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The hydrothermal alteration of granites has large influence on their petro-
physical properties. To reveal the impact of alteration on magnetic and poros-
ity properties of granites we have conducted a complex study of effects of two
largely independent alteration processes, related to chemically different flu-
ids, in granites of the Vysoky Kamen stock (the Krudum granite body, Czech
Republic). It includes the whole-rock geochemical, magnetic and pore-space
characterization.

The alkali feldspathization resulted in decomposition of Li-mica, quartz re-
moval, depletion in mafic cations and growth of new alkali feldspars (albite,
K-feldspar), decreasing the overall magnetic susceptibility and disrupting the
pore space by its discontinuation. The preservation of the orientation of the
principal susceptibility axes is likely related with insignificant influence of the
feldspathization process on the paramagnetic and diamagnetic phases orien-
tation acquired during the magma emplacement.

The greisenization, on the other hand had considerably more significant
effects on microstructure and physical properties of the granite. The mi-
crostructure was modified by the growth of large amounts of new phases
(lithium mica, quartz and topaz). This changed the mineral density of the
rock, the porosity, size and character of pores to larger, flatter and probably
more connected. This led also to the complete reworking of the original AMS
during the greisenization.

1 Introduction

The granites represent a widespread rock type in the crust and thus have been studied
extensively in terms of their geochemistry, structure, and mineralization, (e.g. Paterson
et al., 1989, 1998; Clarke, 1992; Pitcher, 1993; Clemens and Droop, 1998; Petford et



al., 2000; Brown, 2001; Clemens, 2003; Chappell, 2004; Nabelek and Liu, 2004; Vigner-
esse, 2004; Bonin, 2008; Sawyer et al., 2011). The interpretation is often hindered by
hydrothermal alteration, which is common at the last stages of granite evolution con-
nected with cooling and degassing. The process of hydrothermal alteration has been
studied mostly from the geochemical and mineralogical points of view mainly due to its
economic potential (e.g. Beus, 1962; Scherba, 1970; Pollard, 1983; Cathelineau, 1986;
Stemprok, 1987 Dolejs and Stemprok, 2001; Monecke et al., 2011). However, the hy-
drothermal alteration can also have large influence on petrophysical properties of the
granite and only few works have been devoted to the petrophysical and related struc-
tural constrains (Stemprok et al., 1997; Rosener and Géraud 2007; Just and Kontny,
2012).

The metasomatic mineral changes of the granites during the hydrothermal alteration
transform the rock microstructure, and thus have potentially large influence on mag-
netic and porosity characteristics of the rock (Stemprok, 1987; Stemprok et al., 1997;
Dolej$ and Stemprok, 2001). Such changes are of great significance for the struc-
tural/tectonic and rock massifs homogeneity studies. The structural studies in granites
often rely on anisotropy of magnetic susceptibility (AMS) (Tarling and Hrouda, 1993;
Bouchez, 1997; Borradaile and Jackson, 2010) and one of the key parameters for eval-
uation of the pluton’s homogeneity are its porosity characteristics (e.g. IAEA, 2011).

The topaz-bearing granites of the Karlovy Vary-Eibenstock Pluton in western Bo-
hemia (Czech Republic) associated with the significant concentrations of incompatible
elements have been of economic interest but remain poorly-understood. The studied
Vysoky Kamen stock is a part of the Horni Slavkov-Krasno Sn-W-Nb-Ta-Li ore district.
These granites suffered greisenization and feldspathization leading to the development
of inhomogeneous system. The alteration, and greisenization in particular, of topaz-
bearing granites was connected with a strong influx of volatile-rich fluids and opening
of the geochemical system for many geochemical species (Heinrich, 1990; Stemprok,
1987; Dolej$ and Stemprok, 2001; Webster et al., 2004; Dolej$ and Wagner, 2008).

In such a geological situation, we have an opportunity to detect the structural and
porosity record of the alteration processes coupled with the geochemical context. This
paper presents results of combined AMS, porosity and whole-rock geochemistry of al-
teration processes in the topaz-bearing Vysoky Kamen granite stock exploring extensive
outcrops in the namesake active quarry and its surroundings.

2 Geological setting

The Karlovy Vary-Eibenstock Pluton forms a significant part of the Variscan Krusné
Hory/Erzgebirge Batholith (Saxothuringian Zone, Bohemian Massif; Blecha and Stem-
prok 2012 and references therein). The Batholith belongs to one coherent and coge-
netic, c. 400 km long plutonic megastructure of the Saxo-Danubian Granite Belt (Finger
et al., 2009). Geochemically, five groups of granites may be distinguished in the Krusné
Hory/Erzgebirge Batholith (Forster et al., 1998, 1999; Forster and Romer, 2010): (i)
low-F biotite granites, (ii) low-F two-mica granites, (iii) high-F, high P205 Li-mica gran-
ites, (iv) high-F, low-P205 granites and (v) medium-F biotite granites.

The Vysoky Kdmen stock forms a part of the Krudum granite body (KGB, c. 50 km2), a
subsidiary intrusion of the Karlovy Vary-Eibenstock Pluton in Slavkovsky les Mts. (Fig.
1), which shows a concentric structure (René, 1998; Breiter et al., 1999; Jarchovsky,
2006). Its center is formed by porphyritic Tridomi (Mu-) Bt granite, surrounded to the
NW by younger, topaz-bearing, two-mica Milire granite. The youngest, topaz-albite
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Fig. 1 Simplified geological map showing: a) the position of the Vysoky Kamen stock within the Krudum
granite body with vertical profile A-B marked. The smaller inset b) shows the Vysoky Kamen quarry with
marked AMS foliation. c) Geological cross section of the Vysoky Kamen and Hub stocks after Jarchovsky
(2006).

Cista granite forms the outermost shell. The inner structure of the SE edge of the KGB,
partly overlain by the Slavkov Crystalline Unit, is well stratified, comprising variably
greisenized Cista granites occurring also in the Hub and Schnod granite stocks host-
ing a world-famous Sn-W mineralization of the Horni Slavkov-Krasno ore district. The
granites of the KGB belong to medium-F biotite (Tfidomi granite) and high-F, high P205
Li-mica (Milire and Cista granites) groups. The magmatic structure of the KGB is char-
acterized by subhorizontal planar fabric which is locally replaced by the WNW-ESE
and NE-SW trending fabrics, with predominant steep patterns in the most fractionated
Cista type (Machek et al., 2011).

The magmatic activity in the area of the Karlovy Vary-Eibenstock Pluton shows large
time span between 325 = 6 Ma and 290 = 5 Ma for dioritic intrusions in the southern
Nejdek-Eibenstock Massif and anorogenic rhyolite dykes respectively (Breiter et al.,
1999; Kempe et al., 2004; Romer et al., 2007; Kovarikova et al., 2007, 2010).

