004; Neurendorf 2005), whereas features from hand specimen to outcrop size are 

defined as structure. 

Grain-size classes and their terms were originally introduced by Cross et al. (1906), 

revised by Teuscher (1933) in German language and are with modifications used still today 

(Tab. 2.1). The size boundaries between fine-, medium- and coarse-grained rocks are 

indirectly mentioned by LeMaitre (2002) and defined in detail, albeit impractically, by 

Gillespie and Styles (1999). Examples of use of the grain-size qualifiers is provided in Table 

2.1.  

Tab.2.1: Summary of classification of rock texture (matrix) 

Grain size range (mm) 
author 

fine-grained medium-grained coarse-grained 

<1 1 - 5 >5 Cross et al. 1906 
0.33 0.33 - 2.3 2.3 Teuscher (1933) 

0.33 0.33 - 3.3 3.3 
Niggli (1948), 
Hejtman1956) 

0.1 - 1 1-3.3 3.3 Dudek et al. (1962) 
<1 1-5 5 Neurendorf et al. 2005 
1 1 - 3 3 LeMaitre et al. (2002) 

0.25 0.25 - 2 2 BG Survey 
 1 5 Winter (2009) 

2.1 Quantitative description of igneous textures 

Quantitative description of igneous textures is afforded by numerous parameters, which 

characterize grain size, shape, spatial relationship and pattern, and preferred orientation. The 

field of image or object analysis, which deals with such measurements, is called stereology. 

To describe measured features, the International Society for Stereology standardized the 

terminology and symbols for volume (V), surface (S, curved area), area (A), line (L), point (P) 

and number (N). The subscript added to a symbol indicates the type of measurement that has 

been made. Examples of common parameters and their meanings are given in Tab. 2.2 (Voort 

1984). 
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2.2 Phase abundance 

The most common stereological quantity is a volume fraction of particular phase (mode 

or mineral abundance). Volume fraction can be estimated by (i) area analysis (for example, 

afraction of area occupied by mineral phase to total area measured, AA), (ii) lineal analysis 

(length of line intersecting mineral phase per total length of lines, LL), or (iii) point counting 

analysis (number of points in a grid lying on particular phase per total number of points, PP) 

(Fig. 2.1).  

Tab. 2.2: Summary of some stereological parameters (parameters selecetd from Underwood 1970). 

Symbol Units Description 

VV mm3/mm3 the volume fraction of a phase per unit volume 
SV mm-1 the specific surface area per unit volume 
LV mm-2 the specific line lengthper unit volume 

AA mm2/mm2 the area fraction of a phase per unit area 
LA mm-1 the lengthof lines per unit area 
PA mm-2 the number of points per unit area 

LL mm/mm the length fraction 
PLor NL mm-1 the number of points per unit length 

PP  the point fraction of a phase from total sum of points 

A area, S surface, L line, N number, P point, V volume 

Equivalence between the volume fraction, VV, and the average area fraction, AA: 

 
 (2.1) 

where ΣAα is a sum of areas of phase and AT corresponds to total area measured, was 

demonstrated by Delesse (1848). Analogously, relationship between the lineal fraction of a 

phase, LL, and volume fraction, VV: 

 
 (2.2) 

where ΣLα is a sum of random lines intersected the phase of interest and LT is the total length 

of random lines (straight or curved test lines), is due to Rosiwal (1898). The point counting 

method remains the conventional manual technique of mode analysis, becuase: 

 
 (2.3) 

where n is number of fields analyzed and P0 is the total number of test points. Therefore, PT is 

equal to nP0.  
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Fig. 2.1: Example of lineal analysis (number of grains or intersection per unit of 

length) (Higgins 2006). 

Alternatively, density of points per length, PL, represents the number of grain boundary 

intersections of phase of interest per unit of random line. This can be related to specific 

surface area of a phase, SV, or to number of grains intersected by line, NL: 

 
 (2.4) 

where the gridpoint or line density should be chosen so that no more than one grid point or 

line intersect a particle of phase of interest. Low density-grid is necessary for high volume 

fraction, and, conversely, for low volume fraction a high density-grid is used (Voort 1984). If 

the population of grains is heterogenous, it is advisable to perform more field measurements 

with a low-density grid than fewer measurements with high-density grid. Systematic spacing 

of grid points has been shown to bemore effective then random spacing of grid points 

(Hilliard 1962). 

It has been frequently shown, that all three methods yield identical results within the 

limits of statistical accuracy, that is, 

 

 (2.5) 

In most work, the volume fraction is expressed by percentage (multiplied by 100).  

2.3 Crystal size 

Crystal size has recently become the most prominent parameter analyzed in igneous 

texture (Marsh 1998; Higgins 2000, 2006; Hersum and Marsh 2007; Yang 2012). It is 
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measured as length and width of axes of geometrical object (circle, rectangle, etc.) of the 

same volume in three-dimensions, or as an apparent quantity, that is, an interception size of 

grain sections by a plane in two dimensions. Other means of estimating the grain size are (i) 

the greatest distance between any points on the outline of the grain, known as Feret diameter, 

(ii) the length of major axis of the best fitted object (e.g., rectangle, parallelepiped, elipsoid, 

sphere) of the equivalent area, (iii) perimeter of a grain and (iv) intersection area of a grain 

(Voort 1984; Higgins 2006; Fig. 2.2). 

In thin section, average linear grain size, L
m

, is defined as average length of a grain 

intersected by randomly oriented line: 

 
 (2.6) 

The (two-dimensional) intersection grain size measurements represent the first insight into the 

size and distribution of mineral phases in sample. For true sizes, transformation of values to 

three-dimensional equivalent values is necessary (e.g., Higgins 2006). 

 

Fig. 2.2: Examples of grain size definitions (Higgins 2006): (a) maximum length 

(Feret diameter); (b)major axis of the best-fit ellipse; (c) axis length of 

circumscribed rectangle, (d) diameter of circle of equivalent area. 

2.4 Crystal size distribution 

The crystal size distribution (CSD) is based on categorizing crystals according to their 

sizes into populations, N(L). Crystal numbers are normalized to unit sample volume, V, to 

obtain population density, n(L). The diagram of population density against crystal size is 

frequently called the crystal size distribution diagram (Marsh 1988; Jerram et al. 1996; Lasaga 

1998; Higgins 2002; Philpotts and Ague 2009) and is nearly linear when portrayed in the log-

linear form. 
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2.4.1 Theory  

Crystal sizes depend on kinetic processes which take place in magmatic system, especially on 

the growth rate, G(τ), nucleation rate , I(τ), and residence time, τ, which reflects duration of 

these processes. The population density function is predicted by incremental integration as 

grain numbers present in each size bin: 

  (2.7) 

Integrating Eq. 2.7 we obtain a number of crystals in an size interval from L1 to L2: 

  (2.8) 

As crystallization proceeds with time, the population density will increase in size interval 

from L1 to L2 as crystals from smaller-size intervals grow by growth rate G1, reach and exceed 

the limit L1, and it will simultaneously decrease as crystals in the same interval grow past the 

L2 limit with the growth rate G2 (Fig. 2.3). At each time step ∆t, this results in: 

  (2.9) 

where the first term on the right-hand side represents the number of crystals, which enter the 

size interval of interest, and the second term corresponds to crystals, which exceed and leave 

the size interval of interest. 

 

Fig. 2.3: Crystal population density, n(L), against crystal size, L. Population 

density is defined as number of crystals per unit volume in particular size interval. 

G1 and G2 corresponds to growth rate of input and output into size interval of L1 

and L2 (Philpotts and Ague 2009, pg. 282). 
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The crystal population density is further influenced by influx of magma suspension, 

which carrying new crystals in (Qi) or removes crystals out (Qo),as follows: 

  (2.10) 

Overall change in population density in the time interval ∆t represents combination of growth 

processes and advective addition or removal: 

  (2.11) 

Rearranging Eq. 2.11 results in: 

  (2.12) 

and, in differential form, respectively: 

  (2.13) 

Eq. 2.13 describes population equilibrium, ∂n/∂t, and its change through time. If the 

system reaches an equilibrium or a steady state (Randolf and Larson 1971), i.e., number of 

crystals in the size interval remains constant, then ∂n/∂t=0, the terms on the right-hand side of 

Eq. 2.13 sum up to zero. After re-arranging: 

  (2.14) 

If input of magma is crystal-free, then ni=0. Total residence time of magma in reservoir, τ, is 

calculated as ratio of the total volume of system (V) divided by magmatic flux (Q): 

  (2.15) 

If we assume constant growth rate, then Eq. 2.15 reads 

  (2.16) 

and after integration 

  (2.17) 

or 
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  (2.18) 

where ln(n) is the natural logarithm of population density, i.e., number of crystals per unit 

volume of size L and per unit-length bin, ln(n0) is the population density for L= zero, that is, 

population density of nuclei, G is growth rate, and τ is time of crystallization. As follows from 

Eq. 2.18, resulting crystal size distribution is nearly linear in the plot of ln(n) vs. size (L). 

Characteristic length (size) of crystal population, C, is defined as follows: 

  (2.19) 

it is comparable to mean size of all crystals in the sample and is derived from the mean slope 

of the crystal size population diagram. Intercept with the vertical axis corresponds to 

nucleation density, ln(n0) (Fig. 2.4). 

Variants of the crystal size distribution theory include closed- and open-system 

approaches. The above model was adapted by Marsh (1988) to hypothetical magma chamber, 

with crystallization, recharge of magma into the chamber and output (eruption) of magma 

(e.g., Marsh 1998, 2007).  

 

Fig. 2.4: Plot of ln(n) vs. L is linear if number of crystals of size L, n(L), increases 

exponentially with decreasing crystal size. Slope equal to -1/Gτ and intercept is 

equal to population density of nuclei in L=0, ln(n0) (Philpotts and Ague 2009, 

page 282). 

In the closed system with no magma flow, we need additional constraints in order to 

produce log-linear CSD diagram. Exploratory analysis of Eq. 2.8 indicates that nucleation 

density must increase exponentially with time during progressive cooling. In addition, volume 
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of available melt decreases with increasing crystallization. Expanding Eq. 2.14 by volume and 

removing the advection parameters leads to 

  (2.20) 

Marsh (1988) modified Eq. 2.20 for constant growth rate as follows 

  (2.21) 

or 

  (2.22) 

where h is a constant with dimension of time representing total crystallization time when 

crystallization took place. The last two terms on the right-hand side of Eq. 2.22 are negligible 

in case of low crystallinity and the resulting CSD becomes linear, with a slope of -1/(Gτ) as in 

Eq. 2.18 for the open-system crystallization model.  

3.4.2 Evolution and variation of CSD parameters 

Changes in crystallization parameters such as variations in nucleation rate, residence 

time etc., modify the trend of population densities in the CSD diagram, that is, produce shifts, 

rotations, or combination of both (Fig. 2.5). 

 

Fig. 2.5: Effect of variation of physical properties on CSD: (a) shift of intercept ln(n0) during 

increasing nucleation rate (for example during increasing undercooling); (b) rotation of CSD during 

increasing residencetime (Higgins 2002). 

The slope and intercept of the CSD diagram are not independent but constrained by the 

modal abundance (vol. %) of phase. If there is a low amount of crystals in magma, e.g., 

during early stage of crystallization, then both intercept and slope of CSD change 

independently, however, as crystallinity approaches 100 vol. % (or any other maximum limit) 
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the slope and the intercept become mutually dependent through the closure constraint 

(Higgins 2002; Zieg and Marsh 2002; Fig. 2.6).  

 

Fig. 2.6: Variation in CSD with modal abundance (Higgins 2002): (a) linear CSD for various modal 

abundances of mineral phase (vol. %); (b) cluster of linear CSDs defined for 100% crystallization; (c) 

closure limits for different crystal shapes in log-linear CSDs as a function of intercept and 

characteristic length. 

3.4.3 Recrystallization 

Crystal populations produced by kinetic processes, that is, nucleation and growth, may 

further be modified by surface-energy driven processes such as annealing or Ostwald 

ripening, which are usually manifested by disappearance of fine crystal fraction and 

coarsening of the predominant population (e.g., textural coarsening; Higgins 2002, 2011; Fig. 

2.7). Coarsening may be enhanced by diffusion gradients formed due to depletion of mineral 

forming elements during crystal growth in its surroundings. Diffusion provide mass transfer in 

crystal neighbourhood and dissolution of small crystals (under critical radius, rc) and growth 

of crystals larger than critical radius. 
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Fig. 2.7: Variation in nucleation density and growth rate with increasing 

undercooling. In igneous systems, Ostwald ripening occurs at low undercooling 

close to mineral liquidus, at minimal nucleation density and maximum of growth 

rate (Higgins 2002). 

The effect of recrystallization (textural coarsening) on the resulting crystal size 

distribution has been treated by two recrystallization models: (i) Lifshitz–Slyozov–Wagner 

(LSW) model (Lifshitz and Slyozov 1961; Wagner 1961), and (ii) communicating neighbours 

(CN) model (DeHoff 1991). The LSW model for spherical grains in magma assumes 

relationship: 

  (2.23) 

where dr/dt is growth rate, rc is the critical radius, r is crystal radius and k is a rate constant. It 

follows that actual crystal growth rate is size-dependent, decreasing after reaching maximum 

size of crystal. This model predict the CSD trend if size-dependent growth occur, for instance 

due to undercooling (Lifshitz and Slyozov 1961). The LSW formulation is not very accurate 

for small crystals and virtually it does not modify values population density of large crystals 

(Fig. 2.8a).  

The CN model is based on laboratory observation that growth rate of crystals depends 

on size but, in addition, on distances to crystal‘s nearest neighbours. This formulation is 

motivated by presence of chemical diffusion haloes, which surround growing crystals, and are 

depleted by components essential for growth. The growth rate is defined as follows: 

  (2.24) 
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where λ is average distance to the nearest neighbours and the remaining parameters have the 

same meaning but may have different values than in Eq. 2.23. According to Higgins (2002) 

this model better corresponds to CSDs observed in nature, but populations of small crystals 

are still overestimated (Fig. 2.8b). 

 

Fig. 2.8: Influence of Ostwald ripening to CSD trend (Higgins 1998): (a) LSW model; (b) CN model. 

Both the LSW and CN models were derived under assumption of closed-system 

crystallization. In open systems, mechanical modification by magma flow is possible. 

Moreover, dissolution of the smallest crystal fractions contributes to generation of small 

channels for melt percolation, which will supply the surrounding crystals with nutritients and 

thus promotes theirs growth (Higgins 1999). 

2.4.4 Dimensional conversion 

Crystal sizes measured in two dimensions (e.g., thin or polished sections) are apparent 

quantities, which are smaller than true three-dimensional sizes. Stereological methods are 

required to transform the two-dimensional measurements into the three-dimensional 

parameters. For transformation of grain intersections to three dimensions, no analytical 

solution exists for objects that are more complex than sphere. There are indirect (or biased) 

analytical methods, which may utilize an information about crystal shape in three dimensions, 

and direct or unbiased methods, which do not require information about shape of crystal, but 

are not usually used owing to their low accuracy. 

From indirect (or biased) methods, distribution-free methods (Underwood 1970; 

Howard and Reed 1998; Brandon and Kaplan 1999) are the most commonly used and are 

based on two observations: (i) crystal intersection probability is higher for larger crystals in a 

polydispersed population of crystals, and (ii) intersection plane never cuts exactly the center 
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of crystal (Underwood 1970; Royet 1991; Fig. 2.9). For monodispersed population of 

randomly oriented shapes of crystals, the most probable intersection plane is close to the 

medium size of crystal (e.g., for prismatic crystal 1x2x10 mm its 2 mm). This approach can 

be used even for polydispersed population. These medium or average intersection lengths may 

be corrected by crystal shape if known (Higgins 2004). 

 

Fig. 2.9: Randomly oriented intersections of (a) cubic, (b) 1:10:10 tablet, (c) 

1:1:10 prismatic and (d) 1:2:5 tablet crystals (Higgins 1998). 

For monodispersed populations, intersections lengths and widths are scattered around 

the most probable value to lower and higher values. If we transform these values to three 

dimensions, small intersections through large grains will misrepresent their apparent size (Fig. 

2.10). 

For polydispersed population, the Saltikov method corrects the values of population 

density with equation used for monodispersed crystals of the same shape. Succesive use of 

correction results in corrected population density (Sahagian and Proussevitch 1998; Higgins 

2000): 

  (2.25) 
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 (2.26) 

where nA is total amount of intersected crystals with area A, l is intersection length of crystal, 

H is average crystal size in size interval, and P is probability of intersection of crystals, which 

have already been intersected in this interval. Index 1 refers to the largest size interval. 

Probability P is calculated using various mathematical models for different crystal shapes 

(Higgins 1994; Sahagian and Proussevitch 1998). This method counts distribution of larger 

crystals first, which is succesively subtracted from measured values of population density. 

Rest of those values represents true population density of succesive finer crystals. 

 

Fig. 2.10: Frequency of axial ratios of intersected grain sizes (Higgins 1994, 2002). Randomly 

intersected crystal sizes of spheres and oblate ellipsoids decrease from maximum values, which are 

close to the true diameter. The maximum frequency corresponds to circular intersection diameter for 

intersections of (a) medium and (c) short axis. Intersections of prolate ellipsoids are symmetricaly 

scattered around maximum values of medium axis (b). Values for short axis correspond to sphere 

distribution (d). 

Two- to three-dimensional conversion methods are still in frequent use because direct 

three-dimensional analytical methods cannot provide sufficient accuracy or distinguish 

adjacent grains of the same phase.  

The direct three-dimensional methods are divided into non-destructive and destructive 

techniques. The destructive methods use serial sectioning of sample into parallel thin slices, 



- 16 - 

 

which are recorded as photograph or digital image (Bryon et al. 1995). Surfaces of minerals 

are processed and combined to a three-dimensional model of original sample. These methods 

are very time consuming and their resolution is limited by section spacing. Optical and 

spectroscopic microanalytical techniques (e.g., optical scanning or laser beam confocal 

microscopy, X-ray computed tomography) combine multiple separate projections around an 

object and reconstructs three-dimensional computed models for different mineral phases. 

Applicability and resolution of these methods is restricted by mineral-ray interaction and 

often depends on phase density (Ketcham and Carlson 2001; Mees et al. 2003). Three-

dimensional crystal size distribution obtained by direct methods does not suffer from 

intersection-probability effect and in practical implementation, three-dimensional crystals are 

substituted by elongated elipsoids or polygons, with axial ratios corresponding to crystal 

length and width (Higgins 2002). 

 

Fig. 2.11: Illustration of (a) the Saltikov method for tablets 1:5:5, and its modification (b) by Higgins 

(2000) with extended bin sizes to yield more precise results.  
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2.5 Crystal shape  

Shape of grains is characterized by the shape factor (SF). The most abundant SF are (i) 

elongation, (ii) irregularity and (iii) composition of particle (tab. 2.3; Voort 1984). SF is 

dimensionless and it is strongly dependant on resolution of analyzed image, as shape of small 

objects tends to merge to a circle. 

Elongation is defined by axial ratio of the longest and the shortest axis in three 

dimensions, in two-dimensions it corresponds to the ratio of intersection length and width. 

Elongated shape is usually described by circumscribed ellipse or rectangle of the same area 

and moment of inertia, with axial ratio: 

  (2.27) 

where a and b are axis of circumscribed ellipse or rectangle 

Elongation can be defined from Flinn diagram (Flinn 1962) for illustration of strain 

ellipsoids (oblate or prolate ellipsoids). Elongation f1 is plotted against intermediate to short 

axis ratio, with maximum elongation for intermediate axis. 

Irregularity, f2, describes morphology of crystals, in particular, how they differs from a 

circle. It is defined as: 

  (2.28) 

where L is perimeter and Ā  is the surface area of analyzed particle. Irregularity equals to one 

for a circle and it is larger for all other objects.  

Composition, f3, is defined as a ratio of circumscribed and inscribed circle: 

  (2.29) 

where d1 and d2 are maximum diameters of inscribed and circumscribed circles. 

Tab. 2.3: SF approximate values for elongation f1 and irregularity f2 (Voort 1984). 

elongation irregularity analyzed shape 

low low circular 

low high compact, irregular 

high low long and smooth 

high high long and irregular 
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2.6 Spatial crystal relationships and patterns 

Among crystal size and shape, analysis of spatial relationships between grains provide 

an additional information on crystallization processes, such as homogenous or heterogenous 

nucleation or aggregation of grains (Kretz 1969; Mock et al. 2003; Jerram et al. 1993; Jerram 

et al. 1996; Rudge et al. 2008). The spatial distribution of grains may be random, ordered 

and/or clustered (Fig. 2.12). The two fundamental approaches to analyze spatial distribution 

of grains are (i) an average distance to the nearest neighbour (Clark and Evans 1954; Jerram 

et al. 1996) and (ii) comparison of contact frequencies for particular mineral phases (Lafeber 

1963; Kretz 1969).  

 

Fig. 2.12: Schematic spatial distribution of mineral phases in two dimensions (Higgins 2006). 

Patterns may be defined by mineral phase, grain size, or orientation of grains. 

Spatial distribution pattern (SDP) is method which compares observed population to a 

random set of points. Among other parameters, the mean nearest neighbour distance, rA, is 

defined as an average distance between centers of grains of the same phase as defined by 

Clark and Evans (1954): 

  (2.31) 
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where N is the number of individuals measured and r is the nearest neighbour distance. In 

order to determine whether the distribution is random, ordered or clustered, the mean nearest 

neighbour distance is compared to the predicted mean nearest neighbour distance, rE, defined 

as: 

  (2.32) 

where Q is the density of the observed population. Then the ratio of the observed and 

predicted populations, R, leads to: 

  (2.33) 

The R parameter is equal to one for random distribution of grains and it decreases for 

clustered points or increases as points became more ordered. It is traditionally plotted against 

matrix abundance (vol. %; Fig. 2.13). To provide a comparision for spatial distribution of 

grains of various shapes, Jerram et al. (1996) calculated the random sphere distribution line 

(RSDL) from two-dimensional intersections of randomly distributed spheres up to 37% of 

porosity. Vectors for mechanical compaction, grain overgrowth and better sorting were added 

to provide comparison of trends.  