The Vysoky Kdmen stock in the SE part of the KGB is formed by topaz-albite leucogran-
ite. Together with the alkali-feldspar syenite, it represents an apical parts of a highly
fractionated granite body. It crystallized from residual magmas oversaturated with re-
spect to alkalis and fluorine (René, 1998; Breiter et al., 1999; Jarchovsky, 2006). Locally,
irregular lenses and dykes of pegmatites oriented in NE-SW, NW-SE and NNW-SSE di-
rections are present. These were probably co-magmatic with the leucogranites and
developed from their granitic parental melts.

The main part of the Vysoky Kdmen stock formed by the leucogranite and syenite
lacks any manifestation of magmatic fabric in outcrop scale except rare subhorizontal
magmatic layering of granites with unidirectional solidification textures (UST). The var-
iously greisenized leucogranite occurs in form of meter-scale elliptical bodies dispersed
in both rock types.



3 Sample description and petrography

From the Vysoky Kamen stock we have selected five samples of the leucogranite (20III,
201V, 15B, 15C and 15D), one of the layered granite with UST (20II), three of the
feldspathized leucogranite (201, 20VII and 15A) and two of variously greisenized leucogran-
ite (20V and 20VI). Additionally, we present data from the Cista type granite, the most
fractionated among the main granite types of the KGB.

The leucogranite is composed mostly of albite (Ang_;), potassium feldspar, quartz and
subordinate amounts of lithium mica and topaz. Fluorapatite, Nb-Ta-Ti oxides, fluorite
and rare beryl represent accessories. Quartz-free alkali-feldspar syenite, composed al-
most exclusively of albite and potassium feldspar, forms subhorizontal layers and lenses
with diffuse contacts. It consists of albite (Ang_;), potassium feldspar, accessory lithium
mica and topaz. Fluorapatite, triplite, Nb-Ta-Ti oxides, zircon, xenotime-(Y), monazite-
(Ce) and very rare Nb-bearing wolframite are accessories. The alkali-feldspar syenite
was described as feldspathite in some papers (e.g., Breiter et al., 1999; Jarchovsky,
2006) but this name does not agree with the magmatic nature of this rock. The lo-
cal pegmatite dykes are formed by K-feldspar, quartz and lithium mica with some rare
minerals (such as beryl, bertrandite or kolbeckite).

The intense late magmatic and postmagmatic alteration of topaz-albite leucogran-
ite and alkali-feldspar syenite resulted in irregular feldspathization, greisenization and
muscovitization of the two rock types. The greisenized leucogranite contains albite
(Ang_3), potassium feldspar, lithium mica (protolithionite, Li 0.41-0.44 apfu, Fe/(Fe
+ Mg) 0.96-0.99), quartz and topaz. Fluorapatite and zircon are accessories. The
amounts of rock-forming minerals vary much (albite 40-60 vol.%, K-feldspar 0-30 vol.%,
lithium mica 10-40 vol.%, quartz 5-15 vol.%, topaz 0-10 vol.%). The two greisenized
samples differ in the amount of newly formed lithium mica, quartz, topaz and K-feldspar.
The sample 20V contains topaz, less lithium mica and more quartz. The sample 20VI is
characterized by the higher modal content of lithium mica and absence of K-feldspar.
The NNW-SSE trending quartz-fluorite vein mineralization hosted by topaz-albite leucogran-
ites and alkali-feldspar syenites resulted from the youngest hydrothermal activity in the
area. A new generation of fine-grained feldspars (mainly albite) and white mica (mus-
covite) occurs in the feldspathized leucogranites.

4 Geochemistry

After the conventional crushing and homogenization of large fresh samples, the pow-
ders produced using agate mill have been analyzed for the whole-rock composition in
Acme Analytical Laboratories Ltd., Vancouver, using the methods Geo3 (4A+4B) and
1DX. The major and minor elements were determined by ICP-OES and most trace el-
ements by ICP-MS. The dissolution of the rock powders in dilute HNO3 in both cases
followed fusion with a LiBO,/Li;B40- flux. Loss on ignition (LOI) is by weight difference
after ignition at 1000 °C. The analyses of remaining trace elements, mostly transition
metals (Mo, Cu, Pb, Zn, Ni, As, Cd, Sb and Bi), were carried out by ICP-MS following
hot Aqua Regia digestion. y

The studied rock types range from Tpz-Ab granite (Cistd type), through alkali granite
(Tpz-Ab leucogranites from the Vysoky Kamen stock), to alkali-feldspar syenite (Fig.
2a). The studied lithologies are all poor in mafic cations and distinctly peraluminous,
classifying as felsic peraluminous granitoids (f-P) sensu Villaseca et al. (1998) (Tab. 1).



o
3 = +  Cista granite
- x  Tpz—Ab leucogranite
*  pegmatite
< § 1 . & feldspathite
+ S 8 B greisen
(=] -~
=S N
N +
+ ©
o | z
8 g + o | ;
© v © !
I = '
o <—;: % £p m-P
o 1 ' .
S 1 <o Peraluminous
' Metaluminous
ELeuca.—l
o ; ; ; ; ; ‘ 3 — ‘ ;
0 500 1000 2000 3000 "0 50 100 150 200
R,=48Si - 11(Na + K) - 2(Fe + Ti) B=Fe+Mg+Ti

Fig. 2 Multicationic classification diagrams for the Cistd (leuco-) granite and other granitic rock types
from the Vysoky Kamen quarry. (a) R1-R2 plot (De La Roche et al., 1980), (b) B-A plot (Debon and Le
Fort, 1983) modified by Villaseca et al. (1998). 1-P: low-peraluminous, m-P: moderately peraluminous, h-P:
highly peraluminous, f-P: felsic peraluminous

The chondrite (Boynton, 1984) normalized REE patterns (Fig. 3a) are highly frac-
tionated, with fairly low total REE contents (6.4-64.5 ppm in Cist4, 3.3-19.9 ppm the
remaining rock types), rather flat (Lan/Yby = 1.13-3.82 for Cista, 1.12-4.05 for the
remaining rock types) with deep negative Eu anomalies (Eu/Eu* = 0.03-0.71for Cist3,
0.02-0.67 for the other rocks). A notable feature is the presence of M-type tetrad ef-
fect (Masuda et al., 1987). Its magnitude was expressed by the parameter TE_3 (Irber,
1999), as calculated in the geochemical plotting package GCDkit 3.0 beta (Janousek
et al., 2006, 2011) by the plugin module tetrad() (Tab. 3). For the newly acquired
analyses, where the quality and comparability of the data can be guaranteed, it ranges
from 1.12 to 1.47 (pegmatite dyke KRU 15-1II), roughly positively correlating with the
increasing silica contents.