 

Fig. 2.13: The  R parameter against matrix abundance (porosity %) as defined by Jerram (1996), with 

an inset of vectors indicating overgrowth, mechanical compaction or sorting of grains in the system.   
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The second approach to determine spatial distribution of grains was proposed by 

Lafeber in 1963 and firstly applied to metamorphic rocks by Kretz (1969) and Flinn (1969). 

The grain contact frequency (GFC), as proposed by Kretz (1969), is a statistical point-

counting method, which compares frequencies of contacts of the same mineral (i.e. like 

contacts) to frequencies of the different mineral (unlike contacts). The method is based on 

Lafeber‗s observation that a randomly selected grain, nB, is equal to the fraction of number of 

all grains, NB, divided by the total number of grains, N, is: 

  (2.34) 

For random distribution of grains, the probability that the two adjacent grains belongs to the 

same phase B (i. e. B-B contacts), pBB, is: 

  (2.35) 

and the probability that two different grains (phases B and W), pWB, are adjacent is 

  (2.36) 

If the mineral is clustered, the transitional frequency of like contacts (pBB) is higher compared 

to unlike contacts. Conversely, unlike contacts are favored in case of random spatial 

distribution of grains. 
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3 Geological setting 

The Krušné Hory/Erzgebirge Mts. are located in the border region of the Czech 

Republic and the Federal Republic of Germany in central Europe. The basement of the 

Krušné hory/Erzgebirge Mts. belongs to the Saxothuringian zone of the Bohemian Massif and 

it consists of Proterozoic to Ordovician metavolcanosedimentary complexes, which were 

thrust and deformed into a large-scale antiformal structure during the Variscan orogeny 

(Kossmat 1927, Matte, 1991; Bankwitz and Bankwitz 1994; Tait et al. 1997; Mingram 1998; 

Rötzler et al. 1998; Werner and Lippolt 1998; Franke 2000; Kröner et al. 2007; Tichomirowa 

et al. 2012). The metamorphic basement was intruded by postkinematic granitic batholiths 

and dykes of lamprophyres, porphyries and rhyolites (Laube 1876; Lange et al. 1972; 

Tischendorf 1986; Seifert 1994; Nasdala et al. 1998; Pivec et al. 2002; Kempe 2004; Förster 

et al. 2007; Seifert 2008).  

3.1 Krušné Hory/Erzgebirge basement 

The Krušné hory/Erzgebirge metamorphic basement consists of individual crustal 

segments and lithotectonic units (nappes), whose supracrustal precursors were deposited 

along the passive margin of Gondwana and were subsequently subducted, metamorphosed, 

deformed and exhumed during the Variscan orogeny (Kossmat 1927, Matte 1991; Schulmann 

et al. 1991; Tait et al. 1997; Rötzler et al. 1998; Franke 2000; Linnemann et al. 2000; Kröner 

et al. 2007; Rötzler and Plessen 2010; Romer et al. 2012). Today, the Krušné hory/Erzbebirge 

metamorphic complex forms over a 120 km long and 45 km wide antiform structure 

(Mingram 1998; Rötzler et al. 1998).  

The core of the antiform crops out only in the Eastern Erzgebirge region and it consists 

of two lithological units: Proterozoic red and gray orthogneiss unit and a gneiss-eclogite unit. 

The Proterozoic red and gray orthogneisses with rare intercalations of garnet amphibolites and 

micaschists have protholith age of >550 Ma (Kröner et al. 1995; Rötzler et al. 1998; 

Tichomirowa et al. 2001, 2012; Košler et al. 2004), with the metamorphic pressure peak in the 

core of the anticline at 550 °C and 10-12 kbar and thermal peak at 600-650°C and 7-8 kbar 

(Rötzler 1995; Kröner et al. 1995; Willner et al. 1995; Klemm 1995). Tectonically overlying 

gneiss-eclogite unit is composed of garnet-bearing ortho- and paragneisses with intercalations 

of high-temperature and high-pressure eclogites and garnet peridotites, with maximum 

pressure-temperature conditions of more than 29 kbar and 850 °C for eclogites and 16-20 kbar 
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and 780-830°C for quartzofeldspathic country rocks (Schmädicke et al. 1992; Massonne 

1994; Willner et al. 1997). The estimate was later adjusted by Massonne (1999) and Hwang et 

al. (2001) to ~40-60 kbar and temperatures of 1000-1100°C based on observations of 

metamorphic diamonds in quartzofeldspathic gneisses. The age of protolith of the gneiss-

eclogite unit was constrained to ~480 Ma (Klemm 1995; Kröner et al. 1995; Willner et al., 

1995, Rötzler et al. 1998; Tichomirowa et al. 2001; Košler et al. 2004). 

The antiform core is surrounded by zoned mantle of Neoproterozoic to Ordovician 

metavolcanosedimentary sequences, designated as mica schist-eclogite unit, garnet-phyllite 

unit and phyllite unit, with low proportion of metabasites, metarhyolites and marbles ( Willner 

et al. 1995; Mingram 1998; Rötzler et al. 1998; Fig. 3.1). The peak pressure conditions were 

estimated as 500-600°C and 10-14 kbar for the micaschist-eclogite unit, and 400-450°C and 8 

kbar for the garnet-phyllite unit (Rötzler et al. 1998). 

The metamorphic peak at 340 Ma was followed by rapid uplift and termination of large-

scale strike-slip activity at 330-327 Ma (Kröner and Willner 1995; Schmädicke et al. 1995, 

Kotková et al. 1996; von Quadt and Gebauer 1998; Werner and Lippolt 1998) and followed 

by emplacement of voluminous granite intrusions including redwitzite bodies, high-level 

granitic stocks, lamprophyre dykes, shoshonite extrusions, rhyolite and rhyodacite lavas and 

ignimbrites at 327-318, 315-312 and ~295 Ma (Gerstenberger 1989; Kramer 1988; Förster et 

al. 1999a; Kempe 2003, Kempe et al. 2004; Romer et al. 2007, Förster and Romer 2010, 

Tichomirova et al. 1997, 2012; Tichomirowa and Leonhardt 2010). 

3.2 The Western Krušné Hory/Erzgebirge pluton 

The Krušné Hory/Erzgebirge(KHE) granite batholith occurs in the southwestern part of 

a 160 km discontinous NE-SW trending belt of Variscan postcollisional silicic bodies in the 

Saxothuringian zone emplaced at 330-290 Ma (Lange et al. 1972; Gerstenberger et al. 1984; 

Tischendorf 1989; Förster and Tischendorf 1994; Förster et al. 1999a; Schust and Wasternack 

2002). The Western Krušné Hory/Erzgebirge batholith is a tabular or laccolith-like intrusion 

reaching depth of 8-13 km and has an approximate volume of 20 000 km3 (Hofmann et al. 

2003; Blecha et al. 2009; Guy et al. 2011; Blecha and Štemprok 2012). The Variscan KHE 

granites are subdivided into five groups based on their F, Li and P abundances (Förster et al. 

1999a; Breiter et al. 1999): (i) low-F biotite granites, (ii) low-F two-mica granites, (iii) high-F 

high-P2O5 Li-mica granites, (iv) high-F low-P2O5 Li-mica granites, and (v) high-F low- 

P2O5 biotite granites. 
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Fig. 3.1: Simplified geologic map of the Saxothuringian zone of the Bohemian Massif and its location 

within the Variscan Europe (inset) (Romer et al. 2012). 

The batholith is spatially divided into the Western, Central and Eastern plutons (Lange 

et al. 1972; Gerstenberger 1984; Tischendorf 1989; Förster and Tischendorf 1994; Fig. 3.1). 

The Western Erzgebirge and adjacent Vogtland granite intrusions consist of several intrusive 

bodies (massifs), from N to S: the Kirchberg massif, the Bergen massif, the Aue-

Schwarzenberg granite zone, and the Eibenstock-Nejdek massif.  

The Western Krušné hory/Erzgebirge (KHE) pluton has been traditionally subdivided 

into two complexes (intrusive suites): the Older Intrusive Complex (OIC), and the Younger 

Intrusive Complex (YIC), with minor intrusions assigned to intermediate and transitional 

group (IG-TG) (Laube 1876; Teuscher 1933; Lange et al. 1972; Štemprok 1986). The OIC 

consists of I/S-type low-F biotite granites emplaced at 327-322 Ma (Tischendorf 1986, 1989; 

Gerstenberger 1989; Förster and Tischendorf 1994, 1996; Werner 1998; Förster et al. 1999a; 

Kempe 2003), and it comprises the Kirchberg massif and small bodies of the Aue-

Schwarzenberg granite zone, in addition to occurrences in the Eibenstock-Nejdek and 
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Karlovy Vary massifs. The TG-IG include variably textured two-phase granites (Schust 1965; 

Seltmann and Štemprok 1994; Štemprok et al. 2008). The YIC forms central and northwestern 

part of the Eibenstock-Nejdek massif and it consists of the S-type high-F Li-mica granites 

(323-318 Ma; Tischendorf 1986; Gerstenberger 1989; Velichkin et al. 1994; Förster and 

Tischendorf 1994; Förster et al. 1999a; Tichomirowa and Leonhardt 2010). This subdivision 

was refined by Förster et al. (1999a), who introduced succession of several comagmatic 

suites, each ranging from the least evolved coarse-grained porphyritic granites and evolving 

through coarse-, medium- to fine-grained highly evolved granite units, usually ending with 

emplacement of aplite or aplite-pegmatite dykes (Tab. 3.1; Fig. 3.3). In agreement with this 

chemical-textural classification, we define three magmatic suites in the Western KHE Mts. 

based on modal composition and degree of differentiation: biotite granites (Kirchberg, KIB), 

muscovite-biotite hiatal granites (Walfischkopf-Krinitzberg, WK), and topaz-zinnwaldite 

alkali-feldspar granites (Eibenstock, EIB). These suites were assembled as nine intrusive 

pulses, each with characteristic compositional and textural signature (cf. Lange et al. 1972; 

Štemprok 1986; Tischendorf 1989; Budzinski and Tischendorf 1989; Tischendorf and Förster 

1990; Förster et al. 1999a; Tab. 3.1) and their textural attributes (c – coarse-grained; m – 

medium-grained; f – fine-grained; a – aplitic) will be appended to regional identifiers. 

3.21 Geochemistry of granites 

The Western KHE granites are calc-alkaline, weakly to moderately peraluminous (aluminum 

saturation index, defines as molar Al2O3/[CaO+Na2O+K2O], ASI=1.1–1.3), with SiO2 

concentrations increasing from 69.2 to 77.1 wt. % towards the most fractionated end-members 

(Tischendorf 1986; Förster and Tischendorf 1993; 1994; Förster et al.1999a; Fig. 3.4). The 

Western KHE granites exhibit extended differentiation trends generally characterized by 

depletion of MgO, FeO, CaO, Sr, Zr, Th and REE and enrichment in P2O5, F, Li, Rb, Cs and 

Sn (Fig. 3.4). In detail, in the Kirchberg massif, the concentrations of P2O5, F and Li decrease 

and those of Y, Th, Pb and HREE increase or are not affected by differentiation, while for the 

Bergen two-mica granites and Eibenstock zinnwaldite granites the evolutionary trends are 

reversed. The differentiation trends in all three groups are indistinguishable for components 

which are most compatible in feldspars and dark mica (e.g., MgO, CaO, Co, Sr, Ba; Förster et 

al. 1995, 1999a, 2012).  

The new classification proposed by Förster et al. (1999b) is based on mineralogical and 

chemical composition of post-kinematic granites in the Krušné hory/Erzgebirge Mts. Based 

on P, F and Li contents, the granites are divided into 5 groups: (1) low-F biotite granites, (2) 
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low-F two-mica granites, (3) high-F high-P2O5 Li-mica granites and (4) high-F low-P2O5 Li-

mica granites, (5) high-F low-P2O5 biotite granites. Granite‘s types (1-3) occurs in the 

Western Erzgebirge. Those are represented by the most voluminous massifs as the Kirchberg 

granite (type 1, OIC), the Bergen granite (type 2, TG) and the Eibenstock granite (type 3, 

YIC), evolving from the transitional I/S-type (Kirchberg, Bergen) to S-type granite 

(Eibenstock) (Chappell and White 1974).  

 

Fig. 3.3: Detailed geological map of the northern part of the Western Erzgebirge pluton with intrusive 

complexes of Kirchberg, Bergen and Eibenstock (modified after Škvor 1974, Kopecký et al. 1974, 

Hoth et al. 1995, Förster 2012, Heřmanská 2013).  

Förster et al. (1999a) interpreted the strontium and neodymium isotope data from 

biotite, two-mica and zinnwaldite granites and pointed out the presence of two different 

magma sources. Biotite and two-mica granites (OIC and TG) have indintinguishible isotopic 
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Sr and Nd concentrations, (
87

Sr/
86

Sr)320 = 0.706-0.708 and εNd320= -2.9 to -4.9. Förster et al. 

(1999) and Förster and Romer (2010) and Romer et al. (2014) suggested the possible source 

rocks as early Paleozoic mafic to felsic volcanic felsic rocks intercalated in the sedimentary 

rocks. The zinnwaldite granites are highly evolved (>72 wt. % SiO2) and their Nd isotopic 

composition is considerably lower (εNd320= -4.5 to -7.4), when compared to biotite and two-

mica granites, and rules out origin from a common magmatic source. Förster et al. (1999a) 

and Förster and Romer (2010) suggested the possible source rocks as orthogneisses and 

metagreywackes interlayered with high-LILE metapelites found in the Krušné 

hory/Erzgebirge metamorphic complexes, from which granites acquired enrichment in 

lithophile and other economic elements.  

Table 3.1: Classification of Western Erzgebirge late-collisional granites and theirs intrusive phases.  

Degree of evolution Macroscopic features Low-F biotite granites 
Low-F two mica 

granites 
High-F high-P2O5 Li-

mica granites 

  
Kirchberg 

(KIB) 
Bergen 
(BRG) 

Eibenstock 
(EIB) 

aplitic very fine-grained A-KIB A-BRG A-EIB 

most evolved 
fine- to medium -grained 
occasionally porphyritic 

KIBf BRGf EIBf 

more evolved 
medium -grained 

sparsely porphyritic 
KIBm BRGm EIBm 

evolved 
coarse- to medium -grained 

porphyritic 
KIBc BRGc EIBc 

A - aplite, E – enclave 
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Fig. 3.4: Representative variations diagrams of selected elements as a function of 1/TiO2 from various 

intrusive phases of post-kinematic granites in Erzgebirge (Förster 1999a).  
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4 Sample selection and analytical methods 

Total of 118 samples were collected from quarries, outcrops and loose blocks at 31 sites 

in the Western Krušné hory/Erzgebirge and Vogtland plutons, which cover its major 

compositional and textural varieties (Appendix 1). Nine representative samples from 

Kirchberg and Eibenstock-Nejdek massifs were selected for further analytical study.  

Samples with no visible mesoscopic structures or fabric were cut to prepare eight  large 

polished thin sections (50x75 mm) of coarse- and medium-grained samples in Vancouver 

GeoTech Labs, Vancouver, Canada, and six standard polished thin sections (27x46 mm) of 

fine-grained samples at Diatech, s.r.o. in Prague, Prague, Czech Republic. These sections 

were used for both image and electron microscopy analyses. 

Mineral chemical analyses (451) were performed using the Vega Tescan scanning 

electron microscope at the Institute of Petrology and Structural geology, Charles University in 

Prague, eqipped with secondary and backscatter electron detectors with accelerating voltage 

15 kV, beam current 1.5 nA and beam diameter 2 μm. Calibration of the electron beam and 

EDS detector using Cobalt. Back-scattered electrons (BSE) images were acquired for 

documentation of chemical zoning and verification of mineral identification. 

Image analyses were carried out by scanning in the plane polarized light using Epson 

Perfection V700 Photo high-resolution scanner. The resolution varied from 2400 DPI 

(medium- and coarse-grained samples) to 4800 DPI (fine-grained samples). Two very fine-

frained samples (HD3b, HD52) were processed from polarized light photomicrograph 

acquired with the Canon EOS 500D petrographic microscope. Grain boundaries in all scans 

were traced with the Adobe Photoshop 5.0. The smallest grain size analyzed in very fine-

grained samples was 2x2 pixels and 10x10 μm for HD52 and HD3b, respectively (2x2 pixels 

with 100% magnification). In all other samples, the smallest size measured was 20x20 μm 

(2x2 pixels with 100% magnification).  

The bitmaps obtained by image analysis were vectorized and subsequently analyzed by 

software ThinSections v. 1.1 (V. Špillar, Institute of Petrology and Structural geology).  

Interception sizes of analyzed grains were converted into three-dimensions using the 

CSDCorrections 1.4.0.2 software based on modified Saltikov method by Higgins (2000). For 

two- to three-dimensional conversion, the maximum length (Feret diameter) was chosen for 

all mineral phases, with the following crystal shapes: quartz 1:1:1, feldspar 0.5:1:1 and dark 

and white mica 1:2:2, which approximately correspond to euhedral shapes of these minerals, 

and fabric was set to massive (no shape preferred orientation). The CSD method requires 
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binning of crystal sizes. The number of bins depend on amount of data measured and the 

range in crystal sizes. More bins requires sufficient amount of data measured for all crystal 

sizes and fewer bins reduce the curvature of the CSD curve. The number of size intervals per 

decade (bins) was set to five, as four to five bins were recommended by Higgins (2000) as 

sufficient for analysis. Raw population densities were corrected to match phase abundance 

(areal phase fraction; Appendix 2).  



- 30 - 

 

5 Petrography 

The Western KHE granites include equigranular, inequigranular and porphyritic 

varieities, which cover coarse to fine grain size and two-phase microgranites (Schust 1965; 

Seltmann and Štemprok 1994; Štemprok et al. 2008). Nine samples were selected for detailed 

petrographic characterization, analysis of mineral chemistry and textural study (Fig. 5.1). 

 

Fig. 5.1: Photographs of individual granite samples (field of view: 5 x 5 cm): (a) HD2a - porphyritic 

coarse-grained biotite granite (KIBc); (b) HD57b - coarse-grained zinnwaldite granite (EIBc); (c) 

HD42b - porphyritic coarse-grained zinnwaldite granite (EIBc); (d) HD10 - porphyritic medium-

grained biotite granite (KIBm); (e) HD23 – equigranular medium-grained zinnwaldite granite 

(EIBm); (f) HD45a – equigranular Li-mica granite (EIBf); (g) HD3b - equigranular fine-grained 

biotite granite (KIBf); (i) HD52 – porphyritic two-mica microgranite (two-phase variety; WKf); (h) 

HD50a – porphyritic two-mica microgranite (two-phase variety; WKm). 
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5.1 Biotite granites (Kirchberg) 

Biotite monzogranites of the Kirchberg massif include coarse-grained (HD2a), medium-

grained (HD10) and fine-grained types (HD3b).  

Coarse-grained (>2 mm) biotite granites have porphyritic texture, with coarse but sparse 

phenocrysts of plagioclase (5 vol. % phenocrysts, up to 4.5 cm large), while medium- and 

fine-grained samples appear to be equigranular (Fig. 5.1, 5.2). Coarse- and medium-grained 

samples have massive texture and intensive clustering of major mineral phases, whereas the 

fine-grained sample has texture that is transitional between poikilitic and micrographic (Fig. 

5.3a). The mineral assemblage includes 35-40 vol. % quartz, 25-36 vol. % plagioclase, 28-30 

vol. % K-feldspar, minor biotite (4-6 vol. %), sparse muscovite (<1 vol. %) and Fe-Ti oxides 

(rutile, ilmenite, sphene; <1 vol. %). Accessory mineral phases are represented by apatite, 

zircon, monazite, xenotime, thorite, rare epidote (allanite), pyrite and secondary chlorite. 

Tab. 5.1: List of analyzed samples from the Kirchberg granite (biotite monzogranites) and their description.  

Sample Texture Locality Coordinates Petrographic description 
Grain size 

(mm) 

HD2a KIBcp 
Crinitzberg, 

abandoned quarry 
N 50,56203  
E12.50826 

coarse-grained porphyritic  
biotite monzogranite 

2 - 4 

HD3b KIBf 
Giegengrün-

Hartmannsdorf, 
abandoned quarry 

N 50.57867  
E12.52180 

fine-grained equigranular  
biotite monzogranite 

0.7 - 1.1 

HD10 KIBm 
Rottenbach-Wildenau, 

operating quarry 
N50.56473  
E12.43452 

medium-grained equigranular  
biotite monzogranite 

0.2 - 0.3 

c – coarse-grained; f – fine-grained; m – medium-grained; p - porphyritic 

Biotite forms subhedral flakes (0.3-0.5 mm) and it is frequently altered to chlorite and 

secondary rutile along cleavage planes, and rarely to epidote (allanite). In the fine-grained 

variety, biotite forms intergrowths with feldspars (~150 μm large; Fig. 5.3c-d). Subhedral 

flakes of muscovite grains are sparse, usually secondary from alteration of biotite. Plagioclase 

forms subhedral lathy or platy grains or synneusis aggregates. Unaltered grains do not exhibit 

complex compositional zoning, but cores are strongly sericitized. Secondary plagioclase 

(albite) forms by exsolution of perthite lamellae in K-feldspar. Myrmekite intergrowths were 

occasionally observed. K-feldspar grains are subhedral to anhedral, with lath-like or prismatic 

shape, and they are either optically homogenous or have undergone exsolution (perthite 

lamellae). Some K-feldspar grains in fine-grained biotite granite exhibit Carlsbad or tartan 

twinning. 
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Fig. 5.2: Photomicrographs of the biotite granites (KIB) under plane-polarized and cross-polarized 

light:(a, b) coarse-grained biotite granite (HD2a); (c, d) medium-grained biotite granite (HD10); (e, 

f) – fine-grained biotite granite (HD3b). 
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Quartz forms subhedral round grains with lobate boundaries and exhibits undulatory 

extinction. Apatite forms euhedral to subhedral needle-like grains (0.1-0.8 mm large). Other 

accessories include Fe-Ti oxides, represented by ilmenite, sphene, rutile and secondary iron 

oxides. Ilmenite forms 0.1-1.0 mm large grains of magmatic origin, but sphene and rutile are 

mostly secondary and related to the breakdown of biotite (Fig. 5.3b).  