Two largely independent alteration processes, related to chemically different fluids,
have been recognized in the southern part of the KGB: greisenization and feldspathiza-
tion (Dolnicek et al., 2012). The balance of trace elements in course of such transfor-
mations can be theoretically assessed using the multielement plot normalized by the
least siliceous among our Cistd granite samples (KRU 22-I) (Fig. 3b; see also Tab. 2-3).
Apparently, during feldspathization, many elements decreased in concentration (Cs, Th,
U, REE); significant enrichments seem to be shown, in particular, by Ba and Sr. Greis-
enization results in increases in Cs, Rb and Sr contents; Th, U, Nb and REE seem also,
to some extent, depleted.

However, the correct treatment of mass balance during open system-processes needs
to take into account the changes in overall mass/volume of the whole system, which
would also apparently alter the concentrations of immobile elements, whose abun-
dances in reality did not change at all. Wedge diagrams (Ague, 1994), as implemented
in the GCDkit, enable qualitative treatment of losses/gains of geochemical species dur-
ing open-system geological processes, including hydrothermal alteration. As such they
represent a viable alternative to the isocon plots (Grant, 1986, 2005) or concentration
ratio diagrams (Ague, 1994), being in fact superior in that they take into account the
overall variability of the whole dataset (both of the putative protolith and the altered
product) and not just a selected whole-rock pair, and do not introduce any subjective



Table 1 Major-element data for the Cista leucogranite and altered rock types from the Vysoky Kamen quarry(wt. %)

KRU-22/1I KRU-24/1 KRU-21/I KRU-20/VI KRU 15-I1I KRU- KRU-20/V
20/I11
Locality summit 792 Milirsky Ronik stock Vysoky Vysoky Vysoky Vysoky
W of Spicék potok kédmen kédmen kédmen kdmen
valley
Rock Cista Cista Cista greisenized pegmatite granite greisenized
granite granite granite leucogran- dyke leucogran-
ite ite
Si02 73.98 74.49 75.12 61.54 70.40 72.32 72.34
TiO2 0.04 0.05 0.06 0.04 0.06 0.04 0.03
Al203 14.65 14.45 13.84 19.60 15.95 15.60 15.29
FeOt 0.97 0.97 1.59 4.54 1.49 0.33 1.13
MnO 0.06 0.05 0.10 0.22 0.08 0.02 0.07
MgO 0.07 0.07 0.08 0.11 0.13 0.04 0.09
CaO 0.28 0.32 0.37 0.72 0.25 0.33 0.49
Na20 3.61 3.67 3.29 6.28 2.62 4.65 3.22
K20 4.66 4.37 2.82 3.54 7.42 5.39 5.14
P205 0.31 0.30 0.32 0.59 0.32 0.43 0.33
LOI 1.20 1.10 2.20 2.20 1.10 0.80 1.70
b3 99.83 99.84 99.79 99.38 99.82 99.95 99.83
K20/Na20 1.29 1.19 0.86 0.56 2.83 1.16 1.60
A/CNK 1.28 1.27 1.52 1.27 1.25 1.11 1.30
mg# 11.38 11.38 8.22 4.15 13.43 17.64 12.40
KRU-20/11 KRU 15-V KRU 15-1 KRU-20/IV KRU 15-1V KRU KRU-20/1
15-111
Locality Vysoky Vysoky Vysoky Vysoky Vysoky Vysoky Vysoky
kéamen kédmen kédmen kédmen kédmen kéamen kédmen
Rock layered Znw- Znw- Znw- Znw- feldspathized feldspathized
granite bearing bearing bearing bearing leucogran- leucogran-
with UST leucogran- leucogran- leucogran- leucogran- ite ite
ite ite ite ite
Si02 72.54 72.79 73.15 74.95 75.62 71.68 75.87
TiO2 0.02 0.04 0.04 0.04 0.02 0.04 0.02
Al203 15.86 15.48 15.16 14.18 13.83 17.09 14.23
FeOt 0.58 0.34 0.26 0.36 0.37 0.12 < 0.04
MnO 0.05 0.03 0.03 0.02 0.03 0.02 0.02
MgO 0.05 0.04 0.06 0.06 0.11 0.03 0.02
CaO 0.64 0.32 0.31 0.35 0.37 0.33 0.31
Na20 5.11 4.72 4.43 5.27 4.25 9.29 5.98
K20 3.36 5.14 5.23 3.37 3.60 0.21 2.80
P205 0.69 0.47 0.46 0.40 0.37 0.27 0.40
LOI 1.00 0.60 0.90 1.00 1.40 0.90 0.70
b3 99.90 99.97 100.03 100.00 99.97 99.98 100.35
K20/Na20 0.66 1.09 1.18 0.64 0.85 0.02 0.47
A/CNK 1.20 1.11 1.12 1.10 1.20 1.06 1.06
mg# 13.40 17.26 29.07 22.91 34.71 31.37 -

aspects, such as arbitrary scaling.



Fig. 3 (a) Chondrite- (Boynton, 1984) normalized REE patterns. (b) Multielement plots normalized by the

(a) Chondrite-normalized REE patterns

oOF <. : oOF

§ E Cista granite § E Other rock types

8L =1
B . C

0.01

T
Ce

1
Nd

(b) Multielement plots normalized by Cisté granite c

-
| 1 1 | | 1 o
[}

Sm Gd Dy Er Yb

1
Nd

o
—

Cista granite

—~|Cs Ba U Nb La Sr Hf Sm Tb Tm
ol 1 1 1 1 1 1 1 1 1

CTS Bta LH r\fb Ha §r IIIf Slm TP 'ﬂm

S

T T T T T T I T T 1
Rb Th K Ta Ce Nd Zr Ti Y Yb

-
=
[}

Rb Th

least siliceous Cistd granite KRU 22I.

Wedge diagrams are binary plots of a potentially mobile element j versus a reference

(immobile) element i.

The compositionally heterogeneous protolith samples yield a
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towards the origin. As shown by Bucholz and Ague (2010), the altered samples that
plot above and to the left of this wedge should have gained the mobile species, whereas
those falling below and to the right suffered its loss. The samples that remain in the
wedge but moved upwards are thought to record residual enrichment, and those shifted
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Table 2 Trace-element data except REE + Y for the Cista leucogranite and altered rock types from the Vysoky

Kédmen quarry (ppm, Au in ppb)

Locality

Rock

KRU-22/1

summit 792
W of Spicak

Cista

granite

KRU-24/1 KRU-21/1 KRU-20/VI

Milirsky Ronik stock Vysoky

potok kdmen
valley
Cista Cista greisenized
granite granite leucogran-
ite

KRU 15-I1

Vysoky
kdmen

pegmatite
dyke

KRU-
20/111

Vysoky
kdmen

granite

KRU-20/V

Vysoky
kdmen

greisenized
leucogran-
ite




Table 2 Trace-element data except REE + Y for the Cista leucogranite and altered rock types from the Vysoky
Kédmen quarry (ppm, Au in ppb)