 

Fig. 5.3: Photographs of textural features in the fine-grained biotite granite HD3b: (a) detail of 

transition between poikilitic and micrographic texture; (b) biotite with inclusions and breakdown 

products; (c) biotite-plagioclase intergrowths; d) “symplectite” intergrowths of biotite and K-

feldspar. Symbols: Qz – quartz; Kf – K-feldspar; Pl – plagioclase; Bt – biotite; Ap – apatite; Rut – 

rutile; Zr – zircon. 

5.2 Muscovite-biotite microgranites (Walfischkopf - 

Krinitzberg) 

Two-phase microgranites from the Walfischkopf-Krinitzberg area (HD50 and HD52) in 

Eibenstock massif have massive appearance with no apparent fabric and a distinct hiatal 

porphyritic texture (Fig. 5.1, 5.4). The 2-8 mm large phenocrysts (9-16 vol. %) are 
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significantly clustered and they consists of quartz, plagioclase, K-feldspar and micas, set in 

equigranular groundmass. The groundmass consists of the same minerals. The modal 

composition is represented by quartz (43 vol. %), plagioclase (22 vol. %) and K-feldspar (24 

vol. %), biotite (8 vol. %) and muscovite (2 vol. %). Accessory minerals are topaz (0.2 vol. 

%), Fe-Ti oxides, apatite, zircon, monazite, xenotime, uraninite and secondary chlorite. 

Tab. 5.2: List of analyzed samples from the Walfischkopf-Krinitzberg (muscovite-biotite two-phase microgranites) and their 

description. 

Sample Texture Locality Coordinates Petrographic description 
Grain size 

(mm) 

HD50a WKm 
Walfischkopf, 

rock cliff 
N 50.49871  
E12.55832 

two-phase porphyritic microgranite 0.2-0.4 

HD52 WKf 
Walfischkopf, 
loose block 

N 50.49912  
E12.55726 

two-phase porphyritic microgranite 0.1-0.3 

f – fine-grained; m – medium-grained; p - porphyritic 

Flaky biotite (1.0-1.5 mm large) and muscovite (~0.7 mm) occur as magmatic 

macrocrysts as well as anhedral grains in the groundmass, and have abundant inclusions of 

zircon, monazite or xenotime, surrounded by large pleochroic haloes. Plagioclase macrocrysts 

(1.5-5 mm) are subhedral and exhibit complex compositional zoning. Both macrocrysts or 

grains have intensely sericitized cores. K-feldspar macrocrysts (2-8 mm) are subhedral, with 

prismatic shape. The macrocrysts undergone perthite exsolution and they forms symplectites 

on an overgrowth front (Fig. 5.4c). Quartz phenocrysts (2.0-5.5 mm large) are subhedral to 

anhedral (round) and show undulatory extinction. The Fe-Ti oxides (secondary rutile and iron 

oxides) are rare compared to other granite types; they are associated with biotite or finely 

dispersed in the groundmass. Topaz forms rare clustered millimetric phenocrysts. 
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Fig. 5.4: Photomicrographs of two-phase microgranite from Walfischkopf (HD52) in plane- or cross-

polarized light: (a, b) multiphase mineral inclusions in the outer zone of K-feldspar phenocryst; (c) 

quartz and feldspar inclusions and micrographic intergrowths in the rim of K-feldspar megacryst; (d) 

detailed view of the rock groundmass. 

5.3 Topaz-zinnwaldite granites (Eibenstock) 

The topaz-zinnwaldite alkali-feldspar granites of the Eibenstock-Nejdek massif include 

coarse-grained (HD57b), medium-grained (HD23) and fine-grained varieties (HD45a) with 

massive texture and seriate grain distribution (Fig. 5.1, 5.5, Tab. 5.3). They consist of quartz 

(30-38 vol. %), plagioclase (24-32 vol. %), K-feldspar (26-30 vol. %), zinnwaldite (8-2 vol. 

%), muscovite (up to 2 vol. %), topaz (up to 10 vol. %). Accessory minerals include apatite, 

zircon, monazite, xenotime, uraninite, rare fluorite and cassiterite (<1 vol. %). Although the 

topaz-zinnwaldite granites show similar textural sequence to biotite granites, mineral 

aggregation and clustering are not well developed (Fig. 5.5). 

Zinnwaldite forms subhedral to anhedral flakes (0.5-2.0 mm large), which are optically 

homogeneous and show only minor sericitization. They have abundant inclusions of monazite 

or xenotime, or, less frequently, zircon, surrounded by large pleochroic haloes. Plagioclase is 

subhedral, lath-shaped and with Carlsbad twinning. Zoned plagioclase grains exhibit large 
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sericitized cores and thin homogeneous rim. K-feldspar grains are subhedral to anhedral, with 

Carlsbad twinning and frequently exsolved perthite lamellae. Quartz forms subhedral round 

grains with lobate boundaries and it exhibits undulatory extinction. Topaz grains (2-4 mm 

large) are subhedral and their abundance increases from coarse- through fine- to medium-

grained granite varieties. Large (0.3-1.0 mm) grains of accesory apatite (<1 vol.%) are present 

in coarse-grained varieties, enclosed in zinnwaldite. Accessory Fe-Ti oxides (rutile and 

hematite) are rare compared to other samples.  

Tab. 5.3: List of analyzed samples from the Eibenstock pluton (topaz-zinnwaldite alkali-feldspar syenogranites) and their 

description.  

Sample Texture Locality Coordinates Petrographic description 
Grain size 

(mm) 

HD23 EIBm 
Blauenthal-Wolfsgrün,  

operating quarry 
N 50.52434   
E12.61365 

medium-grained equigranular   
topaz-zinnwaldite alkali-feldspar syenogranite 

1-1.5 

HD42b EIBc 
Sosa-Hirschknochen,  

abandoned quarry 
N 50.48867  
E12.65367 

coarse-grained 
 topaz-zinnwaldite alkali-feldspar 

syenogranite 
3-5 

HD45a EIBf 
Eibenstock, 
 loose block 

N50.50182 
E12.58713 

fine-grained equigranular  
topaz-zinnwaldite alkali-feldspar syenogranite 

0.5-1 

HD57b EIBcp 
Wilzschaus-Schönheide station, 

abandoned quarry 
N 50.47966  
E12.51026 

coarse-grained seriate 
topaz-zinnwaldite alkali-feldspar syenogranite 

3.5-5 

c – coarse-grained; f – fine-grained; m – medium-grained; p - porphyritic 
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Fig. 5.5: Photomicrographs of the topaz-zinnwaldite alkali-feldspar granites (Eibenstock) under 

plane-and cross-polarized light: (a, b) coarse-grained alkali-feldspar granite (HD57b); (c, d)  

medium-grained topaz-zinnwaldite alkali-feldspar granite (HD23); (e, f) fine-grained zinnwaldite 

alkali-feldspar granite (HD45a). 
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6 Mineral chemistry 

Chemical composition of rock-forming minerals (dark and white micas, plagioclase, K-

feldspar) and several minor and accessory phases (topaz, Fe-Ti oxides) was determined in 

nine rock samples. 

6.1 Dark (trioctahedral) micas 

Total of 105 analyses were acquired from coarse-, medium- and fine-grained 

representative samples of biotite (HD2a, HD10, HD3b respectively) and Li-mica (HD57b and 

HD42b, HD23 and HD45a) granites, including muscovite-biotite (two-phase) microgranites 

(HD50a, HD52). Dark micas are distinguished from white micas by <24-26 wt. % Al2O3. 

Comparison of these two groups is presented in Fig. 6.1.  

 

Fig. 6.1: Chemical composition of dioctahedral and trioctahedral micas of Western KHE granites. (a) 

F vs. 
[6]

Al diagram illustrating compositional gap corresponding to 1.1-1.3 
[6]

Al pfu between the 

trioctahedral and dioctahedral micas; (b) 
[6]

Al vs. 
[4]

Al pfu diagram illustrating chemical evolution of 

micas towards zinnwaldite end-member. KIB – Kirchbegr biotite granites; EIB – Eibenstock Li-mica 

granites; WK – muscovite-biotite (two-phase) microgranites. 

The lithium concentration was estimated using the correlation relationship with as 

follows (Tischendorf et al. 2004): 

  (6.1) 

where oxide concentrations are in wt. %. Mineral formulas of dark micas are based on 11 

oxygen atoms including estimated Li concentration and assuming all Fe to be present in the 

divalent form. Individual ions were allocated into crystallochemical sites based on increasing 

ionic radii (Tab. 6.1).  
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Dark micas span composition join from annite to zinnwaldite as degree of 

differentiation increases (Fig. 6.1). The FeO
tot

 concentrations decrease from 25.82 to 19.80 

wt. % (0.87-1.84 Fe pfu) and the TiO2 becomes progressively depleted from 4.11 to 0.22 wt. 

% (0.01-0.25 Ti pfu). With progressive zinnwaldite substitution, the concentrations of the 

following component increase: 16.38-23.41 wt. % Al2O3 (1.46-2.01 Al apfu), 0.03-2.82 wt. % 

Li2O (0.01-.081 Li apfu) and 0.2-7.39 wt. % F (0.05-1.72 F pfu). The extended range of 

differentiation is also indicated by decreasing #mg (molar MgO/[MgO+FeO]) = 0.44-0.03. 

Anomalously high concentrations of MnO (1.32-1.58 wt. %) were observed in sample HD3b 

(KIBf). Elevated concentration of chlorine 0.02-0.04 Cl pfu. (0.10-0.29 wt. %) decreases from 

coarse-grained end-members of both suites to the finer samples (0.04-0.10 wt. %). Chlorine 

does not exhibit any correlation with potassium, but it exhibits well-defined negative 

correlation with iron, suggesting likely enrichment of biotite with brine volatiles.  

The evolutionary trend of micas and the degree of granite differentiation are illustrated 

by decreasing Ti, Mg+Fe, #mg and increasing 
[6]

Al, Li, F, and by #mg vs. F covariation (Fig. 

6.2). The decrease in Ti, Mg+Fe and #mg for all samples is continuous, with overlaps of Ti 

pfu contents for Kirchberg biotite granites (KIB), muscovite-biotite microgranites (WK) and 

coarse-grained Eibenstock Li-mica granite (EIBc). F and Li contents overlaps between all 

KIB granites and between WK and EIB granites.  

The least evolved are Kirchberg biotite granites, ordered from coarse-grained to fine-

grained variety as KIBc, KIBm, KIBf. The muscovite-biotite (two-phase) microgranites 

exhibits transitional trend between Kirchberg and Eibenstock granites. They have similar 

TiO2, Mg+Fe and #mg concentration as Kirchberg granites, but they overlaps in 
[6]

Al, Li, F 

pfu content. Eibenstock Li-mica granites exhibits the lowest Ti, Mg+Fe, #mg and the highest 

[6]
Al, Li, F contents (Fig. 6.2). 
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Fig. 6.2: Molar composition of trioctahedral micas of the Western KHE granites illustrating an 

overall differentiation trend in (a) F vs. Mg+Fe
tot

 pfu, (b) L vs. Mg+Fe
tot

 pfu, (c) Ti vs. Mg+Fe
tot

 pfu 

diagrams. KIB – Kirchbegr biotite granites; EIB – Eibenstock Li-mica granites; WK – muscovite-

biotite (two-phase) microgranites. 

Tab. 6.1: Chemical composition and crystallochemical formulae of representative dark micas in intrusive phases of the biotite 

and Li-mica granites. 

Sample HD2a HD3b HD10 HD23 HD42b HD45a HD57b HD50a HD52 

Unit KIB1p KIB3 KIB2p EIB2 EIB1p EIB3 EIB1p WK WK 

Analysis 10 2 1 27 19 14 41 30 54 

SiO2 (wt. %) 34.81 36.71 35.57 42.75 37.60 40.10 36.11 35.08 34.67 
TiO2 3.69 3.04 2.87 0.22 1.41 0.82 1.66 3.55 3.41 
Al2O3 16.71 16.00 19.01 22.07 21.19 22.36 21.68 19.43 19.77 
FeO 22.30 21.19 21.64 14.59 20.75 19.22 22.41 22.61 24.28 
MnO 0.34 1.36 0.50 0.25 0.40 0.28 0.47 0.29 0.31 
MgO 7.51 5.49 6.09 0.60 1.36 0.49 1.76 2.90 2.50 
CaO 0.03 0.01 n.d. n.d. 0.01 0.05 0.03 0.03 0.03 
Li2O 0.40 0.95 0.62 2.70 1.21 1.93 0.78 0.48 0.36 
Na2O 0.13 0.17 0.22 0.31 0.33 0.38 0.32 0.28 0.30 
K2O 9.76 9.67 9.57 9.60 9.29 9.49 9.42 9.38 9.33 
Cs2O 0.03 0.11 n.d. 0.22 0.20 0.04 - 0.02 - 
F 0.43 1.95 0.53 6.99 3.51 4.89 2.58 2.57 1.99 
Cl 0.15 0.07 0.12 0.01 0.15 0.08 0.12 0.22 0.20 
H2O(calc.) 3.63 2.92 3.65 0.77 2.20 1.75 2.64 2.56 2.81 
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Total  99.53 98.70 99.78 98.39 98.40 99.83 99.19 98.93 99.62 

11 O          
Si  2.70 2.85 2.71 3.13 2.89 2.97 2.78 2.74 2.71 
Al  1.30 1.15 1.29 0.87 1.11 1.03 1.2 1.26 1.29 

Al [6] 0.22 0.32 0.42 1.04 0.81 0.93 0.75 0.54 0.53 
Ti 0.21 0.18 0.16 0.01 0.08 0.05 0.1 0.21 0.20 
Fe 1.44 1.38 1.38 0.89 1.33 1.19 1.44 1.48 1.59 
Mn 0.02 0.09 0.03 0.02 0.03 0.02 0.03 0.02 0.02 
Mg 0.87 0.64 0.69 0.07 0.16 0.05 0.20 0.34 0.29 
Li 0.13 0.30 0.19 0.80 0.37 0.58 0.24 0.15 0.11 
□ [6] 0.11 0.11 0.12 0.18 0.23 0.19 0.23 0.27 0.25 

Na 0.02 0.03 0.03 0.04 0.05 0.05 0.05 0.04 0.05 
K 0.96 0.96 0.93 0.90 0.91 0.90 0.93 0.94 0.93 
Cs n.d. 0.004 n.d. 0.01 0.01 n.d. - n.d. - 
□[12] 0.01 0.01 0.04 0.05 0.03 0.04 0.02 0.02 0.02 

F 0.10 0.48 0.13 1.62 0.85 1.12 0.63 0.64 0.49 
Cl 0.02 0.01 0.02 n.d. 0.02 0.01 0.02 0.03 0.03 
OH 1.88 1.51 1.86 0.38 1.13 0.87 1.36 1.33 1.48 

#mg 0.38 0.32 0.33 0.07 0.10 0.04 0.12 0.19 0.16 

n.d. – not detected (value below the detection limit); KIB – Kirchberg; EIB – Eibenstock, WK – Walfischkopf and Krinitzberg  

6.2 White (dioctahedral) mica 

Total of 57 analyses were obtained from white mica in 9 granite samples, including 

coarse- to fine-grained biotite (HD2a, HD10, HD3b) and Li-mica granites (HD57b, HD42b, 

HD23 and HD45a) and muscovite-biotite (two-phase) microgranites (HD50a, HD52). White 

mica differs from dark mica by higher alumina concentration (more than 26 wt. %Al2O3). 

Mineral and crystallochemical formulas were calculated on the basis of 11 oxygen atoms 

while assuming that all Fe is present in divalent form (Tab. 6.2). The lithium concentration 

was estimated using the correlation relationship with fluorine (wt. %) by Tischendorf et al. 

(1997): 

  (6.2) 

where the Li2O and F concentrations are in wt. %. Mineral and crystallochemical formulas 

were calculated on the basis of 11 oxygen atoms including Li and assuming that all Fe is 

present in divalent form (Tab. 6.2).  

White micas contain up to 1.81 wt. % MgO, 1.89-10.15 wt. % FeO
tot 

(0.10-0.59 Fe pfu), 

yielding #mg < 0.33, and up to 0.77 wt. % TiO2 (< 0.04 Ti pfu). Concentrations of fluorine 

and lithium increase from 0.10 to 3.19 wt. % F (0.02-0.79 F pfu) and from 0.02 to 2.15 wt. % 

Li2O (0.01-0.60 Li pfu), respectively. The Na2O concentrations are elevated in the KIBm and 

WK units (samples HD10, HD50a and HD52) and they range between 0.45 and 0.89 wt. % 

Na2O (0.06-0.11 Na pfu), whereas in the remaining samples the sodium concentrations are 

substantially lower (0.12-0.28 wt. % Na2O; 0.01-0.04 Na pfu).  



- 42 - 

 

White micas form a single linear trend, which corresponds to solid solution between 

muscovite and zinnwaldite end-members with no significant proportion of aluminoceladonite 

end-member (Fig. 6.2). Overall, white micas in the KIB, WK and EIB suite show significant 

overlap, although in individual textural types, they show a rather limitied and often separable 

variation. White micas from the Kirchberg granite suite correspond to muscovite, whereas 

those in the Walfischkopf-Krinitzberg and the Eibenstock granite suites should be classified 

as lithian muscovites.  

Tab. 6.2: Chemical composition and crystallochemical formulae of representative white micas in intrusive phases of the 

biotite and Li-mica granites. 

Analysis HD2a HD3b HD10 HD23 HD42b HD45a HD57b HD50a HD52 

Sample 15 5 7 31 39 36 22 17 41 

Type KIB1p KIB3 KIB2p EIB2 EIB1p EIB3 EIB1p WK WK 

SiO2 (wt. %) 47.10 44.53 45.70 46.91 47.16 45.99 45.27 45.62 45.97 

TiO2 0.24 0.28 0.29 0.08 0.01 0.27 0.42 0.47 0.19 

Al2O3 32.09 29.38 34.34 30.53 29.13 28.00 31.30 31.51 32.38 

FeO 3.07 6.67 2.05 4.71 5.54 9.11 4.43 3.23 3.55 

MnO 0.04 0.29 0.05 0.03 0.13 - 0.15 0.09 - 

MgO 1.54 1.52 0.74 0.15 0.07 0.14 0.78 1.33 0.91 

CaO 0.06 0.03 0.01 0.01 0.04 0.04 0.02 0.03 0.02 

Li2O 0.14 0.32 0.1 1.20 1.43 1.60 1.52 1.68 1.76 

Na2O 0.24 0.15 0.51 0.13 0.24 0.12 0.45 0.69 0.77 

K2O 10.78 10.82 10.74 10.86 10.56 10.65 10.56 10.28 10.25 

Cs2O - 0.07 0.03 0.04 0.08 0.10 0.07 n.d. 0.05 

F 0.47 0.86 0.36 2.32 2.64 2.88 2.77 2.99 3.09 

Cl 0.01 n.d. 0.01 0.02 n.d. 0.01 0.03 n.d. 0.01 

H2O (calc.) 4.24 3.88 4.27 3.30 3.12 2.99 3.08 3.03 3.02 

Total +OH 99.86 98.48 99.1 99.09 98.71 100.29 99.24 99.26 100.21 

11 O          

Si [4] 3.17 3.12 3.08 3.19 3.23 3.16 3.08 3.08 3.07 

Al  0.83 0.88 0.92 0.81 0.77 0.84 0.92 0.92 0.93 

Al [6] 1.71 1.54 1.82 1.64 1.58 1.43 1.59 1.58 1.62 

Ti 0.01 0.01 0.01 n.d. n.d. 0.01 0.02 0.02 0.01 

Fe 0.17 0.39 0.12 0.27 0.32 0.52 0.25 0.18 0.20 

Mn n.d. 0.02 n.d. n.d. 0.01 - 0.01 0.01 - 

Mg 0.15 0.16 0.07 0.02 0.01 0.01 0.08 0.13 0.09 

Li 0.04 0.09 0.03 0.33 0.39 0.44 0.42 0.49 0.47 

Ca n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Na 0.03 0.20 0.07 0.02 0.03 0.02 0.06 0.09 0.10 

K 0.92 0.97 0.93 0.94 0.92 0.93 0.91 0.88 0.87 

Cs - n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

□  0.05 0.01 0.01 0.04 0.04 0.04 0.03 0.03 0.02 

F 0.10 0.19 0.08 0.50 0.57 0.63 0.60 0.64 0.65 

Cl n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

OH 1.90 1.81 1.90 1.50 1.43 1.37 1.40 1.36 1.35 

#mg 0.33 0.19 0.26 0.03 0.01 0.01 0.15 0.29 0.20 

n.d. – not detected (value below the detection limit); KIB – Kirchberg; EIB – Eibenstock, WK – Walfischkopf and Krinitzberg  
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6.3 Potassium feldspar 

The 76 analyses of homogeneous or perthitic K-feldspar were acquired and chemical 

composition was recalculated to mineral formulas based on 8 oxygen atoms.  

Most K-feldspar grains corresponds to orthoclase with minor Na substitution (up to 14 

mol. % albite) and negligible anorthite component (less than 0.01 mol. % anorthite) (Fig. 6.3). 

The P2O5 concentrations are higher than detection limit and elevated in the WK microgranites 

(0.40-1.00 wt. % P2O5; 0.015-0.040 P pfu) and EIB topaz-zinnwaldite granites (0.4-0.6 wt. % 

P2O5; 0.015-0.030P pfu).  

All K-feldspar analyses show no systematic variations and within each sample they 

show a broad variation in Na concentration. This indicates variable extent of Na diffusion 

and/or exsolution at moderate to low temperatures, and kinetics of subsolidus alkali exchange 

is probably responsible in multimodal distribution of individual analyses (Fig. 6.3).  

 

Fig. 6.3: Chemical composition of K-feldspars in the Western KHE granites. An – anorthite end-

member, Or – orthoclase end-member. KIB – Kirchbegr biotite granites; EIB – Eibenstock Li-mica 

granites; WK – muscovite-biotite (two-phase) microgranites. 

Tab. 6.3: Chemical composition and crystallochemical formulas of K-feldspar. 

Analysis HD2a HD3b HD10 HD23 HD42b HD45a HD57b HD50a HD52 

Sample 6 15 8 17 29 31 15 17 32 

Type KIB1p KIB3 KIB2p EIB2 EIB1p EIB3 EIB1p WK WK 

wt. %          

SiO2 64.29 64.08 64.46 63.39 65.74 63.92 64.48 64.27 63.89 

Al2O3 18.54 17.99 18.86 18.89 18.84 18.89 18.59 18.79 18.46 

FeO 0.09 0.08 - - 0.03 0.06 0.01 - n.d. 

MgO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01 

CaO 0.02 - 0.02 0.04 0.01 0.07 0.10 0.04 0.04 

BaO 0.09 0.04 0.14 0.06 0.07 0.05 0.07 0.05 - 

Na2O 0.72 0.73 0.86 0.31 0.18 1.52 0.24 0.27 0.31 

K2O 16.07 15.79 15.50 16.22 16.53 14.53 16.37 16.42 16.47 

P2O5 0.30 0.01 0.20 0.56 - 0.36 0.09 0.27 0.32 

Total 100.11 98.71 100.05 99.46 101.41 99.40 99.94 100.10 99.51 

8 O          

Si  2.97 3.00 2.97 2.95 3.00 2.96 2.98 2.97 2.97 

Al  0.03 - 0.03 0.05 - 0.04 0.03 0.03 0.03 



- 44 - 

 

Al [6] 0.98 0.99 1.00 0.98 1.00 0.99 1.00 0.99 0.98 

Fe n.d. n.d. - - n.d. n.d. n.d. - n.d. 

Mg n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Ca n.d. - n.d. n.d. n.d. n.d. 0.01 n.d. n.d. 

Ba n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - 

Na 0.09 0.05 0.08 0.03 0.02 0.14 0.02 0.02 0.03 

K 0.95 0.96 0.91 0.96 0.96 0.86 0.97 0.97 0.98 

P2O5 0.01 n.d. 0.01 0.02 - 0.01 n.d. 0.01 0.01 

mol. %          

An 0.08 0.00 0.10 0.21 0.07 0.34 0.49 0.21 0.20 

Ab 6.35 6.59 7.73 2.82 1.66 13.66 2.14 2.40 2.80 

Or 93.57 93.41 92.17 96.97 98.27 86.00 97.37 97.38 97.00 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

n.d. – not detected (value below the detection limit); KIB – Kirchberg; EIB – Eibenstock, WK – Walfischkopf and Krinitzberg  

6.4 Plagioclase 

Based on 85 analyses, most of the plagioclase corresponds to pure albite, with some 

scatter to oligoclase. Plagioclase cores have molar composition of albite to andesin with 80-

100 mol. % albite, up to 4 mol. % of orthoclase and 10-35 mol. % of anorthite (Fig. 6.4). 

Rims are usually pure albite. Except a few outlayers, plagioclase contains more or less 

constant amount of BaO 0.03-0.23, FeO 0.05-0.13 and TiO2 0.02-0.08 wt. %. P2O5 has scatter 

for all suites 0.20-0.68 wt. % (resp. 0.01-0.03 apfu.). Representative chemical analysis and 

calculated crystallochemical formullae are presented in tab. 6.4.  

Kirchberg and two-phase microgranite‗s plagioclase composition vary from albite to 

oligoclase An0.10-0.35Or0.01-0.04Ab80-100. Eibenstock plagioclase is pure albite An0.05-0.1Or0.01-

0.02Ab90-100, with increasing albite component from coarse- to fine-grained samples. 

 

Fig. 6.4: Chemical composition of plagioclase in Western KHE granites. An – anorthite end-member, 

Ab – albite end-member. KIB – Kirchbegr biotite granites; EIB – Eibenstock Li-mica granites; WK – 

muscovite-biotite (two-phase) microgranites. 

Tab. 6.4: Representative chemical composition and crystallochemical formulas of plagioclase 

Analysis HD2a HD3b HD10 HD23 HD42b HD45a HD57b HD50a HD52 
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Sample 12 8 19 37 40 29 7 22 55 

Type KIB1p KIB3 KIB2p EIB2 EIB1p EIB3 EIB1p two-phase two-phase 

SiO2 (wt. %) 61.12 64.61 61.17 65.41 65.84 66.48 65.30 62.98 63.11 
TiO2 - - - - - 0.01 0.02 - - 
Al2O3 24.40 22.01 24.08 20.82 20.89 19.48 21.62 22.68 22.65 
FeO 0.06 0.10 0.07 0.02 0.02 0.09 n.d. 0.03 - 
CaO 5.76 3.19 5.35 1.43 1.17 0.44 2.23 3.67 3.35 
BaO - - - - 0.09 n.d. 0.01 - - 
Na2O 8.16 9.82 8.37 10.59 10.92 11.19 10.28 9.15 9.53 
K2O 0.44 0.29 0.28 0.41 0.28 0.05 0.30 0.47 0.42 
P2O5 - 0.02 - 0.26 0.47 0.16 0.30 0.13 0.06 
Total 99.96 100.04 99.31 98.84 99.68 97.91 100.05 99.06 99.13 

8 O          
Si  2.72 2.84 2.73 2.90 2.90 2.97 2.87 2.81 2.81 
Al  0.28 0.15 0.27 0.10 0.10 0.03 0.13 0.19 0.19 

Al [6] 1.00 0.99 1.00 0.99 0.98 0.99 0.99 1.00 1.00 
Ti - - - - - n.d. n.d. - - 
Fe n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. - 

Ca 0.27 0.15 0.26 0.07 0.06 0.02 0.10 0.18 0.16 
Ba - - - - n.d. n.d. n.d. - - 
Na 0.70 0.84 0.73 0.90 0.93 0.97 0.88 0.79 0.82 
K 0.03 0.02 0.02 0.02 0.02 n.d. 0.02 0.03 0.02 
P2O5 - n.d. - 0.01 0.02 0.01 0.01 n.d. n.d. 

mol. %          
An 27.36 14.98 25.68 6.83 5.51 2.12 10.52 17.64 15.88 
Ab 70.13 83.42 72.71 90.82 92.93 97.56 87.81 79.64 71.73 
Or 2.51 1.60 1.61 2.35 1.56 0.31 1.67 2.72 2.38 

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

n.d. – not detected (value below the detection limit); KIB – Kirchberg; EIB – Eibenstock, WK – Walfischkopf and Krinitzberg  

6.5 Minor and accessory phases 

Topaz is present in the entire Eibenstock granite suite. It has stoichiometric composition 

with 0-0.06 wt. % FeO
tot

 and 16.09-18.95 wt. % F (1.63-1.81 F pfu). Among accessory 

minerals, rutile, ilmenite and sphene are present in all samples and are dominant over 

uraninite, thorite, hematite and cassiterite.  

Representative analyses and crystallochemical formullae are given in Tab. 6.5. Titanite 

contains 5.8-7.4 wt. % Al2O3 (0.22-0.28 Al pfu) and 2.43-2.53 wt. % F (0.25-0.26 F pfu). 

Ilmenite is substantially enriched in pyrophanite end-member (6.54-7.58 wt. % MnO; 0.14-

0.16 Mn pfu), whereas rutile has variable Fe, Nb and Sn concentrations (up to 2.78 wt. % 

FeO, 2.63 wt. % Nb2O5 and 1.46 wt. % SnO2). 

Tab. 6.5:  Chemical composition and crystallochemical formulae of  accessory minerals 

Mineral Sphene  Ilmenite  Rutile 

Sample HD2a HD10  HD10 HD10  HD3b HD10 HD52 HD23 HD57b 

Type KIB1p KIB2  KIB2 KIB2  KIB3 KIB2 WK EIB2 EIB1p 

Analysis 14 35  3 17  2 38 56 35 31 
wt. %            
SiO2 30.61 30.82  0.07 -  0.42 0.09 0.07 - - 
TiO2 30.11 27.75  51.71 50.69  93.40 99.03 96.10 88.92 97.89 
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Al2O3 5.76 7.36  0.06 0.05  - - - -  
FeO 0.901 0.55  40.35 41.61  1.42 - 1.40 2.78 0.44 
MnO - -  7.58 6.54  - - - - - 
CaO 28.93 29.21  - -  - - - - - 

F 2.43 2.53  - -  - - - - - 
Nb2O5 0.40 1.00  0.31 0.50  2.63 0.35 0.43 0.51 0.44 
SnO2 0.30 -  - -  - 0.08 1.46 0.23 - 
ZrO2 - -  - -  - - - 0.26 0.05 
HfO2 - -  n.d. -  - - - 0.16 - 
Ta2O5 - -  0.13 0.28  0.20 0.21 0.27 - 0.38 
WO3 - -  0.14 0.15  - 0.27 0.43 7.5 0.27 
Total 99.42 99.22  100.36 99.83  98.36 100.03 100.15 100.37 99.47 

cats            
3   2   1      
Si 1.00 0.99  n.d. n.d.  n.d. n.d. n.d. n.d. n.d. 
Al 0.28 0.22  n.d. n.d.  - - - - - 
Ti 0.68 0.74  0.98 0.97  0.96 1.00 0.97 0.94 1.00 
Fe 0.015 0.025  0.84 0.89  0.016 - 0.016 0.033 n.d. 
Mn - -  0.16 0.14  - - - - - 
Ca 1.02 1.01  - -  - - - - - 
F 0.26 0.25  - -  - - - - - 

Nb n.d. n.d.  n.d. n.d.  n.d. n.d. n.d. n.d. n.d. 
Sn n.d. -  - -  - n.d. n.d. n.d. - 
Zr - -  - -  - - - n.d. n.d. 
Hf - -  n.d. -  - - - n.d. - 
Ta - -  n.d. n.d.  n.d. n.d. n.d. - n.d. 
W - -  n.d. n.d.  - n.d. n.d. 0.03 n.d. 

Total 3 3  2 2  1 1 1 1 1 

n.d. – not detected (value below the detection limit); KIB – Kirchberg; EIB – Eibenstock, WK – Walfischkopf and Krinitzberg  
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7 Textural analysis 

7.1 General textural characterization 

Seven representative textural varieties of the WKHE granites were investigated by 

means of image analysis, crystal size distribution and clustering relationships (Tab. 7.1). This 

procedure has been applied to each rock-forming mineral individually, that is, quartz, 

plagioclase, K-feldspar, and minor mineral phases such as biotite, muscovite, topaz and/or 

apatite. The granite samples consist of 29-43 vol.% quartz, 20-30 vol. % plagioclase, 22-31 

vol. % K-feldspar, 2-9 vol. % biotite, < 2 vol. % muscovite and minor topaz and apatite (Fig. 

7.1). 

Tab. 7.5: Number of whole grains measured per sample. 

# grains 
measured 

HD2a HD10 HD3b HD52 HD57b HD23 HD45a 

Qtz 591 1187 1494 2828 2183 898 814 

Plg 605 1415 954 804 2232 891 1181 

Kfp 409 1176 992 991 1388 626 1022 

Top - - - 3* 168 81* 14* 

Bt 445 225 27* 527 1360 232 555 

Ms 27* 51* 6* 323 42* 26* 21* 

Ap 10* - - - 20* 6* - 

Sum 2096 4054 3503 5477 7393 2760 3607 

*low amount of grains measured, only approximate CSDs 

The Kirchberg suite of biotite granites exhibits a gradual decrease in modal proportion 

of plagioclase and biotite and an increase in K-feldspar and quartz, as the grain size changes 

from coarse to fine (Figs. 7.1 and 7.2). The coarse-grained biotite granite (KIBc – HD2a) is 

inequigranular to porphyritic with crystal size averaging near 1.9 mm and megacrysts up to 

4.5 mm. The medium-grained biotite granite (KIBm – HD10) has an average grain size ~0.7 

mm, with individual crystals up to 2 mm large. The fine-grained variety (KIBf – HD3b) has a 

characteristic grain size of 0.3 mm, with an upper limit near 1.1 mm. The medium- and fine-

grained biotite granites are equigranular. As will be shown later, the Kirchberg biotite 

granites, in particular the coarse- and medium-grained types, exhibit significant clustering, 

unlike their textural counterparts in the Eibenstock suite. 

The Walfischkopf granite (WK – HD52) is a macroscopically hiatal porphyritic rock 

and represents an example of two-phase granites (Seltmann and Štemprok 1994; Štemprok et 

al. 2008). It shows the highest proportion of quartz (43.3 vol. %), and approximately equal 
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proportions of plagioclase and K-feldspar (Figs. 7.1 and 7.2). The grain size distribution is 

strongly inequigranular and nearly bimodal. The groundmass with average crystal size (~0.2 

mm) hosts phenocrysts of quartz and feldspars up to 2 mm large. 

The Eibenstock suite of topaz-zinnwaldite alkali-feldspar granites is characterized by a 

gradual increase in plagioclase volume fraction from the coarse- to fine-grained samples. 

Proportions of other major phases (quartz, K-feldspar, zinnwaldite) are rather irregular, 

although variations in quartz vs. K-feldspar tend to be complementary (Figs. 7.1 and 7.2). The 

coarse-grained topaz-zinnwaldite granite (EIBc – HD57b) is inequigranular and seriate, with a 

variable crystal size ranging from 0.6 to 7 mm. The medium-grained topaz-zinnwaldite 

granite (EIBm – HD23) has equigranular texture with average crystal size of 0.8 mm and 

individual crystals up to 2-3 mm large. The fine-grained topaz-zinnwaldite granite (EIBf – 

HD45a) has the predominant crystal fraction approximately 0.4 mm large, with individual 

crystals up to 1.3-1.5 mmin size. Quartz in this sample has inequigranular size distribution. 

 

Fig. 7.1: Modal composition (vol. %) of the WKHE granites. HD2a – coarse-grained biotite granite 

(KIBc); HD10 - medium-grained Kirchberg biotite granite (KIBm); HD3b – fine-grained Kirchberg 

biotite granite (KIBf); HD57b – coarse-grained topaz-zinnwaldite alkali feldspar granite (EIBc); 

HD23 - medium-grained Eibenstock granite (EIBm); HD45a – fine-grained Eibenstock granite (EIBf) 

and HD52 - muscovite-biotite granite from Walfischkopf (WK).  
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Fig. 7.2: Modal composition of the WKHE granites (vol. %) in (a) the quartz-feldspars-additional 

phases diagram and (b) the quartz-plagioclase-K-feldspar diagram. 

7.2 Volume density  

Results of textural measurements are summarized in the Appendix (Fig. A4; Tab. A3). 

Modal abundance of mineral phase (non-dimensional volumetric ratio) is an overall property, 

which integrates the phase volume fractions in each crystal size interval called the volume 

density. The volume density is defined as the volume fraction of mineral per unit grain size 

(usually one millimeter). This definition necessitates that binning of crystal sizes for the 

purpose of evaluation of volume density must be linear.  

Volume density plotted against grain size forms concave-down curve (Fig. 7.3). The 

shape of the volume-density curve for equigranular rocks is peaked and often skewed towards 

fine crystal fraction. Samples with progressively inequigranular texture and excess large 

crystals have curved and bell-shaped (Gaussian) distribution centered around the median of 

crystal sizes (Fig. 7.3c). Increasing proportion of coarse-grained crystals (or phenocrysts) 

leads to a monotonous flattened distribution, typical of seriate texture, and, eventually, to a 

bimodal pattern characteristic for a hiatal porphyritic texture (Fig. 7.3g). 

Several important inferences can be made from the volume density distribution in the 

WKHE granites: (i) volume density distribution is rather similar for all rock-forming minerals 

in each sample. This indicates that overall crystallization kinetics (evolution of the nucleation 

and growth rates) is broadly similar for all minerals, and it supports simultaneous (cotectic) 

crystallization of all phases; (ii) the relative order of volume densities of individual minerals 

does not change significantly with grain size, and such changes are unexpected as volume 

fraction (modal abundance) of minerals begins to substantially differ from each other; (iii) 
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volume density provides perhaps a poor estimate of predominant grain size. Fig. 7.3 indicates 

that all samples exhibit broad maxima in the grain size range of 0.5-2 mm and the volume 

density does not appear to be an appropriate measure of visually predominant grain size 



- 51 - 

 

 

Fig. 7.3: Volume density distribution in the WKHE granites. The grain size represents true three-

dimensional grain size obtained by the modified Saltikov method (CSDCorrections software).  
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7.3 Population density  

Population or number density represents the number of crystals per unit volume and per 

unit crystal-size class. It gives the number of crystal in a rock volume in each grain size 

category. Following the development by Marsh (1988), the variation of population density 

with crystal size should define a straight log-linear trend for single-stage crystallization in a 

closed- or open-system under simple cooling. Consequently, natural logarithm of the 

population density, ln(n), of major (quartz, plagioclase, K-feldspar) and  minor (micas, topaz) 

rock-forming minerals was plotted against crystal size (L) giving the crystal size distribution 

(CSD) diagram. The resultant quasilinear CSD trend has a negative slope, C, which is 

inversely proportional to the product of the constant growth rate (G) and the residence time (τ) 

of crystals, and the intercept, ln(n0), represent the initial population density in a magma, or, 

more illustratively, the final nucleation density (e.g., Marsh 1988). Nevertheless, the CSD 

diagrams are not usually log-linear because more than one kinetic process took place during 

crystallization of magma (Marsh 1988; Higgins 1996; Higgins and Roberts 2003; Higgins 

2006). The outlined images, CSD input and raw data output from the CSDCorrections 1.40 

program and individual CSD diagrams for all samples and minerals are presented in the 

Appendix (Sections A2.1-A2.3). 

Crystal sizes of the WKHE granites vary from 0.16 to 7.5 mm, the CSD trends range 

from linear to concave-up, and most CSDs are deficient in the smallest crystals (Figs. 7.4 and 

7.5). The initial population density ranges ln(n0) =10 to 1, that is, n0 = 2 to 20000 mm
-4

, but it 

is affected by paucity in the fine fractions yielding ln (n0) as low as -10. The CSDs of the 

Kirchberg granites and most Eibenstock granites have semilogarithmic S-CSDs, while the 

coarse-grained Eibenstock granite and the biotite-muscovite granite from Walfischkopf show 

fractal F-CSD (Marsh 1988; Higgins 2006). 

In the coarse-grained biotite granite HD2a (KIBc), the maximum crystal size is 4.7 mm 

and the log-linear slope, C, varies between -1.48 and -4.29 mm for individual crystal 

populations, with the goodness of fit Q > 0.15 where Q > 0.1 is acceptable (Higgins 2000). 

The regression intercepts for individual minerals, ln (n0), range between -0.64 and 1.56, which 

is mainly due to the variable modal abundance of individual minerals. The CSD trends of 

plagioclase and K-feldspar are concave-up; whereas K-feldspar has a progressive curvature of 

CSD and it is depleted in the smallest crystals, the plagioclase CSD consists of two linear 

segments. Quartz and biotite CSDs are linear and depleted in the smallest crystals. Low modal 
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amounts of muscovite and apatite crystals are insufficient to reliable plot CSD diagram and 

are not considered here.  

The medium-grained biotite granite HD10 (KIBm) has the maximum crystal size of 2.8 

mm and it exhibits straight log-linear trend for quartz and concave-up trends for plagioclase, 

K-feldspar and biotite. In addition, K-feldspar and biotite are slightly depleted in the smallest 

crystals. The regression intercepts of minerals, ln (n0), range between -0.20 and 3.15. The 

slope, C, varies between -3.46 and -3.83 mm, for crystal populations, with the goodness of fit 

Q>0.11. 

The fine-grained biotite granite HD3b (KIBf) has the maximum crystal size of 1.2 mm, 

and its CSD trends are all linear and are significantly depleted in the smallest crystals (the 

crystal size distribution of biotite and muscovite are not considered due to their low modal 

abundance). The slope, C, varies between -7.21 and -10.1 mm for individual crystal 

populations, with the goodness of fit Q>0.27, and the regression intercepts of minerals, ln 

(n0), range from -2.22 and 6.80.  

The muscovite-biotite microgranite from Walfischkopf HD52 (WK) is a representative 

of hiatal porphyritic microgranites and, as a result, the CSD trends of all rock-forming 

minerals are strongly concave-up and curved, in addition to being depleted in the smallest 

crystals. The maximum crystal (phenocryst) size is 2.1 mm and the CSD slopes, C, vary 

between -1.61 to -7.5 mm for phenocrysts and from -9.11 to -30.4 mm for groundmass, 

respectively, with the goodness of fit Q>0.10. Regression intercepts of minerals, ln (n0),  

range from –0.27 to 10.41, but most are greater than 6.  

The coarse-grained topaz-zinnwaldite alkali-feldspar granite HD57b (EIBc) has the 

maximum crystal size of 7.0 mm and the CSDs trends are concave-up. In detail, the CSDs of 

quartz and K-feldspar are progressively curved with only a minor depletion in the smallest 

crystal sizes. The plagioclase CSD consists of two linear segments and topaz has a linear 

CSD; the modal abundances of micas and apatite are too low to calculate a statistically valid 

CSD diagram. The slopes, C, vary between -0.81 and -2.28 mm for phenocrysts and from -

2.28 to -5.97 mm for groundmass, respectively, with the goodness of fit Q>0.17. The 

regression intercepts of minerals, ln (n0), range from -3.41 to 2.64, but are, as expected, 

correlated with modal abundance of minerals.  

The medium-grained topaz-zinnwaldite alkali-feldspar granite HD23 (EIBm) has 

maximum crystal size of 3 mm and the CSD pattern is concave-up. All minerals but quartz 

exhibit depletion in the smallest crystal sizes. The CSD slopes, C, vary between -2.85 to -4.62 
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mm for crystal populations, with the goodness of fit Q>0.13.The regression intercepts, ln (n0) 

of minerals range from 0.09 to 3.09.  

The fine-grained topaz-zinnwaldite alkali-feldspar granite HD45a (EIBf) with a 

maximum crystal size of 1.6 mm has straight CSD trends for plagioclase, K-feldspar and dark 

mica, whereas the pattern of quartz is concave-up and consists of two linear segments. The 

slopes, C, vary between -4.37 to -9.01 mm, which is a significant scatter specific for 

individual rock-forming minerals, with the goodness of fit Q>0.14. The regression intercepts 

of minerals, ln (n0), range from 3.14 and 4.51.  