Rb 1144.2 828.2 905.4 1989.3 1599.8 1019.4 1309.0
Cs 118.1 73.6 101.0 567.0 142.5 45.4 113.7
Ba 13 9 21 26 23 25 19
Sr 7.9 6.4 12.6 42.4 14.7 10.8 12.6
Be 15 14 1 11 22 9 6
Ga 33.1 30.2 32.9 73.2 38.5 34.1 34.3
Sn 97 39 126 64 44 13 29
W 29.5 14.1 18.4 12.7 26.6 4.0 13.3
Nb 39.4 27.7 22.1 19.4 55.8 38.4 33.2
Ta 13.5 9.7 7.2 8.4 11.0 21.1 14.7
Zr 28.1 30.5 31.3 17.0 8.5 21.9 22.3
Hf 1.6 1.5 1.7 1.1 0.7 1.4 1.4
Th 8.3 5.8 6.0 1.7 13.5 4.1 6.5
8) 6.0 8.1 6.0 2.0 3.4 3.9 4.9
Cu 1.3 1.4 17.3 3.4 3.8 3.8 3.6
Pb 2.2 3.2 0.8 1.0 2.1 1.7 1.9
Zn 54 20 21 221 70 13 68
As 3.3 1.5 0.7 1.9 4.8 2.4 7.7
Au < 0.5 < 0.5 1.3 2.7 1.4 1.5 < 0.5
Bi 8.3 11.1 1.5 0.2 70.3 1.4 10.4
Sc 3 4 2 4 5.6 2 3
Cr - - - - 3 - -
Ni 0.3 0.6 0.7 1.3 1.8 0.9 1.2
Co <0.1 <0.1 0.2 0.8 0.5 <0.1 <0.1
\% <8 <8 <8 <8 <2 <8 <8
KRU-20/11 KRU 15-V KRU 15-1 KRU-20/IV  KRU 15-1V KRU KRU-20/1
15-1I1
Locality Vysoky Vysoky Vysoky Vysoky Vysoky Vysoky Vysoky
kédmen kamen kédmen kamen kédmen kédmen kamen
Rock layered Znw- Znw- Znw- Znw- feldspathized feldspathized
granite bearing bearing bearing bearing leucogran- leucogran-
with UST leucogran- leucogran- leucogran- leucogran- ite ite
ite ite ite ite
Rb 779.0 1059.8 1156.3 669.8 902.3 35.1 516.0
Cs 42.4 51.9 58.0 34.3 39.4 4.0 18.8
Ba 8 16 23 15 19 19 10
Sr 25.1 12.4 9.4 10.8 15.9 11.2 10.5
Be 4 5 5 1 4 3 5
Ga 39.9 36.7 36.7 31.4 37.8 37 34.9
Sn 7 23 16 12 19 17 5
w 9.7 2.3 1.6 4.3 0.5 0.3 2.3
Nb 67.3 46.3 47.8 35.8 25.8 45.9 25.9
Ta 33.0 22.5 24.2 17.3 17.3 23.4 16.2
Zr 13.1 22.7 25.5 204 25.1 25.0 16.5
Hf 1.3 1.7 1.9 1.3 1.8 1.9 1.1
Th 2.7 4.3 6.1 3.7 2.5 4.2 2.2
8) 2.6 14.5 5.8 4.1 2.3 3.2 2.1



Table 2 Trace-element data except REE + Y for the Cista leucogranite and altered rock types from the Vysoky
Kédmen quarry (ppm, Au in ppb)

Cu 11.9 3.2 3.8 3.8 2.1 1.7 12.1
Pb 1.3 3.5 2.3 1.5 1.1 1.3 1.2
Zn 24 11 14 16 9 3 3
As 3.2 6.7 5.6 2.7 5.8 0.9 5.2
Au 1 1.5 1.5 < 0.5 1.3 0.6 0.8
Bi 0.2 2.3 0.2 0.2 0.2 1.3 < 0.1
Sc 1 0.7 3.5 2 0.4 0.7 <1.0
Cr - 2 1 - 2 1 -
Ni 2.1 0.9 0.8 1.6 1 0.6 2.3
Co <0.1 <0.1 < 0.1 <0.1 0.3 0.1 <0.1
\% <8 <2 <2 <8 <2 <2 <8

Selected Wedge plots are shown in Fig. 4. Regarding the major and minor elements,
both modes of alteration are connected with influx of Al and Na (albitization) as well
as P. Moreover, greisenization brings about also enrichment in ferromagnesian compo-
nents, as well as Mn and Ca, while feldspathization leads to decrease in Fe = Mn, and
increase in K. Titanium, bound mostly to rutile and columbite group minerals (René
and Skoda 2011), escaped unscathed. In terms of trace elements, most notable are
enrichments in Rb, Cs, Sr and Zn, connected with greisenization; additionally, Rb was
introduced in course of feldspathization, but without any significant Cs. On the other
hand, the Wedge plots rule out any perceptible mobility of Ba, radioactive elements U
and Th, Nb + Ta, as well as REE.

Table 3 Y + REE data for the Cista leucogranite and altered rock types from the Vysoky Kamen quarry (ppm)

KRU-22/1 KRU-24/1 KRU-21/T KRU-20/VI KRU 15-1I KRU- KRU-20/V
20/111
Locality koéta 792 Z udoli pen Ronik Vysoky Vysoky Vysoky Vysoky
Spicaku Milifského kamen kamen kamen kamen
potoka
Rock Cista Cista Cista greisenized pegmatite granite greisenized
granite granite granite leucogran- dyke leucogran-
ite ite
Y 7.7 8.2 9.2 5.4 4.9 5.3 6.7
La 2.7 3.0 4.8 1.4 2.5 1.6 1.9
Ce 6.1 7.2 11.7 2.9 7.9 3.6 4.7
Pr 0.78 0.86 1.38 0.38 0.96 0.47 0.58
Nd 2.8 3.1 5.5 1.7 3.3 1.9 2.2
Sm 0.91 1.04 1.23 0.61 1.32 0.70 0.69
Eu 0.02 0.02 0.07 0.04 < 0.02 < 0.02 < 0.02
Gd 0.98 0.97 1.21 0.52 0.97 0.66 0.75
Tb 0.26 0.24 0.29 0.17 0.20 0.18 0.20
Dy 1.56 1.29 1.73 0.67 1.00 0.94 1.07
Ho 0.27 0.29 0.33 0.13 0.13 0.16 0.20
Er 0.78 0.76 0.84 0.33 0.37 0.47 0.57
Tm 0.16 0.15 0.16 0.08 0.06 0.10 0.12
Yb 0.89 1.27 1.07 0.68 0.47 0.72 0.82
Lu 0.15 0.17 0.16 0.07 0.06 0.09 0.12




Table 3 Y + REE data for the Cista leucogranite and altered rock types from the Vysoky Kdmen quarry (ppm)