The CSD diagram exhibits some general features and correlations: (i) the CSD pattern is 

subject to modal closure, that is, the CSD curves of less abundant minerals are located closer 

to origin of the diagram and, in general, have lower ln (n0) intercepts. Assuming that minerals 

have comparable growth rates, the nucleation rates of less-abundant minerals must be lower; 

(ii) for any given modal abundance (volume fraction) of the mineral, the CSD slope and 

intercept are inversely correlated with each other. That is, minerals with higher nucleation rate 

produce fine grain size and steeper CSD slopes. Coarse grain size, on the other hand, reflects 

low nucleation density and implies shallow CSD slope. 

The WKHE granite suite shows several general patterns in the CSDs (Fig. 7.4): (i) with 

increasing average grain size of the sample, the CSD slope becomes shallow and more 

concave-up. The curvature indicates that fine-grained samples are equigranular, whereas 

progressively coarse-grained sample become serial and have excess of large grains; (ii) 

majority of samples show low population density for the smallest grain fraction, which is 

traditionally interpreted as due to textural coarsening (Ostwald ripening; Higgins 2006a); (iii) 

in each sample, the CSD slopes and curvatures of all minerals tend to be broadly similar. The 

similarity in the slopes implies that all minerals have a comparable characteristic grain size. 

Independent of constant or variable driving force for crystallization of each mineral, it appear 

that the integrated nucleation density of less-abundant minerals is smaller than the major ones.  
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Fig. 7.4: Crystal size distribution diagrams of mineral phases grouped by granite types: HD2a – 

coarse-grained biotite granite (KIBc); HD10 - medium-grained Kirchberg biotite granite (KIBm); 

HD3b – fine-grained Kirchberg biotite granite (KIBf); HD57b – coarse-grained topaz-zinnwaldite 

alkali feldspar granite (EIBc); HD23 - medium-grained Eibenstock granite (EIBm); HD45a – fine-

grained Eibenstock granite (EIBf) and HD52 - muscovite-biotite granite from Walfischkopf (WK). 

 

Fig. 7.5: Crystal size distribution diagrams grouped by mineral phases: (a) quartz; (b) plagioclase; 

(c) K-feldspar; (d) biotite including zinnwaldite; (e) muscovite; (f) topaz. 
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7.4 Crystal shape 

An apparent crystal shape of mineral refers to its outline in two-dimensional cross-

section. The crystal shapes were analyzed and described by the a/b aspect (axial) ratio of the 

best-fitted circumscribed rectangle. The aspect ratio generally varies up to 3 for tectosilicates 

(quartz, feldspars) and to 5 for sheet silicates (dark and white mica). In general, the aspect 

ratios are close to unity for larger grains, but their average value and scatter increase as grains 

become smaller. This is an inherent feature of impingement texture, because fine grains tend 

to fill in interstitial space between larger crystals, and this residual space is becoming 

progressively more irregular (Fig. 7.6). The variation in aspect ratios shows no trend with 

overall grain size in the studied sample set, however, the muscovite-biotite granite (HD52 – 

WK) appears to have excess elongate fine grains of quartz and plagioclase. 

 

Fig. 7.6: Representative examples of the a/b aspect ratio as a function of apparent grain size: (a) 

quartz grains in the medium-grained biotite granite (HD10 – KIBm); (b) quartz grains in the coarse-

grained topaz-zinnwaldite alkali-feldspargranite (HD57b – EIBc). 

7.5 Crystal clustering 

Clustering of crystals was analyzed using the spatial distribution pattern approach of 

Jerram et al. (1996), which is implemented in the CSDCorrections 1.40 software (Higgins 

2000). The cluster parameter, R, is used to indicate whether the crystals are ordered (R>1), 

randomly distributed (R=1), clustered and/or chained (R<1). In detail, the limit of R is a 

function of both crystal shape and mineral volume fraction in the sample (crystallinity). 

Frequently, the clustering index is referred to a random sphere distribution line (RSDL), 
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against which the characteristic trends of heterogeneous overgrowth, crystal sorting and/or 

mechanical compaction are interpreted.  

Inherently, the clustering indices of individual minerals positively correlate with their 

modal abundance. In the WKHE granites, quartz and feldspars have R= 0.7-1.2, but for 

accessories R is as low as 0.2 (see Appendix Tabs. A1-A7; Fig. 7.7). For quartz and K-

feldspar, despite of some modal variation with rock type and grain size, the degree of 

clustering relative to the RSDL remains remarkably constant, and these two minerals are 

overall slightly clustered. On the other hand, plagioclase tends to become more ordered with 

decreasing grain size and in the porphyritic microgranite (HD52 – WK). This is consistent 

with increased but poor sorting of large plagiclase crystals. Micas, which are much less 

abundant, have R = 0.24-0.87 and scattered at or above the RSDL. This observation indicates 

higher degree of randomness (or even ordering) of mica distribution, in particular when 

compared to felsic minerals. It remains to be independently confirmed, where this difference 

between felsic and mafic minerals may indicate sorting (e.g., by gravitational settling) and 

compaction of quartz-feldspar crystal framework during magma crystallization. 
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Fig. 7.7: Clustering index (R) vs. modal abundance of individual minerals, with superimposed effects 

of crystal overgrowth, sorting and/or compaction (Jerram et al. 1996): (a) quartz; (b) plagioclase; (c) 

K-feldspar; (d) biotite; (e) muscovite. 
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7.6 Contact relationships 

Contact relationships of grains was evaluated using number and distance of the nearest 

neighbors and frequency of individual mineral contacts. Such relationships are important for 

assessment of texture homogeneity, effects of heterogeneous crystal nucleation, role of 

diffusion-related phenomena (e.g., formation of melt boundary layers) or modification due to 

subsolidus annealing. The results are presented for quartz, plagioclase, K-feldspar and biotite 

as the most abundant mineral phases in all granite samples. As the phenocrysts and matrix in 

HD52 were measured separately, only matrix grains can be considered for the contact 

analysis. 

The number of the nearest (direct-contact) neighbours (N) for ageneral texture increases 

linearly with increasing size of the reference grain (L). The slope of this relationship, dN/dL, 

is modified, however, by mutual size relationships among neighbors. Megacrysts surrounded 

by a large number of fine grains will yield greater values of dN/dL than equigranular texture. 

By contrast, inclusions (e.g., chadocrysts in poikilitic crystals or overgrowths) tend to 

decrease the dN/dL ratio. Rock samples with bimodal (porphyritic or poikilitic) grain size 

distribution exhibit splitting into two separate dN/dL slopes, which represent megacrysts 

aggregates vs. matrix neighbors. Representative examples are shown in Fig. 7.8.  

 

Fig. 7.8: Representative examples of the number of neighbours against crystal size distribution 

diagram for (a) neighbors of plagioclase grains in the biotite granite HD3b (KIBf); (b) the number of 

neighbors of plagioclase grains in the muscovite-biotite granite HD52 (WK). 

The dN/dL slopes for individual reference grains in each granite variety show that (i) the 

contact relationships around all minerals in any sample are very similar (Fig. 7.9). In the 
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coarse-grained varieties (KIBc and EIBc), micas have slightly greater number of neighbors 

than felsic minerals. This may point to their lower nucleation density and greater average size 

(hence greater interfacial energy) than those of quartz and feldspar; (ii) the slopes have 

remarkable inverse relationship with the overall grain size of the sample (Fig. 7.9). The 

coarse-grained samples have much lower number of direct neighbors surrounding a grain of 

certain size than the fine-grained varieties. This is also partly due to the low integrated 

nucleation density of coarse-grained samples.  
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Fig. 7.9: The number of the nearest neighbors per unit grain size, dN/dL  for individual minerals in 

the WKHE granites: (a) quartz; (b) plagioclase; (c) K-feldspar; (d) topaz; (e) biotite; (f) muscovite 

and (g) apatite.  

The nature of the neighboring mineral phases, departures from randomness or trend 

towards specific association due to heterogeneous nucleation or melt boundary layer 

formation are addressed by the grain contact frequency method (Lafeber, 1963; Kretz, 1969). 
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The method compares frequencies of contacts between two grains of the same mineral (i.e., 

like contacts) or two different neighbors (i.e., unlike contacts). Mechanical accumulation or 

clustering processes lead to prevalence of like-like contacts. Annealing processes, driven by 

decreasing interfacial energy, randomize mineral distribution and favor the unlike contacts.  

The results, expressed as transition ratios (Kretz, 1969), are presented in Fig. 7.11. The 

frequency of like contacts among quartz, plagioclase and K-feldspar is high (1.0-1.5) and it 

documents that these minerals preferentially form contact neighbors, that is, aggregates. In 

detail, in most granite samples, the degree of aggregation decreases in the following order: 

quartz, plagioclase, and K-feldspar. The porphyritic microgranite HD52 (WK) is exceptional 

due to its low frequency of quartz neighbors, but an extremely high aggregation of both 

plagioclase and K-feldspar. The frequency of unlike contacts among felsic minerals is lower, 

with the unlike transition ratios of 0.60-1.15. This trend can be explained by preferential 

heterogeneous nucleation of new grains on preexisting identical substrate. The frequency of 

unlike contacts between felsic and mafic minerals is only statistically significant for dark 

mica, and it varies between 0.3 and 1.2, with most transition ratios within the range of 0.5-1.0. 

This observation indicates that dark mica forms individual grains, which are isolated, and 

glomerocrysts or synneutic crystals are uncommon.  

 

Fig. 7.10: Contact relationships after Kretz (1969). (a) Like and (b,c) unlike neighbours. HD2a – 

coarse-grained biotite granite (KIBc); HD10 - medium-grained Kirchberg biotite granite (KIBm); 

HD3b – fine-grained Kirchberg biotite granite (KIBf); HD57b – coarse-grained topaz-zinnwaldite 
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alkali feldspar granite (EIBc); HD23 - medium-grained Eibenstock granite (EIBm); HD45a – fine-

grained Eibenstock granite (EIBf) and HD52 - muscovite-biotite granite from Walfischkopf (WK).  
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8 Discussion 

8.1 Chemical differentiation vs. textural evolution 

The Kirchberg and Eibenstock-Nejdek massifs of the WKHE granitic pluton consist of 

eight intrusive units accompanied by two sets of aplite dykes (Förster et al. 1999). Both 

massifs contain porphyritic, coarse- through fine-grained granite varieties, but it is not clear if 

any relationship between the degree of chemical differentiation of the magma and the textural 

characteristics exists. I use the chemical composition of rock-forming minerals to address this 

issue.  

In the WKHE pluton, the modal composition progressively evolves from biotite granites 

with accessory muscovite through muscovite-biotite granites towards topaz-bearing biotite or 

zinnwaldite granites. The distribution of muscovite and topaz is generally scattered or subject 

to secondary modification, and the abundance of these two minerals does not provide a 

reliable indicator of the degree of geochemical differentiation. On the other hand, the 

composition of mineral solutions, in particular the anorthite content in plagioclase as well as 

multiple substitutions in biotite, provide rather sensitive indicators and enables to define the 

chemical evolutionary sequence. Fig. 8.1 illustrates chemical composition of dark mica in 

terms of #mg (molar MgO/[MgO+FeO
tot

] ratio) and abundance of Mg+Fe
tot

, Ti, Li and F. 

With increasing magma differentiation, #mg value decreases from 0.45 to 0.05, with partial 

overlap between the granite types. Individual samples are uniqely ordered in the #mg vs. F 

and #mg vs. Li composition space, whereas the Ti concentrations are less diagnostic due to a 

larger scatter (Fig. 8.1). Two inferences are made from the chemical variations in the dark 

mica: (i) the Ti abundances decrease from 0.25 to 0.02 apfu; the coarse-grained biotite 

granites (KIBc) show the high values, but the least scatter. By contrast, the largest scatter in 

the Ti concentrations is observed among the most evolved coarse- and medium-grained topaz-

zinnwaldite granites (EIBc and EIBm). Similar scatter is characteristic for the Na 

concentrations. By contrast, the Li and F concentrations show monotonous enrichment from 

the KIB to EIB suite and generally lower scatter. However, the concentrations of the latter are 

nearly an order of magnitude higher than those of Ti and Na, hence the scatter may not have 

petrological significance but be related to inherent heterogeneities or analytical uncertainities; 

(ii) the trends of #mg vs. F and #mg vs. Li establish an unambiguous evolutionary sequence 

as follows: KIBc, KIBm, KIBf, WKf, WKm, EIBc, EIBm, and EIBf. The progression from 
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seriate coarse-grained towards equigranular fine-grained types is a general phenomenon, 

which is not related to the degree of geochemical differentiation, and it repeatedly occurs 

among the primitive low-F and the evolved high-F granites (cf. Förster et al. 1999a). The two 

samples of the „two-phase― muscovite-biotite granites (WK) show a reversed order of 

evolution; WKf, with the fine-grained matrix, is geochemically succeeded by WKm, with the 

medium-grained matrix.  

 

Fig. 8.1: Mineral chemistry documenting individual intrusive units in  (a) biotite Mg-Fe vs. F pfu. 

diagram, (b) biotite Mg-Fe vs. 
[6]

Al pfu. diagram, (c) Mg-Fe vs. Ti pfu. and (d) Mg+Fe
2+

 vs. Li pfu. 

diagrams. HD2a – coarse-grained biotite granite (KIBc); HD10 - medium-grained Kirchberg biotite 

granite (KIBm); HD3b – fine-grained Kirchberg biotite granite (KIBf); HD57b – coarse-grained 

topaz-zinnwaldite alkali feldspar granite (EIBc); HD23 - medium-grained Eibenstock granite (EIBm); 

HD45a – fine-grained Eibenstock granite (EIBf) and HD52 - muscovite-biotite granite from 

Walfischkopf (WK). 
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It is concluded that the texture formation and, most importantly, the integrated 

nucleation density are not dependent on the magma chemical composition (e.g., fluorine or 

water concentration in the melt) or dependent properties such as viscosity or diffusion rates. 

The textural evolution is most likely controlled by the emplacement and thermal regime, but 

no firm constraints do yet exist on the three-dimensional extent and shape of individual 

intrusive units.  

8.2 Granitic melts, mushes vs. cumulates 

The interpretation of crystal size distribution patterns and crystallization kinetics is 

preceded by consideration whether the WKHE granites crystallized in situ from (nearly) 

crystal-free liquids, were emplaced as crystal-bearing suspensions (mushes) or may represent 

cumulates, products of crystal settling and accumulation or compacted solid framework after 

extraction of interstitial residual melt. Fig. 8.2 illustrates whole-rock variations of several 

reprentative compatible and incompatible elements. All diagrams illustrate that the 

differentiation trends in the Kirchberg and the Eibenstock granite suite are different, which is 

related to the different degree of geochemical evolution. In addition, these two suites are 

unlikely to be derived one from another along a single fractionation trend. The Kirchberg 

suite shows positive correlation of the SiO2 vs. Rb concentrations, reaching 77.2 wt. % SiO2. 

This indicates that the saturation of quartz has not been reached in any of the samples, hence 

quartz has appeared on the liquidus only, when the system was chemically closed and it could 

not have been present as suspended grains prior to the emplacement. Furthermore, the very 

high SiO2 concentrations in the fine-grained and aplitic members of the Kirchberg suites 

indicate that the differentiation occured under very low pressures (Gualda and Ghiorso 2013). 

By contrast, the Eibenstock suite exhibits a trend of the constant (slightly decreasing) SiO2 

concentration as the Rb contents increase (Fig. 8.2a). This trend is characteristic for cotectic 

precipitation of predominantly plagioclase, K-feldspar and quartz, whereby this assemblage 

buffers the SiO2 concentration in the melt. Additional indicators of geochemical 

differentiation, such as decreasing #mg value or TiO2 concentration, demonstrate that a 

compositional overlap exists between the most evolved fine-grained and aplitic varieties of 

the Kirchberg suite and the porphyritic and coarse-grained types of the Eibenstock suite (Figs. 

8.2b-d). The overlap depends on the geochemical parameter and the observed variations 

reinforce the above argument that these two suites do not form a single trend from a common 

evolving magma.  
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Fig. 8.2: Comparison of the whole-rock geochemistry of the Western KHE granites represented by (a) 

SiO2 (wt. %) vs. Rb (ppm), (b) SiO2 (wt. %) vs. #mg, (c) #mg vs. TiO2 (wt. %) and (d) #mg vs. Rb(ppm) 

contents. KIB – Kirchberg; EIB – Eibenstock; p – porphyritic; c – coarse-grained; m – medium-

grained; f – fine-grained; a – aplite (terminology after Förster eet al. 1999a). 

Understanding the liquidus relations and/or possible subsolidus modifications of major 

rock-forming silicates – quartz, plagioclase and K-feldspar – is crucial for interpretation of the 

observed textural patterns. In the Na2O vs. K2O bivariate diagram (Fig. 8.3a), the Kirchberg 

suite of biotite granites forms a very narrow cluster, whereas the Eibenstock suite of topaz-

zinnwaldite alkali-feldspar granites show minor linear trend from the K-dominated 

porphyritic and coarse-grained varieties towards the Na-dominated fine-grained types. Aplitic 

rocks in both suites show irregular scatter, which exceeds those recorded by granitic massifs. 

None of the samples indicates departures from the characteristic Na2O-K2O concentrations, 
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which can be attributed to subsolidus processes such as albitization or hydrolytic alteration 

(greisenization). 

A similar, although less clear narrow distribution of all samples in the both suites is 

illustrated by equinormative recalculation of the whole-rock chemical analysis by the 

EVOLGRAN algorithm for fluorine-bearing granites and greisens (Dolejš and Štemprok 

2001; Fig. 8.4a). By contrast, the volume proportions of quartz, plagioclase and K-feldspar 

obtained during textural analysis in the present study is less compact (Fig. 8.4). The quartz-

plagioclase-K-feldspar ternary projections are, however, in general agreement and indicate 

that all granite samples have minimum or eutectic composition. The magma composition was 

controlled by crystal-liquid equilibria, i.e., it represents liquid composition or modal 

cumulates (or a mixture of both), and the location and clustering confirm that the samples do 

not contain accidentally trapped solids, form a non-modal cumulate trend or were affected by 

subsolidus hydrothermal alteration. Given the extreme enrichment in incompatible elements, 

it is likely that the samples are close to melt composition as opposed to modal cumulates. The 

presence of modal cumulus assemblages is detectable by constant major element composition 

(SiO2, Al2O3, Na2O and K2O) but strongly variable concentrations of incompatible or 

compatible trace elements, which has not been observed.  

 

Fig. 8.3: Na2O - K2O variation diagram for the WKHE granites using the whole-rock chemical data of 

Förster et al. (1999). KIB – Kirchberg; EIB – Eibenstock; p – porphyritic; c – coarse-grained; m – 

medium-grained; f – fine-grained; a – aplite (terminology after Förster eet al. 1999a). 



- 70 - 

 

 

Fig. 8.4: Quartz - albite (plagioclase) - K-feldspar ternary diagrams: (a) in wt. % using the 

EVOLGRAN code (Dolejš and Štemprok 2001), applied to the data by Förster et al. (1999); (b) in vol. 

% from the present study. Qz – quartz; Plg – plagioclase; Kf - orthoclase 

8.3 Simultaneous vs. sequential crystallization  

An independent means of detecting the presence of pre-existing crystals in the crystal 

suspensions is provided by modal variations as a function of grain size (Fig. 8.5). Similarly, 

this approach should detect the presence of previous minerals or cotectic assemblages 

provided that crystallization kinetics has not changed substantially. Overall, dark mica (biotite 

and zinnwaldite) tend to predominantly form the coarse-grained fraction and its amount 

decreases in the fine-grained population. The proportions of plagioclase seem to exhibit the 

least scatter, but an increase or a decrease in K-feldspar proportion, as the grain size changes, 

is often counterbalanced by quartz (Fig. 8.5). The absence of any systematic trend indicates 

that the variations are probably controlled by fluctuations in composition and the driving force 

of crystallization around the granitic minimum (or eutectic) (cf. Figs. 8.3 and 8.4). 

Furthermore, it must be realized that individual grain-size fractions are represented by widely 

variable proportions of the entire crystal budget. Since, the crystal size distribution histograms 

are often sharply peaked, the fraction of all crystals represented by very fine and very coarse 

size populations is very small, hence the variations near the left- and right-hand side in Fig. 

8.5 are exceedingly exaggerated by normalization to 100 vol. %. However, there is no 

evidence in any of the samples that certain mineral phase would only form during the early or 

late stages of crystallization, and all minerals are present in all size populations. 
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Fig. 8.5: Volume fraction of mineral phases as a function of grain size for (a) coarse-grained biotite 

granite, (b) medium-grained biotite granite, (c) fine-grained biotite granite, (d) muscovite-biotite 

microgranite from Wafischkopf, (e) coarse-grained Li-mica granite, (f) medium-grained Li-mica 

granite and (g) fine-grained Li-mica granite. 
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8.4 Relationship between population and volume density 

The crystal size distribution diagram has become an universal tool for portrayal and 

interpretation of textural measurements. Although it offers a quick insight into population 

trend and absolute values of population density, it cannot be easily linked to macroscopic 

grain size and textural homogeneity of the sample. For population (number) or volume 

density, the scaling of the grain size is immaterial, because the densities are normalized to 

both the unit sample volume and unit sample length. For comparison with overall appearance 

of the sample and its quantitative description, the population or number density is 

disadvantageous because the number of small grains is very large as evidenced by their 

exponential increase with diminishing grain size (Appendix A4). The population density can 

be converted to volume density using standard analytical integration and normalized by a 

correction factor to reproduce the total volume percentage obtained from image analysis. 

Exploratory evaluation of volume fraction binning into linear vs. exponential classes reveals 

that the exponential approach provides better portrayal of the overall textural appearance. Fig. 

8.6 illustrates the measured crystal size distribution trends for three representative granite 

samples and the corresponding volume fraction histograms. The magnitude of the log-linear 

CSD curvature is potentially an important factor, which includes information on equigranular, 

seriate (polymodal) or porphyritic (bimodal) crystal distribution in the sample. With the 

increasing concave-up curvature, the sample contains excess fine grains. The corresponding 

volume-fraction histogram has decreasing kurtosis and becomes skewed due to increasing 

proportion of fine grains. The porphyritic (bimodal) samples have strongly curved CSDs, but 

the bimodality is not analytically apparent. This behavior is due to the cubic scaling of length 

during the computation of volume density and the exponential nature of the population 

density.  
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Fig. 8.6: Comparison of the CSD diagrams with volume fraction histograms: (a) CSD diagram and 

(b) corrected volume fraction for K-feldspar in HD57b – EIBc, (c, d) for plagioclase in HD2a – KIBc, 

and (e, f) for quartz in HD52 – WK.  

8.5 Crystal-melt interactions 

The CSD diagrams are used to dinstinguish between closed- or open-system 

crystallization and to estimate the timescales of crystal growth during these processes. Simple 

crystallization history under single cooling regime generates log-linear CSD, however, this is 

rarely the case and various kinetic processes may modify the trend. The most important 

processes including the textural coarsening (often the Ostwald ripening), mixing of magmas 

and their crystal populations, accumulation of crystals and significant changes of cooling 
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conditions (Marsh 1988). The Ostwald ripening (or coarsening) is process of textural 

equilibration by reduction of the free surface energy of crystals in igneous system, eventually 

resulting in a decrease of the smallest crystals in favour of the large crystals (Marsh 1988; 

Higgins 1998, 2006, 2011). However, the absence or depletion in the very fine crystal fraction 

has now been demonstrated both experimentally (Schiavo et al. 2009) and computationally 

(Špillar and Dolejš 2014) to be an implicit feature of the single-stage closed-system 

crystallization without melt-assisted or subsolidus annealing. Mixing of crystal suspensions 

generates kinked CSD trends, which are composed of two linear segments representing the 

two original crystal populations. Crystal accumulation (or aggregation) or extraction of 

residual melt generates successively curved CSD due to an excess of large crystals in the 

system. Conversely, an excess of the smallest population can be a result of intense 

undercooling. Some of these processes can be uniquely distinguished if the reference CSD 

slope was known or can be identified.  

Fig. 8.7 shows how calculation of mineral volume fractions in individual segments of 

the CSD diagram may facilitate interpretation of the process.K-feldspar in the sample HD57b 

(EIBc) has a monotonous curved CSD trend, which may be interpreted as due to excess 

coarse or fine fraction, with a minor enrichment of crystals near 1 mm size (cf. Figs. 8.6a,b). 

The main crystal fraction corresponds to coarse-grained classes, which account for 63 % of 

the total K-feldspar by volume; including the intermediate crystal fraction would increase this 

estimate to 84 % crystals (Fig. 8.7a). In this case, an enrichment in larger crystals would 

concern a large majority of all crystals and would have to appear relatively late during the 

crystallization history. Conversely, the enrichment in the small crystals would only refer to 

the last 16 % crystals, which is difficult to induce mechanically but it can be related to some 

thermal or devolatilization event. Among these hypotheses, taking into account the coarse-

grained and seriate nature of the sample, it appears probable that the CSD records enrichment 

in large and intermediate K-feldspar crystals by settling (cf. Higgins 2002).  

Plagioclase in the sample HD2a (KIBc) exhibits typical kinked log-linear CSD trend 

(Fig. 8.7b). This trend is compatible with addition (mixing) of two crystal populations (cf. 

Higgins 1996). There is no unique solution to the estimation of magma proportions if their 

cystalinities are not known independently. The asymmetric location of the CSD kink in Fig. 

8.7b suggests strongly different proportions of crystals in the suspensions. The coarser 

population contributes 93 % of the entire crystal budget. In other for mixing to be 

mechanically feasible, the interaction between a coarseand dense slurry and a very dilute fine-

grained suspension is envisioned.  
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Quartz in the sample HD52 (WK) illustrates interpretation options of hiatal porphyritic 

textures (―two-phase‖ granites). The CSD trend is monotonous and strongly curved; the 

volume-density histogram using logarithmic binning is bimodal (Fig. 8.6f), in agreement with 

general appearance of the sample. Importantly, the CSD slope is rather steep, hence, the 

coarse mineral fractions represent a rather small proportion of the sample. In detail, the 

phenocrysts in this sample, account for 8 % of the quartz budget, that is, 19 vol. % of all 

crystals. The right-hand side shoulder of the fine-grained (matrix) population (Fig. 8.6f) 

corresponds to 14 % of quartz, that is, additional 32 % of the crystal budget. This reveals 

transitional bimodal-polymodal of these muscovite-biotite microgranites. The phenocrysts 

represent nearly 20 % of the sample, however, coarse (or transitional) fraction of the matrix 

corresponds to 32 % of the rock. The formation of this texture can be explained by phenocryst 

accumulation (settling) or multistage crystallization, however constrained by a continuous 

change in the nucleation and growth rates. The CSD exhibits no sharp change in the slope, 

which would indicate mixing of two magma suspensions (cf. Higgins 1996).  
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Fig. 8.7: Representative CSD diagrams with illustration of volume fractions in specific segments:(a) 

K-feldspar in HD57b (EIBc); (b) plagioclase in HD2a (KIBc);(c) quartz in HD52 (WK). 
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8.6 Interpretation 

In this section, I present detailed interpretation of crystallization of each sample, ordered 

from the least evolved (KIBc) towards the most evolved types (EIBf). The CSDs of minerals 

in the coarse-grained biotite granite HD2a (KIBc) exhibit three distinct trends (Appendix A4): 

(i) simple straight log-linear trend for quartz and biotite, (ii) continuous curvature of K-

feldspar indicative of crystal accumulation, and (iii) kinked distribution compatible with 

mixing of plagioclase suspensions. Overall, the CSD curves of quartz, plagioclase and K-

feldspar are not dissimilar and indicate that possible accumulation of both feldspars into the 

magma or an analogous process associated with percolation of dilute fine-grained mush.  

The CSD trends of minerals in the medium-grained biotite granite HD10 (KIBm) show 

less pronounced curvature in the case of plagioclase and K-feldspar, and a larger analytical 

scatter for biotite. Overall, their trends are more straight than in the coarse-grained biotite 

granite discussed above, and indicate a single stage crystallization with minor enrichment of 

large plagioclase and K-feldspar grains.  

The fine-grained biotite granite HD3b (KIBf) has steep and straight log-linear CSD 

trends for all minerals. This indicates single crystallization history under simple cooling 

regime with a very high nucleation rate. All three KIB samples exhibit variable and irregular 

depletion in the small grain fractions. This feature was previously interpreted as due to the 

Ostwald ripening, however, more recent experimental and computational studies (Schiavo et 

al. 2009; Špillar and Dolejš 2014) indicate that this is an inherent feature of single-step 

crystallization. 

The porphyritic microgranite HD52 (WK) represents the „two-phase― muscovite-biotite 

granite (Seltmann and Štemprok 1994; Štemprok et al. 2008). The CSD trends are rather 

variable: (i) quartz and plagioclase show strongly curved CSDs, which are transitional 

between polymodal (seriate) and bimodal (porphyritics. s. s.); (ii) K-feldspar distribution is 

kinked but within the measurement uncertainty and, in particular, with respect to fine 

fractions, it has a trend common to quartz and plagioclase; (iii) biotite distribution is straight, 

whereas that of muscovite is kinked. All these observations would be compatible with 

protracted settling or residence of a dilute coarse suspension of quartz, plagioclase and K-

feldspar, which has rapidly but continuously evolved into crystallization of the rock matrix. 

The „two-phase― granites may represent magmas with progressive, perhaps polymodal 

enrichment in phenocrysts interrupted by onset of rapidly progressing solidification. 
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The CSD trends of individual minerals in the coarse-grained topaz-zinnwaldite alkali-

feldspar granite HD57b (EIBc) are moderately curved for quartz, plagioclase, K-feldspar and, 

to some extent, biotite (zinnwaldite), whereas the distributions of muscovite and topaz are 

straight. There is a positive correlation between the modal abundance, grain size and CSD 

curvature and these features consistently point to a modal (i.e., eutectic) accumulation of large 

crystals of quartz, plagioclase and K-feldspar in the magma.  

The CSD pattern of the medium-grained topaz-zinnwaldite granite HD23 (EIBm) is 

qualitatively similar to the previous sample, but magnitude of the CSD curvature of felsic 

minerals is, as expected, smaller. This trend of the progressively diminishing CSD curvature 

with the decreasing overall grain size mimics evolution in the less compositionally evolved 

Kirchberg suite, and it indicates the decreasing role of accumulation of crystals from 

suspension.  

The CSDs of individual minerals in the fine-grained topaz-zinnwaldite alkali-feldspar 

granite HD45a (EIBf) are rather simple and often striaght, with the exception of quartz, which 

shows minor curvature or kinking consistent with admixture of somewhat coarser crystal 

population. This rock is interpreted to have crystallized under single-stage cooling regime in a 

closed-system under a high nucleation rate.  

Several general implications can be drawn from the CSD patterns in the WKHE granite 

suites.The CSD curvatureis characteristic for the coarse-grained granites and it progressively 

disappears to the fine-grained varieties, which are best interpreted as products of a single-

stage crystallization history. Due to the close similarity in quartz, plagioclase and K-feldspar 

contents of all granite samples, the closure constraint requires that the fine-grained samples 

must have much higher intergrated nucleation densities. Since it is implausible that the much 

greater numbers of nuclei (grains) in the fine-grained members of the suite were due to longer 

crystallization time, the driving force for crystallization must have been much greater and, by 

inference using approximately growth rates, the crystallization times by several orders of 

magnitude shorter. The maximum and minimum CSD slopes for the entire crystal population 

in each sample are illustrated in Fig. 8.8. It documents that the shallow portions of the CSD 

slopes are approximately similar in the KIBc and EIBc as well as in the phenocryst fraction of 

the WK. By contrast, the steep portions of the CSD slopes reasonably correlate such that the 

fine fraction in the coarse-grained granites would have crystallized under similar nucleation 

conditions as the bulk of the medium- and fine-grained granite types. This observation may 

imply that the coarse-grained granites represent crystal framework, where the last fraction (7-

16 %) of residual melt crystallized under similar conditions as the subsequent magma batches. 
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Consequently, this supports interpretation that (i) the coarse-grained seriate granites may be 

―cumulates‖ after residual melt extraction, and (ii) this mechanism promotes the large 

chemical differences (degree of ―differentiation‖) between individual granite members, where 

the calculated amounts of minerals crystallized or fraction of residual melt are only apparent 

and artifically too high estimates.  

 

Fig. 8.8: The maximum and minimum slopes of the CSD trends of the Western KHE granites. 
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9 Summary 

This thesis represents the first application of image analysis and stereological methods 

to quantitatively describe the texture of igneous rocks, that is, size, shape and spatial 

distribution of grains. The quantitative description of igneous textures is an initial step for 

identification of processes and their timescales, which operated during crystal nucleation and 

growth, surface energy-driven modifications, and mechanical interactions of crystals and 

melts in magmatic reservoirs. 

The quantitative textural analysis was applied to the Western Krušné hory/Erzgebirge  

pluton in Saxony (Germany), which consists of eight intrusive phases forming three magmatic 

suites, each with its distinct chemical and textural evolution. These suites are historically 

identified as the older intrusive complex, the transitional to intermediate granites, and the 

younger intrusive complex. The older intrusive complex is represented by transitional I/S-type 

low-F biotite monzogranites, here represented by the Kirchberg pluton. The 

transitional/intermediate granites are represented by two-phase low-F muscovite-biotite 

microgranites from Walfischkopf-Krinitzberg, and the younger intrusive complex is formed 

by S-type high-F high-P2O5 topaz-zinnwaldite alkali-feldspar granites of the Eibenstock-

Nejdek pluton. Extensive textural variations within each granite suite exist and individual 

intrusive units comprise seriate coarse-grained, medium-grained and equigranular fine-

grained varieties, ending with emplacement of highly evolved aplitic or locally pegmatitic 

residual melts.  

The Western Krušné hory/Erzgebirge granites contain 29-43 vol. % quartz, 20-30 vol. 

% plagioclase, 22-31 vol. % K-feldspar, 2-9 vol. % biotite, <2 vol. % muscovite, and 

accessory topaz and apatite. Modal variations are rather minor; in the Kirchberg biotite 

granite suite, the plagioclase and biotite abundances decrease and contents of K-feldspar and 

quartz increase as the overall grain size decreases. The Walfischkopf muscovite-biotite 

microgranite is a macroscopically hiatal porphyritic rock and represents an example of the 

two-phase granites (Seltmann and Štemprok 1994; Štemprok et al. 2008). The Eibenstock 

suite of topaz-zinnwaldite alkali-feldspar granites is characterized by a minor gradual increase 

in the plagioclase volume fraction from the coarse- to fine-grained samples and rather 

irregular variations in quartz, K-feldspar and zinnwaldite. All granites have similar and nearly 

constant Na2O and K2O concentrations, and the modal proportions of quartz, plagioclase and 

K-feldspar are close to the minimum or eutectic composition of haplogranitic melts. These 

observations indicate that the granite samples represent crystal-free liquids or modal 
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cumulates (or their mixtures), but do not have selectively entrained restite or cumulate 

minerals. Furthermore, they do not show any Na or K loss or addition, which would indicate 

the influence of hydrothermal modification or alteration.  

Chemical composition of dark and white mica provide a useful indicator of the degree 

of magma differentiation. The dark (trioctahedral) mica evolves from lithian annite towards 

zinnwaldite, with decreasing Ti and Na concentrations, decreasing Mg/(Mg+Fe) ratio and 

increasing Li and F abundances. The white (dioctahedral) mica is a solid solution between 

phengitic muscovite and zinnwaldite, with the same minor element pattern as for the dark 

mica, which indicates its magmatic origin. The covariations between the Mg/(Mg+Fe) ratio 

and Li, F, Al and Ti concentrations reveal that each intrusive and textural unit represents a 

separate magma batch. The composition of plagioclase varies from 37, 25 and 11 mol. % 

anorthite to nearly pure albite in each suite, respectively. The K-feldspar composition is 

irregularly variable with more than 60 mol. % orthoclase, but frequently uni- or bimodally 

distributed between 92 and 100 mol. % orthoclase. The composition of both feldspars 

indicates unmixing under low-temperature subsolidus conditions, hence they cannot be used 

to estimate the crystallization temperatures.  

The quantitative textural analysis was carried out for all mineral phases in seven granite 

samples using the crystal size distribution method, stereological shape analysis, spatial 

distribution analysis and grain contact frequencies. Both the Kirchberg biotite granite suite 

and the Eibenstock topaz-zinnwaldite alkali-feldspar granite suite evolve from seriate coarse-

grained variety through medium-grained to equigranular fine-grained variety, independent of 

the distinct degree of chemical differentiation. The modal proportions of felsic minerals as a 

function of grain size are irregularly variable, but do not provide evidence for sequential 

crystallization or presence of entrained phases. Since all minerals are present in all grain size 

fractions, their simultaneous, cotectic or eutectic crystallization is probable and in agreement 

with the bulk modal and chemical composition.  

The crystal size distribution trends in conventional log-linear projection systematically 

and gradually vary from curved (concave-up) for all felsic minerals in the coarse-grained 

textures to straight in the fine-grained samples. The spatial distribution analysis documents 

slight clustering of all felsic minerals, which can be explained by mechanical aggregation or 

extraction of interstitial melt. The frequencies of like and unlike contact neighbors are 

likewise non-random, and quartz, plagioclase and K-feldspar show elevated transition ratios 

indicating contact aggregation or heterogeneous nucleation of new grains on preexisting 

identical substrate. Most crystal size distribution patterns exhibit depletion in the very small 
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crystal fractions, which was previously interpreted as due to Ostwald ripening. Since new 

experimental studies and numerical simulations that this is an inherent feature of kinetic 

crystallization in a closed-system, there is no need to advocate subsolidus processes for the 

formation of the observed textures. Likewise, none of the crystal size distributions show 

depletion in the most of fine-grained fractions, which would point to widespread melt-assisted 

coarsening driven by reduction in the surface energy.  

The textural analysis supports general enrichment in large (and intermediate) crystals in 

the seriate coarse-grained granites and single-step crystallization of initially crystal-free melts 

for the equigranular fine-grained granites, in the both suites independently of their 

compositional differences. The crystal-size distribution slopes for the coarse, presumably 

accumulated crystal fractions are very shallow, whereas those for the fine crystal fractions are 

steep and overlap with the bulk slopes of the medium- and fine-grained granites. 

Consequently, crystallization of the residual melt in the coarse-grained granites occurred 

under similar kinetic conditions as the bulk crystallization of the medium- and fine-grained 

types. I propose that the less evolved coarse-grained granites represent mechanical cumulates 

or residual crystal framework, from which more evolved melts were extracted, and this 

complementary relationship may explain the apparently extreme range of chemical 

differentiation. 



- 83 - 

 

10 Acknowledgments 

First of all, I would like to thank my supervisor, David Dolejš, who proposed me such 

an interesting  and original topic. I would like to thank him for the guidance  and infinite 

patience during the last two years. Also I have to thank Vašek Špillar, who helped to wade 

through the equations. This study was financially supported by the Czech Science Foundation 

under the Project Nr. 210/12/0986.  

 

  



- 84 - 

 

11. References 

 

Abdelfadil K. M., Romer R. L., Seifert T., Lobst R. (2013): Calc-alkaline lamprophyres from 

Lusatia (Germany) – evidence for a repeatedly enriched mantle source. Chemical 

Geology 353, 230-245. 

ASTM Standards E112 (1999). American Society for Testing and Materials, Philadelphia, 

USA. 

Avrami M. (1939): Kinetics of phase change. I. General theory. Journal of Chemical Physics 

7, 1103–1112. 

Avrami M (1941): Kinetics of phase change. III. Granulation, phase change, and 

microstructure. Journal of Chemical Physics 9, 177–184. 

Bankwitz P., Bankwitz E. (1994): Crustal structure of Erzgebirge. In Seltmann R., Kampf H., 

Möller P. (eds): Metallogeny of Collisional Orogens.Czech Geological Survey, Prague, 

20-34. 

Breiter K. (1993): The Nejdek pluton – discussion of granite evolution and Sn-W 

mineralization. Zeitschrift für geologische wissenschaften 21, 27-36. 

Breiter K., (1994): Variscan rare metal-bearing granitoids of the Bohemian Massif. In: 

Seltmann R., Kampf H., Möller P. (Eds.): Metallogeny of Collisional Orogens. Czech 

Geological Survey Praha, 91–95. 

Breiter K., Frýda J., Seltmann R., Thomas R. (1997): Mineralogical evidence for two 

magmatic stages in the evolution of an extremely fractionated P-rich rare-metal granite: 

the Podlesí Stock, Krušné Hory, Czech Republic.Journal of Petrology 38, 1723-1739. 

Breiter K., Förster H.-J, Seltmann R. (1999): Variscan silicic magmatism and related tin-

tungsten mineralization in the Erzgebirge-Slavkovský les metallogenic province. 

Mineralium Deposita 34, 505-521. 

Breiter K. (2012): Nearly contemporaneous evolution of the A- and S-type fractionated 

granites in the Krušné hory/Erzgebirge Mts., Central Europe. Lithos 151, 105-121. 

Blecha V., Štemprok M., Fischer T. (2009): Geological interpretation of gravity profiles 

through the Karlovy Vary granite massif (Czech Republic). Studia Geophysica et 

Geodaetica 53, 295-314. Journal of Geosciences 57, 65-85. 



- 85 - 

 

Blecha V., Štemprok M. (2012): Petrophysical and geochemical characteristics of late 

Variscangranites in the Karlovy Vary Massif (Czech Republic) – implications for 

gravity and magnetic interpretation at shallow depths. 

Bryon D. N., Atherton M. P., Hunter R.H. (1995): The interpretation of granitic textures from 

serial thin sectioning, image-analysis and 3-dimensional reconstruction. Mineralogical 

Magazine 59, 203–211. 

Budzinski H., Tischendorf G. (1989): Distribution of REE among minerals in the Hercynian 

postkinematic granites of Westerzgebirge – Vogtland, GDR. Zeitschrift für geologische 

Wissenschaften 11, 1019-1031. 

Cashman K. V. (1991): Ground crystallization of Mount St. Helens dacite, 1980-1986: a tool 

for interpreting magmatic processes. Contributions to Mineralogy and Petrology 109, 

431-449. 

Cashman K. V. (1993): Relationship between plagioclase crystallization and cooling rate in 

basaltic melts. Contributions to Mineralogyand Petrology 113, 126-142. 

Cashman K. V., Marsh B. D. (1988): Crystal size distribution (CSD) in rocks and the kinetics 

and dynamics of crystallization. 2. Makaopuhi lava lake. Contributions to Mineralogy 

and Petrology 99, 292-305. 

Chappell B. W., White A. J. R. (1974): Two contrasting granite types. Pacific Geology 8,173-

174. 

Clark P.J., Evans F.C. (1954): Distance to nearest neighbour as a measure of spatial 

relationships in populations. Ecology 35, 445–453. 

Cross W., Iddings J. P., Pirsson L. V. and Washington H. S. (1906): The texture of igneous 

rocks. Journal of Geology 14, 692–707. 

DeHoff R. T. (1991): A geometrically general theory of diffusion controlled coarsening. Acta 

Metallurgica et Materialia39, 2349–2360. 

Delesse M. A. (1847): Procedeé mécanique pour déterminer la composition des roches. 

Comptes Rendus de l‘Académie des Sciences 25, 544–545. 

Dudek A., Fediuk F., Palivcová M. (1962): Petrografické tabulky. Praha: Nakladatelství 

Československé akademie věd, 1962. 304 s, 1 příloha. 



- 86 - 

 

Dolejš D., Štemprok M. (2001): Magmatic and hydrothermal evolution of Li-F granites: 

Cínovec and Krásno intrusions, Krušné hory batholith, Czech Republic, Bulletin of 

Geosciences  76, pages 77 – 99. 

Farina F. Stevens G., Villaros A. (2010): Multi-batch, incremental assembly of a dynamic 

magma chamber: the case of the Peninsula pluton granite (Cape Granite Suite, South 

Africa). Mineralogy and Petrology 106, 193-216. 

Flinn D. (1969): Grain contacts in crystalline rocks. Lithos, 2, 361–370. 

Förster H.-J., Tischendorf G. (1993): The Western Erzgebirge-Vogtland granites: Implications 

to the Hercynian magmatism in the Erzgebirge-Fichtelgebirge anticlinorium. In 

Seltmann R., Kampf H., Möller P. (eds): Metallogeny of Collisional Orogens.Czech 

Geological Survey, Prague, 35-48. 