YREE 18.36 20.36 30.47 9.68 19.24 11.59 13.92
LaN/YbN 2.045 1.593 3.024 1.388 3.586 1.498 1.562
LaN/SmN 1.866 1.815 2.455 1.444 1.191 1.438 1.732

Eu/Eu* 0.07 0.06 0.18 0.22 - - -

YbN 4.26 6.08 5.12 3.25 2.25 3.45 3.92

TE1-3 1.255 1.172 1.186 1.190 - - -

KRU-20/11 KRU 15-V KRU 15-1 KRU-20/IV KRU 15-1V KRU KRU-20/1
15-111
Locality Vysoky Vysoky Vysoky Vysoky Vysoky Vysoky Vysoky
kéamen kédmen kédmen kédmen kédmen kamen kédmen
Rock layered Znw- Znw- Znw- Znw- feldspathized feldspathized
granite bearing bearing bearing bearing leucogran- leucogran-
with UST leucogran- leucogran- leucogran- leucogran- ite ite
ite ite ite ite
Y 2.8 5.0 5.7 4.2 4.1 6.4 3.1
La 0.5 1.3 1.6 1.5 0.8 1.4 0.6
Ce 0.9 3.8 4.0 3.6 2.2 4.0 1.5
Pr 0.11 0.44 0.51 0.40 0.29 0.50 0.22
Nd 0.4 1.7 1.9 1.3 1.2 1.9 0.5
Sm 0.20 0.61 0.77 0.50 0.45 0.67 0.31
Eu 0.05 < 0.02 < 0.02 0.02 0.02 < 0.02 0.02
Gd 0.26 0.60 0.74 0.53 0.46 0.74 0.29
Tb 0.07 0.15 0.18 0.15 0.12 0.19 0.11
Dy 0.32 0.84 0.95 0.80 0.68 1.10 0.39
Ho 0.07 0.13 0.17 0.14 0.10 0.17 0.09
Er 0.20 0.40 0.45 0.38 0.28 0.53 0.22
Tm 0.03 0.06 0.08 0.06 0.05 0.10 0.05
Yb 0.23 0.52 0.62 0.62 0.44 0.73 0.36
Lu 0.03 0.07 0.08 0.09 0.05 0.10 0.06

YREE 3.37 10.62 12.05 10.09 7.14 12.13 4.72
LaN/YbN 1.466 1.685 1.740 1.631 1.226 1.293 1.124
LaN/SmN 1.573 1.341 1.307 1.887 1.118 1.314 1.217

Eu/Eu* 0.67 - - 0.12 0.13 - 0.20

YbN 1.10 2.49 2.97 2.97 2.11 3.49 1.72

TE1-3 1.119 - - 1.324 1.320 - 1.468

5 Magnetic fabric and magnetic properties

The detailed rock-magnetic analyses were conducted in order to study the changes in

magnetic properties associated with two alteration processes in the granite.

It has

included the measurements of thermomagnetic properties, the hysteresis loops, curves
of acquisition of isothermal remanent magnetization (IRM), direct-field remagnetization
(DCD) curves and anisotropy of magnetic susceptibility (AMS).
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Fig. 4 Selected Wedge diagrams (Ague, 1994; Bucholz and Ague, 2010) for the Cisté type granites
(crosses) taken as the likely protolith to the other, variously altered rocks from the Vysoky Kamen quarry
(symbols as in Fig. 2). Wedge diagrams are binary plots of a potentially mobile geochemical species versus
a reference (immobile) element (here Zr). Major- and minor-element oxides in wt. %, trace elements in
ppm. For explanation, see the text.

5.1 Magnetic mineralogy

The magnetic mineralogy is studied by a combination of measurement of magnetic sus-
ceptibility changes with temperature and the hysteresis loops, IRM and DCD curves.
The measurements of thermomagnetic curves were carried out on powder specimens
using the CS-3 Furnace and/or the CS-L Cryostat Apparatus and the KLY-4S Kappabridge
(Hrouda, 1994; Jelinek and Pokorny, 1997) at the Institute of Geophysics in Prague.
Hysteresis and remanent parameters were measured by Vibrating Sample Magnetome-
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Fig. 5 Summarizing figure of magnetic results showing the mean magnetic susceptibility(Km) , P-T dia-
gram, representing degree and shape of AMS and AMS orientation in a) Cistd granite and in granites of
Vysoky Kanem Stock: b) leucogranites and UST granite, c¢) feldspathized leucogranites and in d) greis-
enized leucogranites.

ter (Model EV9 VSM, DSM Magnetics; ADE Corporation, Lowell, MA, USA) also at the
Institute of Geophysics in Prague.

Magnetic susceptibility

The host of the Vysoky Kamen stock, the most fractionated of the main granite types
of the KGB, the Cista granite shows magnetic susceptibility values in the range from
32.506 t0 136.4°96 [SI] with the median of 46.3°°6 [SI] (Fig. 5a)

The leucogranite, feldspathized leucogranite and granite with UST of the Vysoky Ka-
men stock reveal very low mean bulk magnetic susceptibility (Km) oscillating around
zero (Fig. 5b,c). The Km of the leucogranites ranges from -0.9 x 106 to 22 x 106 [SI]
with the median of 4.9. There are two subgroups within the leucogranite samples with
the median values 19.2 and 4.6 respectively. The Km of the feldspathized leucogranite
ranges from -10.9 x 10 to 7 x 10 [SI], with the median value of -6 suggesting the
dominance of diamagnetic minerals. In contrast, the Km of the greisenized leucogran-
ites (Fig. 5d) shows higher values, the sample 20V with less mica has median value 55
x 107 [SI] and sample 20VI exhibits higher medium value 296 x 10 [SI].
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Fig. 6 Thermomagnetic curves showing the a) the Cistd granite, b) the leucogranite samples, c) the
layered granite with UST, d) the feldspathized leucogranites, e) the greisenized leucogranites.

Thermomagnetic curves

The thermomagnetic curve of the Cista granite (Fig. 6a) is hyperbolic in shape sug-
gesting the dominant contribution of paramagnetic phases. The leucogranites show
two main behavior types of magnetic susceptibility (Fig. 6b). The sample 15D reveals
linear and the rest of the leucogranite samples yield hyperbolic patterns, in particular
at low temperatures. The layered granite with UST exhibits important decrease in Km
at low-temperature range and constant Km above 0°C (Fig. 6¢). The thermomagnetic
curve of the feldspathized leucogranite 20VII exhibits constant negative trend typical of
the diamagnetic behavior (Fig. 6d). The others show slight decrease in Km at low tem-
peratures. The thermomagnetic curves of the greisenized samples reveal hyperbolic
decay (Fig. 6e), indicating an importance of paramagnetic phases.