Förster H.-J., Seltmann R., Tischendorf G. (1995): High-fluorine, low-phosphorus A-type 

(post-collision) silicic magmatism in the Erzgebirge. Terra Nostra 7, 32-35. 

Förster H.-J., Tischendorf G. (1996): Compositional heterogeneity of silicic magmatic rocks 

from the German Variscides. Zeitschrift für geologische Wissenschaften 24, 467-482. 

Förster H.-J., Davis J. C., Tischendorf G., Seltmann R. (1999b):  Multivariate analyses of 

Erzgebirge granite and rhyolite composition: implications for classification of granites 

and their genetic relations. Computers andGeosciences 25, 533-546. 

Förster H.-J., Tischendorf G., Trumbull R. B., Gottesmann B. (1999a): Late-collisional 

granites in the Variscan Erzgebirge, Germany. Journal of Petrology 40, 1613-1645. 

Förster H.-J., Gottesmann B.,Tischendorf G., Siebel W., Rhede D., Seltmann R., Wasternack 

J. (2007): Permo-Carboniferous subvolcanic rhyolitic dikes in the western 

Erzgebirge/Vogtland, Germany: a record of source heterogeneity of post-collisional 

felsic magmatism. Neues Jahrbuch für Mineralogie Abhandlungen, 183, 123-147. 

Förster H.-J. (2010): Late-Variscan granites of the Aue-Schwarzenberg Zone (western 

Erzgebirge, Germany): Composition of accesory minerals and mineralogical mass 

balance of the lanthanides and actinides. Zeitschrift für geologische Wissenschaften 38, 

125-144.  

Förster H.-J. (2012): Late-Variscan felsic magmatism in the western Erzgebirge-Vogtland. In 

Romer R. L., Förster H.-J., Kröner U., Müller A., Rösler R., Rötzler J., Seltmann R., 

Wenzel T. (eds.): Granites of the Erzgebirge - relation of magmatism to themetamorphic 



- 87 - 

 

and tectonic evolution of the Variscan Orogen. Scientific Technical Report 12/15,GFZ 

German Research Centre for Geosciences, Potsdam. 

Gerstenberger H., Haase G., Tischendorf G., Wetzel K. (1984): Zur Genese der variszisch-

postkinematischen Granite des Erzgebirges. Chemie der Erde 43, 236-277. 

Gerstenberger H. (1989): Autometasomatic Rb enrichments in higly evolved granites causing 

lowered Rb-Sr isochron intercepts. Earth and Planetary Science Letters 93, 65-75. 

Gillespie M. R., Styles M. T. (1999): BGS Rock Classification Scheme, Volume 1: 

Classification of Igneous Rocks. British Geological Survey Research Report (2
nd

 

edition). RR 99-06. 

Gualda G. A. R., Ghiorso M. S. (2013): Low pressure origin of high-silica rhyolites. Journal 

of  Geology 121: 537-545.  

Hejtman B. (1977): Petrografie (2.vydání). -SNTL/ALFA. Praha.  

Hersum T.G.,Marsh B. D. (2007): Igneous Texture: On the Kinetics behind the Words. 

Elements 3, 247-252. 

Heřmanská M. (2013): Minerální asociace, alterační reakce a transportní model pro vznik 

greisenů blatenského granitového masivu v Krušných horách.Diplomová práce, 

Univerzita Karlova v Praze, Praha, 97 stran. 

Higgins M. D. (1994): Determination of crystal morphology and size from bulk 

measurements on thin sections: numerical modelling. American Mineralogist 79, 113–

119. 

Higgins M. D. (1996): Magma dynamics beneath Kameni volcano, Thera, Greece, as revealed 

by crystal size and shape measurements. Journal of Volcanology and Geothermal 

Research 70, 37-48. 

Higgins M. D. (1998): Origin of anorthosite by textural coarsening: Quantitative 

measurements of a natural sequence of textural development. Journal of Petrology 39, 

1307–1325. 

Higgins M. D. (1999): Origin of megacrysts in granitoids by textural coarsening: a crystal size 

distribution (CSD) study of microcline in the Cathedral Peak granodiorite, Sierra 

Nevada, California. In: Fernandéz C., Castro A. (eds.): Understanding Granites: 



- 88 - 

 

Integrating Modern and Classical Techniques. Geological Society London Special 

Publication 158, 207–219. 

Higgins M. D. (2000): Measurement of crystal size distributions. American Mineralogist 85, 

1105–1116. 

Higgins M. D. (2002): Closure in crystal size distributions (CSD), verification of CSD 

calculations, and the significance of CSD fans. American Mineralogist 87, 171–175. 

Higgins M. D. (2002): A crystal size-distribution study of the Kiglapait layered mafic 

intrusion, Labrador, Canada: Evidence for textural coarsening. Contributions to 

Mineralogy and Petrology 144, 314–330. 

Higgins M. D., Roberge J. (2003): Crystal size distribution of plagioclase and amphibole from 

Soufrière Hills volcano, Montserrat: Evidence for dynamic crystallization-textural 

coarsening cycles. Journal of Petrology 44, 1401-1411. 

Higgins M. D. (2006): Quantitative textural measurements in igneous and metamorphic 

petrology. Cambridge University Press,Cambridge, 265 pages. 

Higgins M. D. (2011): Textural coarsening in igneous rocks. International Geology Review, 

53, 354-376. 

Hilliard J. E. (1962): The counting and sizing of particles in transmission microscopy. 

Transactions of the Metallurgical Society of AIME 224, 906-917. 

Hofmann Y., Jahr T., Jentzsch G. (2003): Three-dimensional gravimetric modelling to detect 

the deep structure of the region Vogtland/NW-Bohemia. Journal of Geodynamics 35, 

209–220. 

Holub F. V. (2002): Obecná a magmatická petrologie. 1. vydání. Praha: Karolinum, 214 

pages. 

Hoth  J., Tischendorf G., Berger  H.-J. (1995): Geologische Karte Erzgebirge/Vogtland 1:100 

000 Westblatt, Ostblatt. Landesamt für Umwelt und GeologieFreiberg. 

Howard V., Reed M. G. (1998): Unbiased stereology: three-dimensional measurement in 

microscopy. Oxford University Press, Oxford, . 

Jerram D. A., Elliott M. T., Hunter R. H., Cheadle M. J. (1996): The spatial distribution of 

grains and crystals in rocks. Contributions to Mineralogy and Petrology 125, 60–74. 



- 89 - 

 

Jerram D. A., Cheadle M. J., Philpotts A. R. (2003): Quantifying the building blocks of 

igneous rocks: Are clustered crystal frameworks the foundation? Journal of Petrology 

44, 2033-2051. 

Kempe U. (2003): Precise electron microprobe age determination in altered uraninite: 

consequences on the intrusion age and the metallogenic significance of the Kirchberg 

granite (Erzgebirge, Germany). Contributions to Mineralogy and Petrology 145, 107–

118. 

Kempe U., Bombach K., Matukov D., Schlothauer T., Hutschenreuter J., Wolf D., Sergeev S. 

(2004): Pb/Pb and U/Pb zircon dating of subvolcanic rhyolite as a time marker for 

Hercynian granite magmatism and Sn mineralisation in the Eibenstock granite, 

Erzgebirge, Germany: Considering effects of zircon alteration. Mineralium Deposita 39, 

646-669. 

Ketcham R. A.,Carlson, W. D. (2001): Acquisition, optimization and interpretation of X-ray 

computed tomographic imagery; applications to the geosciences. Computers and 

Geosciences 27, 381–400. 

Klemm I. (1995): Druck-Temperatur-Entwicklung von Metamorphiten im östlichen 

Erzgebirge (Sachsen). Unpublisheddiploma thesis, Universityof Bochum, 120 pgs. 

Košler J., Bowes D. R., Konopásek J., Míková J. (2004): Laser ablation ICPMS dating of 

zircons in Erzgebirge orthogneisses: evidence for Early Cambrian and Early Ordovician 

granitic plutonism in the western Bohemian Massif. European Journal of Mineralogy 

15, 15-22. 

Kretz  R. (1969): On the spatial distribution of crystals in rocks. Lithos, 2, 39–66. 

Kröner A., Willner A. P., Hegner E., Frischbutter A., Hofmann J., Bergner R. (1995): Latest 

precambrian (Cadomian) zircon ages, Nd isotopic systematics and P-T evolution of 

granitoid orthogneisses of the Erzgebirge, Saxony and Czech Republic. Geologische 

Rundschau 84, 437-456. 

Kröner A., Willner A. P. (1998): Time of formation and peak of Variscan HP-HT 

metamorphism of quartz-feldspar rocks in the central Erzgebirge, Saxony, Germany. 

Contribution to Mineralogy and Petrology 132, 1-20. 



- 90 - 

 

Kröner U., Hahn T., Romer R. L., Linnemann U. (2007): The Variscan orogeny in the Saxo-

Thuringian zone— Heterogenous overprint of Cadomian/Paleozoic Peri-Gondwana 

crust. Geological Society of America Special Paper 423, 153-172. 

Lafeber, D. (1963): On the spatial distribution of fabric elements in rock and soil fabric. 

Proceedings of the 4th Australia-New Zealand Conference on Soil Mechanics and 

Foundation Engineering, University of Adelaide, Adelaide, 11, 185–199. 

Lange H., Tischendorf G., Pälchen W., Klemm I., Ossenkopf E. (1972): Forschritte der 

Metallogenie im Erzgebirge. B. Zur Petrographie und Geochemie der Granite des 

Erzgebirges. Geologie 21, 491–520. 

Lasaga A. C. (1998): Kinetic Theory in the Earth Sciences. Princeton University Press, 

Princeton.PAGES? 

Le Maitre R. W., Streckeisen A., Zanettin B., Le Bas M. J., Bonin B., Bateman P., Bellieni 

G., Dudek A., Efremova S., Keller J., Lamere J., Sabine P. A., Schmid R., Sorensen H., 

Woolley A. R. (2002): Igneous rocks: aclassification and glossary of terms.Cambridge 

University Press, Cambridge, . 

Lifshitz I.M., Slyozov V.V. (1961): The kinetics of precipitation from supersaturated solid 

solutions. Journal of Physics and Chemistry of Solids 19, 35–50. 

Magee C., O‘Driscoll B., Chambers A. D. (2010): Crystallization and textural evolution of a 

closed-system magma chamber: insights from a crystal size distribution study of the 

Lilloise layered intrusion, East Greenland. Geological magazine 147, 363-379. 

Mangan M. T. (1990): Crystal size distribution systematics and the determination of magma 

storage times: The 1959 eruption of Kilauea volcano, Hawaii. Journal of Volcanology 

and Geothermal Research 44, 295-302. 

Marsh B. D. (1988): Crystal size distribution (CSD) in rocks and the kinetics and dynamics of 

crystallization I. Theory. Contributions to Mineralogy and Petrology 99, 277–291. 

Marsh B. D. (1998): On the interpretation of crystal size distributions in magmatic systems. 

Journal of Petrology 39, 553–600. 

Marsh B.D. (2007): Crystallization of silicate magmas deciphered using crystal size 

distribution. Journal of the American Ceramic Society 90, 746-757. 



- 91 - 

 

Mees F., Swennen R., Van Geet M., Jacobs P.(eds., 2003): Applications of X-ray Computed 

Tomography in the Geosciences. Geological Society London Special Publication 215. 

Mingram B. (1998): The Erzgebirge, Germany, a subducted part of northern Gondwana: 

geochemical evidence for repetition of early Palaeozoic metasedimentary sequences in 

metamorphic thrust units. - Geological Magazine 135, 785-801. 

Mock A., Jerram D. A., Breitkreuz C. (2003): Using quantitative textural analysis to 

understand the emplacement of shallow level rhyolitic laccoliths – a case study from the 

Halle Volcanic Complex, Germany. Journal of petrology 44; 833-849. 

Nasdala L., Götze J., Pidgeon T., Kempe U., Seifert T. (1998): Constraining a SHRIMP U-Pb 

age: micro-scale characterization of zircons from Saxonian Rotliegend rhyolites. 

Contributions to Mineralogy and Petrology 132, 300-306. 

Neuendorf K. K. E., Mehl Jr. J. P., Jackson J. A. (2005) Glossary of Geology 5
th

 edition. 

American Geological Institute, Alexandria, 779 pages. 

O‘Driscoll B., Emeleus C. H., Donaldson C. H., Daly J. S. (2010): Cr-spinel seam 

petrogenesis in the Rum Layered Suite, NW Scotland: cumulate assimilation and in situ 

crystallization in a deforming crystal mush. Journal of Petrology 51, 1171-1201. 

Philpotts A. R., Ague J. J. (2009): Principles of Igneous and Metamorphic Petrology (2
nd

 

edition). Cambridge University Press, Cambridge. PAGES 

Pivec E., Holub F. V., Lang M., Novák J. K., Štemprok M. (2002): Rock-forming minerals of 

a lamprophyres and associated mafic dykes from the Krušné Hory/Erzgebirge (Czech 

Republic). Journal of the Czech Geological society 47/1-2, 23-32. 

Randolph A. D., Larson, M. A. (1971): Theory of Particulate Processes.Academic Press, New 

York. 720 pages. 

Raymond L. A. (2002): Petrology, the study of igneous, sedimentary, and metamorphic rock 

(2nd edition). Waveland Press, Inc. 

Rudge J. F., Holness M. B., Smith G. C. (2008): Quantitative textural analysis of elongate 

crystals. Contributions to Mineralogy and Petrology 156, 413-429. 

Romer R. L., Rainer T., Stein H. J., Rhede D. (2007): Dating multiply overprinted Sn-

mineralized granites—examples from the Erzgebirge, Germany. Mineralium Deposita 

42, 337-359. 



- 92 - 

 

Romer R. L., Förster H.-J., Hahne K. (2012): Strontium isotopes – a persistenr tracer for 

recycling of Gondwana crust in the Variscan orogen. Gondwana Research 22, 262-278. 

Romer R. L., Meixner A., Förster H.-J. (2014): Lithium and boron in late-orogenic granites  

Isotopic fingerprints for the source of crustal melts? Geochimica et Cosmochimica Acta 

131, 98-114. 

Royet J.P. (1991): Stereology: A method for analysing images. Progress in Neurobiology 37, 

433–474. 

Rötzler, K.(1995): Die Entwicklung der Metamorphite des Mittel- und Westerzgebirges. 

Technical Report STR 95/14, GeoForschungsZentrum Potsdam, 222 pgs. 

Rötzler, K., Plessen, B. (2010): The Erzgebirge: a pile of ultrahigh- to low-pressure nappes of 

Early Palaeozoic rocks and their Cadomian basement. In: Linnemann, U., Romer, R.L. 

(Eds.), The Pre-Mesozoic Geology of Saxo-Thuringia — From the Cadomian Active 

Margin to the Variscan Orogen. Schweizerbart Science Publishers, Stuttgart, 253–270. 

Rötzler K., Schumacher R., Maresch W. V., Willner A. P. (1998): Characterization and 

geodynamic implications of contrasting metamorphic evolution in juxtaposed high-

pressure units of the Western Erzgebirge (Saxony, Germany). EuropeanJournal 

ofMineralogy10, 261-280. 

Sahagian D. L., Proussevitch A. A. (1998): 3D particle size distributions from 2D 

observations: Stereology for natural applications. Journal of Volcanology and 

Geothermal Research 84, 173–96. 

Saltykov S. A. (1967): The determination of the size distribution of particles in an opaque 

material from a measurement of the size distributions of their sections. In Elias H. (ed.): 

Proceedings of the Second International Congress for Stereology. Springer-Verlag, 

Berlin, 163–173. 

Schiavi F., Walte N., Keppler H. (2009): First in situ observation of crystallization processes 

in a basaltic-andesitic melt with the moissanite cell. Geology 37, 963-966. 

Schmädicke E., Okrusch M., Schmidt W. (1992): Eclogite-facies rocks in the Saxonian 

Erzgebirge, Germany: High pressure metamorphism under contrasting PT conditions. 

Contributions to Mineralogy and Petrology 110, 226-241. 



- 93 - 

 

Schmädicke E., Mezger K., Cosca M. A., Okrusch M. (1995): Variscan Sm-Nd and Ar-Ar 

ages of eclogite facies rocks from the Erzgebirge, Bohemian Massif. Journal of 

Metamorphic Geology 13, 537-552. 

Schust F. (1965): Zu den granitvarietäten des Eibenstocker Zinnreviers im Westerzgebirge. 

Zeitschrift für angewandte Geologie 11, 4-11. 

Schust F., Wasternack J. (2002): Granitoid-Typen in postkinematischen Granitoidplutonen: 

Abbilder von autonomen Intrusionsschüben – Beispiele vom Nordrand des Böhmischen 

Massivs (Erzgebirge – Harz – Lausitz).Zeitschrift für geologische Wissenschaften 30, 

77–117. 

Seifert T. (1994): Zur Metallogenie des Lagerstättendistriktes Marienberg (Ostteil des 

Mittelerzgebirgischen Antiklinalbereiches). Dissertation, Technische Universität 

Bergakademie Freiberg, 174 pages. 

Seifert T. (2008): Metallogeny and petrogenesis of lamprophyres in the Mid-European 

Variscides – Postcollisional magmatism and its relationship to Late Variscan ore 

forming processes in the Erzgebirge (Bohemian Massif). IOS Press BV, Amsterdam, 

154 pgs. 

Seltmann R., Štemprok M. (1994): Textural evidence for the existence of two-phase granites 

in the younger intrusive complex granites of the Krušné Hory/Erzgebirge province. 

Journal of the Czech Geological Society 39, 103-104. 

Škvor V., Sattran V. (1974): Krušné hory - Západní část. Soubor geologických map 1:50 000. 

Štemprok M., Seltmann R. (1994): The metallogeny of the Erzgebirge (Krušné Hory). In 

Seltmann R. and Möller (eds): Metallogeny of Collisional Orogens, Czech Geological 

Survey, Prague,61-69. 

Štemprok M., Dolejš D., Müller A., Seltmann R. (2008): Textural evidence of magma 

decompression, devolatilization and disequilibrium quenching: an example from the 

Western Krušné hory/Erzgebirge granite pluton. Contributions to Mineralogy and 

Petrology 155, 93-109. 

Špillar V., Dolejš D. (2013): Calculation of time-dependent nucleation and growth rates from 

quantitative textural data: inversion of crystal size distribution. Journal of petrology 54, 

913-931. 



- 94 - 

 

Teuscher E. O. (1933): Methodisches zur quantitativen Strukturgliederung körniger Gesteine. 

Zeitschrift für Kristallographie, Mineralogie und Petrographie 44, 410-421. 

Tichomirowa M. (1997):
207

Pb/
206

Pb-Einzelzirkonevaporations-Datierungen zur Bestimmung 

des Intrusionsalters des Niederbobritzscher Granites. Terra Nostra 97, 183–185. 

Tichomirowa M., Berger H. J., Koch E. A., Belyatski B., Götze J., Kempe U., Nasdala L., 

Schaltegger U. (2001): Zircon ages of high-grade gneisses in the Eastern Erzgebirge 

(Central European Variscides)-constraints on origin of the rocks and Precambrian to 

Ordovician magmatic events in the Variscan foldbelt. Lithos 56, 303–332. 

Tichomirowa M., Leonhardt D. (2010): New age determinations (Pb/Pb zircon evaporation, 

Rb/Sr) on the granites from Aue-Schwarzenberg and Eibenstock, Western Erzgebirge, 

Germany. Zeitschrift für Geologischee Wissenschaften 38, 99-123. 

Tichomirowa M, Sergeev S., Berger H.-J., Leonhardt D. (2012):  Inferring protoliths of high-

grade metamorphic gneisses of the Erzgebirge using zirconology, geochemistry and 

comparison with lower-grade rocks from Lusatia (Saxothuringia, Germany). 

Contribution to  Mineralogy and  Petrology 164, 375–396. 

Tischendorf G., Wasternack J., Bolduan H., Bein E. (1965): Zur lage der granitoberfläche im 

Erzgebirge und Vogtland.Zeitschrift für angewandte Geologie, Bd. 11, 8, 410. 

Tischendorf G. (1986):Variscan ensialic magmatism and metallogenesis in ore Mountains – 

Modelling of the processes. Chemie der erde 45, 75-104. 

Tischendorf G., (1989): Silicic magmatism and metallogenesis of the Erzgebirge. 

Zentralinstitut für Physik der Erde, Potsdam, 316 pages. 

Tischendorf G., Förster H.-J.(1990): Acid magmatism and related metallogenesis in the 

Erzgebirge. Geological Journal 25, 443–454. 

Tischendorf G., Gottesmann B., Förster H.-J., Trumbull R. B. (1997): On Li-bearing micas: 

estimating Li from electron microprobe analyses and improved diagram for graphical 

representation. Mineralogical Magazine 61, 809-834. 

Tischendorf G., Rieder M., Förster H.-J., Gottesmann B., Guidotti C. V. (2004): A graphical 

presentation and subdivision of potassium in micas. Mineralogical Magazine 68, 649-

667. 



- 95 - 

 

Tindle A. G., Webb C. P. (1990): Estimation of lithium contents in trioctahedral micas using 

microprobe data: application to micas from granitic rocks. European Journal of 

Mineralogy 2, 595-610. 

Underwood E. E. (1970): Quantitative Stereology. Addison-Wesley, Reading. PAGES 

Vernon R. H. (2004): A practical guide to rock microstructures. Cambridge University Press, 

Cambridge, . 

Vinet N., Higgins M. D. (2010): Magma solidification processes beneath Kilauea volcano, 

Hawaii: A quantitative textural and geochemical study of the 1969-1974 Manua Ulu 

lavas. Journal of Petrology 51, 1297-1332. 

von Quadt A., Gebauer D. (1998): Evolution of eclogitic rocks in the Erzgebirge: a 

conventional SHRIMP U-Pb zircon and Sm-Nd study. Acta Universitatis Carolinae 

Geologica 42, 324-325. 

Voorhees P. W. (1992): Ostwald ripening of two-phase mixtures. Annual Review of Materials 

Science 22, 197–215. 

Voort G. F. V. (1984): Metallography: Principles and Practise, McGraw-Hill Book Co., Inc., 

New York, pages 410-508. 

Wagner C. (1961): Theorie der Älterung von Niederschlägen durch Umlösen. Zeitschrift für 

Elektrochemie 65, 581-591. 