Hysteresis loops, IRM and DCD curves

The hysteresis loops, isothermal remanent magnetization acquisition (IRM) curves and
DC remagnetization (DCD) curves were measured (in the range from -2000 mT to 2000
mT or from -1000 mT to 1000 mT) on crushed samples and fragments in order to char-
acterize the basic magnetic parameters.
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Fig. 7 Hysteresis and remanence parameters. a) Representative hysteresis loops for each studied granite
type, b) hysteresis and remanence parameter ratios Mr/Ms and Hcr/Hc plotted in Day plot with theoretical
curves for magnetite acquired from Dunlop (2002).

The measured hysteresis curves of leucogranites, UST granite and feldspathized
leucogranites (Fig. 7a) are controlled by linear signal with negative slope, suggest-
ing predominance of diamagnetic minerals. In contrast, ordinary granites from the
KGB (the Cist4d and Tridomi types) and greisenized granites show an overall paramag-
netic character. After the correction for the dia/paramagnetic signal by subtracting the
linear part of the hysteresis curves below -500 mT, weak ferrimagnetic component was
revealed in all the samples (Fig. 7a).

The shape of the hysteresis curves of the ferrimagnetic component suggests the pres-
ence of magnetite and/or maghemite. Values of saturation magnetization (Ms), satura-
tion remanence (M;), coercivity (H¢) of hysteresis loop and remanent coercivity (Hcr)
determined from measured DCD curves are summarized in Table 4. On the basis of the
modified Day plot (Day et al., 1977, Dunlop, 2002) we assume that multi-domain (MD)
character of magnetic particles prevails in the Krudum granites, most of leucogranites,
greisenized samples and one feldspathized leucogranite (20I) (Fig. 7b). In contrary,
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two other samples of the feldspathized leucogranite show dominance of superparam-
agnetic (SP) particles but of significantly different grain size (Fig. 7b). The M, /M and
H¢/H. ratios in Day plot of one leucogranite (15D) and of the granite with UST (20II),
suggests the presence of a significant amount of single-domain and/or pseudosingle-
domain (PSD) particles (Fig. 7b).

Table 4 Summarized values of magnetic measurements

Ms Mrs Her He  Her/He o Mrs/Ms Xy Xyd+p Mag  XyMag
E-04 E-05 [Oe] [Oe] [1 [1 E-06 [SI] E-06 [SI] %0 E-06 [SI]
[emu/g] [emu/g]

Krudum granites

221 10.64 0.89 664 29.7 22.36 0.008 48.33 4.59 0.18 0.027
241 8.29 2.1 688 34.1 20.18 0.025 49.27 3.57 0.28 0.042
Leucogranites

15B 26.05 2.87 230 10.1 22.77 0.011 -0.58 -1 2.81 0.415
15C 8.8 1.35 550 5.3 103.77 0.015 4.22 -1.59 0.91 0.136
15D 3.35 5.25 190 67 2.84 0.157 7.35 -0.97 0.32 0.048
201V 5.51 1.26 1096 17.3 63.35 0.023 6.41 -1.44 0.51 0.077
20111 4.54 1.91 925 42,5 21.76 0.042 3.17 -1.19 0.47 0.07
Layered granite with UST

2011 8.18 12.99 768 231 3.32 0.159 20.83 -1.07 0.76 0.117
Feldspathized granites

15A 0.5 0.79 280 1.5 186.67 0.159 -5.19 -1.07 0.06 0.009
201 4.16 1.49 834 209 39.9 0.036 -10.45 -3.46 0.46 0.068
20VII  2.66 2.55 500 61 8.2 0.096 5.39 -1.56 0.3 0.045
Greisenized leucogranites

20V 21.85 11.37 451 89.9 5.02 0.052 64.01 1.43 1.97 0.299
20VI 9.92 3.68 558 5.6 99.64 0.037 294.53 18.59 0.16 0.025

Saturation magnetization (Mg), saturation remanence (Mrg), coercivity (H¢) of hysteresis loop, remanent
coercivity (Hcr) and parameter ratios Myrs/Mg and Her/Hc for the Day plot, values of volume susceptibility
measured measured by AC Kappabridge (Xv), calculated values of susceptibility of diamagnetic +
para-magnetic phases (Xq +p) recorded by the slope of linear part of hysteresis curve, volume of magnetite
(Mag) and its susceptibility (X
see text).

VMag) calculated from saturation of the hysteresis loops (for detailed explanation

In attempt to quantify the influence of the inferred ferrimagnetic phase on magnetic
susceptibility and its anisotropy, we have calculated the volume magnetic susceptibil-
ity of the diamagnetic + paramagnetic phases (X,q + p) in the samples recorded by the
slope of linear part of hysteresis curve (Tab. 4). Results suggest that the diamagnetic
+ paramagnetic phases represent minor proportion of the bulk magnetic susceptibil-
ity (Xy) measured by AC Kappabridge in all the samples (Tab. 4). This however, is in
contrary to the shape of measured thermomagnetic curves, and shape and magnitude
of the hysteresis curves of the ferrimagnetic component (Fig. 7a). This discrepancy is
best observed in the case of greisenized granite 20VI, which exhibits calculated Xyq + p
value equal to 18.5 x 10-6 [SI], but the measured bulk susceptibility is 294.5 x 10-6
[SI]. The sample clearly shows pronounced hyperbolic shape of thermomagnetic curve
(Fig. 6a) and the measurement disclosed only a very weak influence of ferrimagnetic
phase on magnetic hysteresis of the sample (Fig. 7e). To shed light on this dissimilarity
in different magnetic measurements, we have also calculated the volume magnetic sus-
ceptibility of ferrimagnetic phase (Xymag) (Tab. 4) based on saturation of the hysteresis

15



loops, saturation magnetization and mass susceptibility of clear (100%) ferrimagnetic
phase and density of samples (Tab. 5), assuming that the ferrimagnetic phase is mag-
netite. From the hysteresis loops saturation and saturation magnetization of magnetite
(93 [Am?2kg'!], Tarling and Hrouda, 1993) we have calculated proportion of them in
samples (Tab. 4). From the proportion and mass susceptibility of magnetite (578 x
10-8 [SI/kg], Tarling and Hrouda, 1993) we calculate mass susceptibility and convert it
to volume susceptibility using measured density of samples. The calculated volume of
magnetite is ranging between 0.06 %o to 2.81 %o and the corresponding volume sus-
ceptibility (Xymag) varies from 0.009 x 10 [SI] to 0.415 x 10 [SI]. The lowest values
are observed in feldspathized leucogranites, unaltered KGB granites and greisenized
granite with high mica abundance (Tab. 4). In contrast to the values of dia- and param-
agnetic susceptibility, obtained from the linear slope of the hysteresis loops, the values
of susceptibility represented by the ferrimagnetic phase, calculated from the saturation
magnetization, suggest that the magnetic susceptibility and, consequently, the AMS is
carried mainly by dia- and paramagnetic phases.

Analysis of hysteresis, IRM and DCD curves suggests the presence of ferrimagnetic
phase(s) in all the samples, probably magnetite and/or maghemite. It also point to non
single-domain nature of magnetic particles in most of the samples and the possibility
of “inverse” AMS fabric (Rochette et al., 1999) can be excluded in these samples. The
SD particles are expected within the leucogranite (15D) and granite with UST (20II),
where the inverse fabric seems to be present in UST granite sample were AMS is at
high angle to subhorizontal magmatic layering.

5.2 AMS fabric

The XY oriented samples were collected and studied in the laboratory. The AMS was
measured with the KLY-4S Kappabridge (Jelinek and Pokorny, 1997) in the field of 300
A/m root-mean-square value in the Institute of Geophysics. The data were statistically
evaluated using the Anisoft 4.2. package of programs (Jelinek, 1978; Hrouda et al.,
1990; Chadima and Jelinek, 2008). The AMS ellipsoid was characterized by its intensity
(indicated by the degree of anisotropy P = k1/k3 for samples with Km>0 and P =
|k3[/|k1| for samples with Km<0 as suggested by Hrouda (2004) and its symmetry
(shape factor T = 2In(k1/k2)/In(k2/k3)-1, where 0<T<1 constraints oblate and -1<T<0
prolate shapes of AMS ellipsoids). The principal magnetic susceptibilities are following
k1> k2> k3.

The Cista granite, the host of the Vysoky Kadmen stock, encompasses subhorizontal,
WNW-ESE and NE-SW trending fabrics with predominant steep ones. The AMS el-
lipsoids are characterized by low mean value of P parameter being 1.011 with a few
outliers and prolate to oblate shapes (Fig. 5a).

The orientation of the magnetic fabrics in the leucogranite and UST granite samples
is relatively scattered with two main directions (Fig. 5b), the quasi horizontal and the
steep, NW-SE trending foliation. The majority of the lineations is distributed subhor-
izontally. The feldspathites also show two main types of fabrics (Fig. 5c). The wide
cluster of the subhorizontal middle-angled foliation alternates with the NW-SE trend-
ing steep fabrics. The magnetic lineation exhibits preferential SW-dipping orientation.
The samples from the greisenized granite (Fig. 5d) represent the best clustered results
with the horizontal magnetic foliation bearing horizontal, NE-SW trending lineation.
The sample 20V with less mica marked by grey circles is more scattered than the sam-
ple 20VI with higher mica contents.
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The degree of magnetic anisotropy (P parameter) is in leucogranites relatively low
(median for P = 1.093). The shape of the AMS ellipsoid changes from highly prolate
(minimal T = -0.74) to highly oblate (maximal T = +0.84), with the median value in
plane-strain to slightly oblate region (T = 0.28). In feldspathized leucogranite, the P
parameter is highly variable (1.024-1.857). The shape of AMS ellipsoid also covers
the whole spectrum (T = -0.91 to +0.67) and the median value showing more prolate
shape (T = -0.31). The samples from the greisenized granite shows low values of AMS
intensity defined by P parameter from 1.005 to 1.039 with the median P = 1.01. The
shape of AMS exhibits plane-strain symmetry (median T = 0.15) with the values ranging
from -0.64 to +0.82.

There is a considerable problem in interpreting very low susceptibility samples espe-
cially from the leucogranite and feldspathite groups. These samples show Km close to
zero (median Km = 4.9 and -6). Hrouda (2004) demonstrated the unrealistically high
values of degree of AMS in the vicinity of zero susceptibility. Based on modeling of
quartzite and limestone AMS, he suggested to avoid the quantitative interpretation of
AMS of rocks with the bulk magnetic susceptibility between -5 x 106 and 5 x 1076 [SI].
In our data set, it concerns in particular the part of the leucogranite samples and all
feldspathized leucogranite samples (Fig. 5b,c). The leucogranites out of the Km range
suggested by Hrouda (2004) to be not interpreted in terms of P parameter are of low
values up to 1.05.

6 Pore space characterization

Porosity and pore space character of Tpz-Ab leucogranites, feldspathized leucogran-
ite and greisenized leucogranites from the Vysoky Kamen stock was determined using
the mercury-injection porosimetry and the results was confronted with microstructural
observations.

The mercury porosimetry initially proposed by Washburn (1921) provides a wide
range of information, e.g. the pore size distribution, the total pore volume or poros-
ity, the skeletal and apparent density. The technique is based on volume measurement
of mercury forced into the porous sample by external pressure. The mercury pressure
and the pore size are related by the Young-Laplace equation for the displacement of a
non-wetting fluid in a thin capillary tube:

(—2ycos?h)
p

where ris the radius of the capillary tube, or the distance of the pore walls in slit-shaped
pore (Lenormand et al., 1983), v is the mercury surface tension (485 x 10-3 Nm-1), 9 is
the contact angle between the mercury and solid (130°), and p is the capillary pressure
applied on the liquid. The pore throat size represents the largest connection (throat or
pore channel) from the sample surface towards that pore and therefore is bigger than
pore size determined by direct methods (Giesche, 2005). The measurements were per-
formed at the University of Strasbourg on mercury-injection porosimeter Micromeritics
AutoPore IV using 220 MPa as maximum mercury pressure and thus giving access to
pores with throat diameter between 300 ym and 5 nm. To reveal the sample pore space
geometry the mercury volume was measured during three stages of step-wise change
of the applied pressure: (1) mercury intrusion by the pressure increase to the maxi-
mum; (2) mercury extrusion by the pressure release to the ambient pressure and (3)
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mercury reintrusion by the pressure returning to the maximum. The pore space vol-
ume of filled by mercury during the first stage is called total porosity. The volume of
mercury remaining in the sample pore space after pressure release (second stage) is
termed trapped porosity and is related to the heterogeneity of the network geometry
(Li and Wardlaw 1986a, b; Wardlaw et al. 1987). The volume of mercury reintruding
the pore space during the third stage is related to free porosity only. The results of
mercury-injection porosimetry are presented as curves of incremental porosity vs. pore
throat size calculated from intrusion pressure using the Washburn equation (Fig. 8)
and in summarizing Table 5 showing values of total porosity, bulk and skeletal density
and pore throat size, where the median corresponds to the pore throat size at which the
mercury has filled a half of the pore space volume during the step-wise intrusion. The
parameter characterizing the free-to-total porosity ratio is calculated by dividing the
porosity volume of the reintrusion (stage 3) by the porosity volume of the first intrusion
(stage 1).