Werner O., Lippolt H. J. (1998): Datierung von postkinematischen magmatischen 

intrusionphasen des Erzgebirges: thermische und hydrothermale Überprägung der 

Nebengesteine. Terra Nostra 2, 160-163 

Willner A. P., Klemm I., Rötzler K., Maresch W. V. (1995): Petrologische Belege aus dem 

mittelkrustalen Niveau für eine variskische Krustenstapelung im Erzgebirge. Terra 

Nostra 95, 138. 

Willner A. P., Rötzler K., Maresch W. V. (1997): Pressure-temperature and fluid evolution of 

quarto-feldspathic rocks with a relic high-pressure, granulite-facies history from the 

Central Erzgebirge (Saxony, Germany). Journal of Petrology 38,307-336. 

Wimmenauer W. (1985) Petrographie der magmatischen und metamorphen Gesteine. Enke 

Verlag, Stuttgart, 372 pages. 



- 96 - 

 

Winter J. D. (2009): Principles of Igneous and Metamorphic Petrology (2
nd

 Edition). 

Cambridge Univ. Press, 684 pgs. 

Yang Z.-F. (2012): Combining quantitative textural and geochemical studies to understand the 

solidification processes of a granite porphyry: Shanggusi, East Qinling, China. Journal 

of petrology 53, 1807-1835. 

Zieg M. J., Marsh, B. D. (2002): Crystal size distributions and scaling laws in the 

quantification of igneous textures. Journal of Petrology 43, 85–101. 

Zieg M. J., Lofgren, G. E. (2006): An experimental investigation of textural evolution during 

continuous cooling. Journal of Volcanology and Geothermal Research 154, 74-88.  



- 97 - 

 

Appendices 

A1: List of samples 

List of all samples with locality (coordinates and brief description), classification of 

samples with theirs subtype (of WEP and Vogtland). 

 

# sample Brief description 

Kirchberg massif 

HD1 a,b,c Crinitzberg, N cliff wall in flooded quarry  

 medium-grained seriate biotite granite 

 N50.56203, E12.50826 

HD2 a Crinitzberg 

 flooded quarry, N cliff wall 

 coarse-grained porphyritic biotite granite with pyrite 

 N50.56203, E12.50826 

HD2 b Crinitzberg, N cliff wall in flooded quarry 

 coarse-grained porphyritic biotite granite  

 N50.56203, E12.50826 

HD3 a, b, c Giegengrün– Hartmannsdorf, NE cliff wall in flooded quarry 

 fine-grained biotite granite 

 N50.57867, E12.52180 

HD4a, b Hartmannsdorf, abandoned quarry, cliff wall 

 medium-grained seriate biotite granite 

 N50.59475, E12.53150 

HD5a, b Giegensgrün, abandoned quarry, N cliff wall 

 fine-grained porphyritic biotite granite 

 N50.59467, E12.50337 

HD6 Wolfsgrün, abandoned quarry 

 abandoned quarry, block near E cliff wall 

 medium-grained porphyritic biotite granite 

 N50.61493, E12.49404 

HD7a, b Kalthausen 
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 flooded quarry, E cliff wall 

 medium-grained porphyritic biotite granite 

 N50.61061, E12.50648 

HD8 Rottenbach, 

 quarry Wildenau 

 medium-grained equigranular biotite granite 

 N50.56450,E12.43579 

HD9 Rottenbach  

 quarry Wildenau 

 medium-grained equigranular biotite granite 

 N50.56463, E12.43527 

HD10 Rottenbach 

 quarry Wildenau 

 medium-grained equigranular biotite granite 

 N50.56473, E12.43452 

HD11a, b, c Saupersdorf 

 loose block at the top of hill 

 medium-grained porphyritic biotite granite 

 N50.60901, E12.55019 

HD12a, b Saupersdorf 

 loose block at the top of hill 

 coarse-grained porphyritic biotite granite 

 N50.60934, E12.55046 

HD13 a, b Kirchberg 

 abandonedquarry, jz. cliff wall 

 medium-grained biotite granite 

 N50.61587,E12.53231 

Bergen massif 

HD14 a, b Schreiersgrün 

 quarry, W cliff wall 

 coarse-grained seriate two-mica granite 

 N50.53175, E12.33717 

HD15 Trieb 

 flooded quarry, loose block in hillside 
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 coarse-grained seriate two-mica granite 

 N50.48440, E12.30006 

HD16 a, b Trieb  

 abandoned quarry, N cliff wall 

 contact of aplitic dyke and coarse-grained two-mica granite 

 N50.483112, E12.29802 

HD17 Trieb 

 abandoned quarry, N cliff wall 

 contact of aplitic dyke and coarse-grained porfyritic two-mica granite 

 N50.48306, E12.29805 

HD18 a, b Bergen 

 abandoned quarry, SE cliff wall 

 coarse-grained porphyritic two-mica granite 

 N50.46989, E12.26124 

HD19a Bergen 

 abandoned quarry, SE cliff wall 

 coarse-grained porphyritic two-mica granite 

 N50.46931,E12.25930 

HD19b Bergen 

 abandoned quarry, SE cliff wall 

 coarse-grained porphyritic two-mica granite with mafic enclaves 

 N50.46931, E12.25930 

HD20 Bergen 

 abandoned quarry, S cliff wall 

 coarse-grained two-mica granite 

 N50.46888,E12.26020 

HD21 Bergen 

 abandoned quarry, loose blocks 

 contact of aplitic dyke and coarse-grained porfyritic two-mica granite 

 N50.46903, E12.26097 

HD22 Blauenthal,quarry Wolfsgrün 

 S cliff wall, loose block 

 coarse-grained porphyritic two-mica granite 

 N50.52463, E12.61377 
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Eibenstock massif 

HD23 Blauenthal,quarry Wolfsgrün 

 S cliff wall, loose block 

 medium-grained equigranular Li-mica granite 

 N50.52434, E12.61365 

HD24 Blauenthal 

 S cliff wall, loose block 

 coarse-grained Li-mica granite 

 N50.51770, E12.63348 

HD25 Blauenthal 

 S cliff wall, loose block 

 coarse-grained Li-mica  granite 

 N50.51680, E12.63334 

Aue-Schwarzenberg granite zone 

HD26a, b Erla 

 road cut 

 medium-grained sparsely porphyritic two mica granite 

 N50.52024, E12.78472 

HD27a, b, c Erla 

 road cut 

 schwarzenberg eyed gneiss 

 N50.51884, E12.78125 

HD28a, b, c Erla 

 road cut 

 contact of eyed gneiss and turmalinic aplite 

 N50.51929, E12.88113 

HD29a, b Schwarzenberg 

 N rock cliff wall 

 medium-grained two mica granite 

 N50.53292, E12.78147 

HD30 Schwarzenberg 

 N rock cliff wall 

 fine-grained two mica granite 

 N50.53301, E12.78164 
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HD31a, b Neuwelt-Lauter 

 rock cliff wall 

 medium-grained two-mica granite 

 N50.55173, E12.75504 

HD32 Lauter 

 abandoned quarry, E cliff wall 

 fine-grained porphyritic two mica granite 

 N50.56355, E12.72757 

HD33a, b Lauter 

 abandoned quarry, E cliff wall 

 fine-grained porphyritic two mica granite 

 N50.56354, E12.72758 

HD34a, b Auerhammer 

 abandoned quarry, N cliff wall 

 medium-grained porphyritic two-mica granite 

 N50.57659,E12.69095 

HD35a, b, c Auerhammer 

 abandoned quarry, N cliff wall 

 medium-grained porphyritic two-mica granite with mafic enclaves 

 N50.57659, E12.69095 

HD36 Auerhammer- 2 

 quarry SW from Aue  

 fine-grained biotite granite 

 N50.56838, E12.69381 

HD37 a, b Auerhammer - 2 

 quarry SW from Aue  

 contact of fine-grained two-mica granite and coarse-grained biotite granite 

 N50.56856, E12.69336 

HD38 a, b Auerhammer–2 

 quarry SW from Aue 

 medium-grained sparsely coarse-porphyritic two mica granite 

 N50.56841,E12.69365 

HD38 c Auerhammer–2 

 quarry SW from Aue 
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 contact of coarse-grained two mica granite and turmaline aplite 

 N50.56841,E12.69365 

HD39 Auerhammer–2 

 quarry SW from Aue 

 medium-grained porphyritic two-mica granite 

 N50.56841,E12.69365 

Eibenstock massif 

HD40a Zschorlau 

 quarry Süss 

 aplitic dyke in coarse-grained Li-mica granite 

 N50.55924, E12.62003 

HD40 b Zschorlau 

 quarry Süss 

 contact of turmalinic aplite and pegmatite 

 N50.55924, E12.62003 

HD40 c Zschorlau 

 quarry Süss 

 contact of turmalinic aplite and pegmatite 

 N50.55924, E12.62003 

HD40 d Zschorlau 

 quarry Süss 

 coarse-grained Li-mica granite 

 N50.55924, E12.62003 

HD40 e Zschorlau 

 quarry Süss 

 aplitic dyke in coarse-grained Li-mica granite 

 N50.55924, E12.62003 

HD40 f Zschorlau 

 quarry Süss 

 contact of turmalinic aplite and pegmatite 

 N50.55924, E12.62003 

HD40 g Zschorlau 

 quarry Süss 

 aplitic dyke in coarse-grained Li-micagranite 
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 N50.55924, E12.62003 

HD40 h Zschorlau 

 quarry Süss 

 aplitic dyke in coarse-grained Li-mica granite 

 N50.55924, E12.62003 

HD41a, b Zschorlau 

 quarry Süss 

 coarse-grained Li-mica granite 

 N50.55916, E12.62000 

HD42 a Sosa 

 abandoned quarry Hirsknochen 

 coarse-grained porphyritic Li-mica granite 

 N50.48867, E12.65367 

HD42b Sosa 

 abandoned quarry Hirsknochen 

 coarse-grained porphyritic Li-mica granite 

 N50.48867,E12.65367 

HD43a, b Sosa 

 abandoned quarry Hirsknochen 

 coarse-grained Li-mica granite 

 N50.48848,E12.65374 

HD44a, b Am Bühl 

 cliff wall in abandoned quarry 

 fine-grained Li-mica granite 

 N50.50352, E12.59731 

HD45 a Eibenstock (NW) 

 loose block  

 fine-grained equigranular Li-mica granite 

 N50.50182, E12.58713 

HD45b Eibenstock (NW) 

 loose block 

 fine-grained equigranular Li-mica granite in contact with  pegmatite 

 N50.50182,E12.58713 

HD46 a Walfischkopf 
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 block underneath rock cliff 

 contact of Walfischkopf and Krinitz-Berg two-phase microgranites 

 N50.49778, E12.56028 

HD46 b, c  Walfischkopf 

 block underneath rock cliff 

 porphyritic two-phase microgranite, type Krinitz-Berg 

 N50.49778, E12.56028 

HD47 Walfischkopf 

 loose block in wood 

 porphyritic two-phase microgranite, type Krinitz-Berg 

 N50.49789,E12.56009 

HD48 Walfischkopf 

 loose block in wood 

 fine-grained porphyritic two-phase microgranite, type Walfischkopf 

 N50.49796, E12.55938 

HD49a, b Walfischkopf 

 loose block by cliff rock wall 

 contact of Walfischkopf andKrinitz-Berg two-phase microgranites 

 N50.49791, E12.55958 

HD50a Walfischkopf 

 cliff rock wall 

 contact of porfyritic Walfischkopf and Krinitz-Berg two-phase microgranites 

 N50.49871, E12.55832 

HD50 b Walfischkopf 

 cliff rock wall 

 porphyritic Krinitz-Berg two-phase microgranite 

 N50.49871, E12.55832 

HD50 c Walfischkopf 

 cliff rock wall 

 contact porfyritic two-phase microgranite 

 N50.49871, E12.55832 

HD51 Walfischkopf 

 block underneath rock outcrop 

 contact of Walfischkopf and Krinitz-Berg two-phase microgranites 
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 N50.49815, E12.55875 

HD52 Walfischkopf 

 loose blok in hillside  

 porphyritic two-phase microgranite 

 N50.49912, E12.55726 

HD53 Krinitz-Berg 

 rock wall at top of the hill 

 porphyritic two-phase microgranite 

 N50.49442, E12.56779 

HD54 a, b Krinitz-Berg 

 loose block on hillside 

 porphyritic two-phase microgranite 

 N50.49577, E12.56688 

HD55 Krinitz-Berg 

 loose block on hillside 

 porphyritic two-phase microgranite 

 N50.49698, E12.56629 

HD56a, b, c Altwiesenhaus 

 cliff wall in abandoned quarry Köppelstein 

apofysis of medium-grained biotite granite in coarse-grained Li-mica granite, 

biotite schlieren, seriate 

 N50.48169, E12.53358 

HD57a, b Wilzschaus (train station Schönheide S) 

 block in campfire by rock cliff wall 

 coarse-grained densely-packed porphyritic Li-mica granite 

 N50.47966, E12.51026 

HD58a, b Friedrichsmühle 

 block by rock cliff wall at the top of hill 

 coarse-grained porphyritic Li-mica granite 

 N50.45269, E12.50520 
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A2: Outlined images of thin sections 
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A3 CSDCorrections input parameters and outputs 

Tab. A1: CSD log-linear data of the coarse-grained Kirchberg biotite granite (HD2a). 

Sample 
HD2a 

Number of grains 
Area 

(mm2) 
Volume 
(Vol. %) 

R Regression intercept 
Error 
(1σ) 

Regression slope C Q 

Quartz 591 450.2 34.37 0.96 0.43 0.11 -2.14 0.15 

Plagioclase 
pop. 1 

605 439.8 31.11 0.90 0.91 0.14 -2.02 0.80 

Plagioclase 
pop. 2 

    -0.65 0.2 -1.48 0.73 

K-feldspar 409 362.0 26.92 0.82 -0.28 0.18 -1.66 0.52 

Biotite 445 89.3 7.13 0.83 1.56 0.13 -3.74 0.32 

Muscovite* 27 3.4 0.28 0.24 -0.64 0.75 -4.29 0.70 

Add phase* 10 2.27 0.19      

Sum 2096 1202.96       

* indicate insufficiency of grains measured to obtain reliable data;  
Population 1 corresponds to the smallest populations in the concave-up CSD segment, while population 2 to the largest grains;  
Q  goodness of fit, the smallest sizes are not considered, Q>0.1 is acceptable;  
R number express spatial distribution of grains. 

Tab. A2: CSD log-linear data of the medium-grained Kirchberg biotite granite (HD10). 

Sample 
HD10 

Number of 
grains 

Area 
(mm2) 

Volume 
(Vol. %) 

R 
Regression 

intercept 
Error 
( 1σ) 

Regression 
slope C 

Q 

Quartz 1187 308.45 35.36 0.99 2.48 0.09 -3.61 0.11 

Plagioclase 1415 268.95 30.83 0.91 3.15 0.11 -3.46 0.15 

K-feldspar 1176 249.97 28.66 0.95 2.63 0.08 -3.49 0.65 

Biotite 225 38.92 4.46 0.87 1.51 0.21 -3.83 0.29 

Muscovite* 51 5.99 0.69 0.75 -0.20 0.57 -3.69 0.49 

Sum 4054 872.29       

* indicate insufficiency of grains measured to obtain reliable data;  
Population 1 corresponds to the smallest populations in the concave-up CSD segment, while population 2 to the largest grains;  
Q  goodness of fit, the smallest sizes are not considered, Q>0.1 is acceptable;  
R number express spatial distribution of grains. 

Tab. A3: CSD log-linear data of the fine-grained Kirchberg biotite granite (HD3b). 

Sample 
HD3b 

Number of grains 
Area 

(mm2) 
Volume 
(Vol. %) 

R Regression intercept 
Error 
( 1σ) 

Regression slope C Q 

Quartz 1494 42.88 41.51 1.12 6.80 0.09 -10.1 0.46 

Plagioclase 954 26.04 25.21 1.15 6.80 0.09 -10.00 0.41 

K-feldspar 
pop. 1 

992 31.99 30.97 1.12 6.68 0.14 -8.21 0.49 

K-feldspar 
pop. 2 

    5.81 0.18 -7.21 0.27 

Biotite* 27 2.24 2.17 0.83 4.00 0.41 -9.11 0.76 

Muscovite* 6 0.14 0.14 0.73 2.22 29.42   

Sum 3503 103.31       

* indicate insufficiency of grains measured to obtain reliable data;  
Population 1 corresponds to the smallest populations in the concave-up CSD segment, while population 2 to the largest grains;  
Q  goodness of fit, the smallest sizes are not considered, Q>0.1 is acceptable;  
R number express spatial distribution of grains. 

Tab. A4: CSD log-linear data of the muscovite-biotite granite of Walfischkopf-Krinitzberg (HD52). 

Sample 
HD52 

Number of grains 
Area 

(mm2) 
Volume 
(Vol. %) 

R Regression intercept 
Error 
(1σ) 

Regression slope C Q 

Quartz 
pop. 1 

2828 118.48 35.42 1.04 10.41 0.05 -24.5 0.50 
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Quartz 
pop. 2 

    -0.27 0.32 -1.61 0.24 

Plagioclase 
pop. 1 

804 49.93 21.88 0.74 8.52 0.11 -15.7 0.39 

Plagioclase 
pop. 2 

    5.56 0.04 -7.5 0.48 

K-feldspar 
pop. 1 

991 65.48 23.9 0.75 9.4 0.09 -20.8 0.28 

K-feldspar 
pop. 2 

    5.49 0.51 -7.07 0.35 

Topaz* 3 0.54 0.2      

Biotite 
pop. 1 

527 23.9 8.73 0.57 9.82 0.2 -30.4 0.10 

Biotite  
pop. 2 

    0.61 0.47 -3.24 0.89 

Muscovite* 323 5.59 2.04 0.58 4.00 0.41 -9.11 0.76 

Sum 5477 273.94       

* indicate insufficiency of grains measured to obtain reliable data;  
Population 1 corresponds to the smallest populations in the concave-up CSD segment, while population 2 to the largest grains;  
Q  goodness of fit, the smallest sizes are not considered, Q>0.1 is acceptable;  
R number express spatial distribution of grains. 

Tab. A5: CSD log-linear data of the coarse-grained Li-mica Eibenstock granite (HD57b). 

Sample 
HD57b 

Number of grains 
Area 

(mm2) 
Volume 
(Vol. %) 

R Regression intercept 
Error 
(1σ) 

Regression slope C Q 

Quartz 
pop. 1 

2183 661.34 35.42 0.83 2.64 0.08 -3.41 0.68 

Quartz 
pop. 2 

    -3.41 0.43 -0.82 0.18 

Plagioclase 
pop. 1 

2232 516.01 27.64 0.82 2.49 0.11 -2.85 0.66 

Plagioclase 
pop. 2 

    -0.94 0.32 -1.37 0.65 

K-feldspar 
pop. 1 

1388 553.07 29.62 0.71 1.98 0.13 -2.49 0.28 

K-feldspar 
pop. 2 

    -3.08 0.25 -0.81 0.17 

Topaz 168 8.2 0.44 0.57 -1.12 0.51 -4.17 0.33 

Biotite 
pop. 1 

1360 120.73 6.47 0.65 2.56 0.1 -4.21 0.23 

Biotite 
pop. 2 

    -0.24 0.4 -2.28 0.33 

Muscovite* 42 5.63 0.3 0.33 1.06 0.42 -5.97 0.19 

Add phase* 20 2.27 0.10      

Sum 7393 1867.09       

* indicate insufficiency of grains measured to obtain reliable data;  
Population 1 corresponds to the smallest populations in the concave-up CSD segment, while population 2 to the largest grains;  
Q  goodness of fit, the smallest sizes are not considered, Q>0.1 is acceptable;  
R number express spatial distribution of grains. 

Tab. A6: CSD log-linear data of the medium-grained Li-mica Eibenstock granite (HD23). 

Sample 
HD23 

Number of grains 
Area 

(mm2) 
Volume 
(Vol. %) 

R Regression intercept 
Error 
(1σ) 

Regression slope C Q 

Quartz Number of grains 268.12 38.93 0.98 1.77 0.13 -3.03 0.19 

Plagioclase 898 167.61 24.34 0.90 3.09 0.1 -3.94 0.18 

K-feldspar 891 198.23 28.78 0.92 2.18 0.11 -2.85 0.61 

Topaz 626 19.33 2.81 0.60 0.17 0.27 -3.81 0.13 

Biotite 232 33.28 4.83 0.65 1.99 0.2 -4.49 0.20 

Muscovite* 26 1.61 0.23 0.86 0.09 1.14 -4.62 0.61 

Add. phase* 6        
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Sum 2760 688.72       

* indicate insufficiency of grains measured to obtain reliable data;  
Population 1 corresponds to the smallest populations in the concave-up CSD segment, while population 2 to the largest grains;  
Q  goodness of fit, the smallest sizes are not considered, Q>0.1 is acceptable;  
R number express spatial distribution of grains. 

Tab. A7: CSD log-linear data of the fine-grained Li-mica Eibenstock granite (HD45a). 

Sample 
HD45a 

Number of grains 
Area 

(mm2) 
Volume 
(Vol. %) 

R Regression intercept 
Error 
( 1σ) 

Regression slope C Q 

Quartz 
pop. 1 

814 83.79 43.25 0.59 4.43 0.11 -5.73 0.84 

Quartz 
pop. 2 

    3.14 0.32 -4.37 0.70 

Plagioclase 1181 92.62 32.19 0.97 4.5 0.1 -5.01 0.82 

K-feldspar 1022 77.11 26.80 0.90 4.51 0.08 -4.91 0.14 

Topaz* 14 29.11 10.12 0.36     

Biotite 555 3.80 1.32 0.82 3.55 0.15 -5.76 0.16 

Muscovite* 21 1.28 0.45 0.61 3.67 0.22 -9.01 0.20 

Sum 3607 287.72       

* indicate insufficiency of grains measured to obtain reliable data;  
Population 1 corresponds to the smallest populations in the concave-up CSD segment, while population 2 to the largest grains;  
Q  goodness of fit, the smallest sizes are not considered, Q>0.1 is acceptable;  
R number express spatial distribution of grains. 
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A4: CSD diagrams  
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