The microstructure of all samples is in thin section scale homogenous and show no
evidence of zones of altered and unaltered rock matrix. The qualitative evaluation
of microporosity in thin sections of all studied samples regardless the rock type docu-
ments the dominant presence of intergranular microcracks mainly occuring in feldspars
and on grain boundaries (supplementary Fig. S1). The granite types differ mainly in
abundance of microcracks along grain boundaries of newly formed mica in greisenized
leucogranites. In feldspathized leucogranites, smaller microcracks length associated
with smaller grain size of feldspar crystals are newly formed by feldspathization pro-
cess. In greisenized leucogranite, intergranular cracks also seem to be wider in com-
parison to other studied granite types.

6.1 Leucogranite and granite with UST

The curves of incremental porosity for the leucogranite samples are characterized by
wide peak and different pore size of free and trapped porosity (Fig. 8a). Values of total
porosity range in narrow interval between 0.9 and 1.7 % with free/total porosity ratio
between 18 and 31 % (Tab. 5). All samples show similar values of bulk and skeletal
density being 2.58 and 2.61 gcm™ in average. The median pore throat size is 0.25 ym
in average ranging between 0.19 to 0.35 pm.

The sample of layered granite with UST shows among non-altered samples exception-
ally low total porosity (0.7 %) and free/total (11 %) porosity ratio as well as pore throat
size (0.07 ym) (Tab. 5). It also differs in higher bulk and skeletal density (2.67 and 2.68
gcm3, respectively).

6.2 Feldspathized leucogranite

The two feldspathized leucogranite samples (201 and 15A) show similar values of total
porosity and density compared to the leucogranite samples, but differs in significantly
lower free/total porosity ratio (13 and 14 %) and absence of the wide peak on total
porosity curve (Fig. 8b). The less porous sample 15A (0.7 %) also shows significantly
smaller pore throat size, 0.08 ym. The third measured sample (20VII) exhibits distinct
results from other two feldspathized leucogranite as well as from the leucogranites. It
is characterized by high porosity (2.8 %) with high free/total porosity ratio (41 %) and
relatively high pore throat size and low bulk density.

18



(a) Leucogranite
<025 201l | £0.25 201l | 025 20V
= 02 ®=07% = g2 =17% | = 02 ®=0.9%
g 2 2
5 0.15 5 0.15 5 0.15
o Q. o
s 01 s 01 s 01
g 005 /\/ g 005 g 005
5 s 1 J 5 /
2 0 L E— T 1 2 0 T T T 1 2 0 T T T 1
1 0.1 0.01 0.001 1 0.1 0.01 0.001 1 0.1 0.01 0.001
Pore throat size (um) Pore throat size (um) Pore throat size (um)
<025 15B | £0.25 15C | £0.25 15D
= 02 *=1%| = o2 =14% | = g2 ®=17%
g0 g0 "
5 0.15 5 0.15 5 0.15
(=3 Qo (=3
s 01 s 01 s 01
g 005 A/ g 005 g 005
g _ s 1 J 2 /|
2 0 T T T 1 2 0 T T T 1 2 0 = T T 1
1 0.1 0.01 0.001 1 0.1 0.01 0.001 1 0.1 0.01 0.001
Pore throat size (um) Pore throat size (um) Pore throat size (um)
(b) Feldspathized granite
025 20l | =0.25 20V | =025 15A
2 02 ®=1.8% > 02 =28% | = 0.2 ®=0.7%
2., z
8_0'15 20.15 ‘8'_0.15
T 01 5 0 5 04
s < <
£ 0.05 2 0.05 £ 0.05
o g ] /J g B
g 0 — T T 1 ‘g 0 - - T Y e 0 T T T 1
1 01 001 0001 — 1 01 001 0.001 1 0.1 0.01 0.001
Pore throat size (um) Pore throat size (um) Pore throat size (um)
(c) Greisenised granite (d)
<025 20V | 025 2Vl | =5 N
= 02 O=14%| = g2 =46% | =y
8 8 8
s 0.15 5 0.15 s3
Q. Qo o
s 041 s 041 s2 +
k] e o Xo o
g 0.05 2 0.05 \ = o
g S g J *
g 0 T T T ! g 0 T T ! ! o +———————
1 0.1 0.01 0.001 1 0.1 0.01 0.001 0 02 04 06 08
Pore throat size (um) Pore throat size (um) Pore throat size (um)
=+ Krudum gr. X Feldspathized leucogr.
Free porosity Traped porosity Total porosity @ Leucogranite * Greisenised leucogr.
@ Layered gr. (UST)

Fig. 8 Results of mercury-injection porosimetry of a) leucogranite and granite with UST, b) feldspathized
leucogranites and c) the greisenized leucogranites. d) graph of relation between pore throat size and
porosity.

6.3 Greisenized leucogranite

Two samples of differently greisenized leucogranite were characterized by the mercury
porosimetry. The sample 20V with smaller mica amount exhibits similar porosity char-
acteristics as the studied leucogranites with most of the values at the upper limit of
the leucogranites range and a slightly higher skeletal density value (Fig. 8c and Tab.
5). The other sample 20VI with more newly formed mica, shows significant increase in
porosity (4.6 %), free/total porosity ratio (38 %), pore throat size (0.7 um) and skeletal
density 2.76 gcm3, although the bulk density (2.63 gcm™) is the same as for the less
altered sample and close to the values obtained for the leucogranites.
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7 Summary and discussion

7.1 Geochemical evolution during alteration

Two largely independent alteration processes, related to chemically different fluids, can
be recognized in the Vysoky Kamen stock, greisenization and feldspathization.

The greisenization was caused by near-critical low-salinity aqueous fluids with low
contents of CO,, CHy, and N3 (= 10 mol. % in total) at ~350-400 °C and 300-530 bar
(Dolnicek et al., 2012). The influx of these fluids led to an enrichment in Fe, Mn, Al, Na,
F, Sn, W, Rb, Cs, Sr and Zn. At more advanced stages, Nb, Ta and LREE became also
elevated. The fluid activity continued even after greisenization, and was connected
with feldspathization and later argillitization as documented by abundant secondary
fluid inclusions. These inclusions reflect the whole cooling history down to c. 50 ¢C
(Dolnicek et al., 2012). The hydrogen (3D = -70 to 81 %o SMOW) and oxygen (580 =
+10.4 to 10.6 %0 SMOW) isotope data collected from altered rocks have been, however,
interpreted in terms of interaction of granite with meteoric waters under post-magmatic
conditions (Dolej$ and Stemprok 2001).

The other characteristic fluid-related feature is the occurrence of tetrad effect in
chondrite-normalized REE patterns (DolejS and Stemprok, 2001; see also Fig. 3a).
Most of the workers nowadays agree that the occurrence of M-type lanthanide tetrad
effect is connected to fluorine-rich environments, being caused by melt/fluid (Irber,
1999; Monecke et al., 2002; Zhao et al., 2002) or melt/melt fractionation (Veksler et al.,
2005).

The greisenized samples from the Vysoky Kadmen stock, if compared to leucogranite
and feldspathized leucogranite, are clearly enriched in Fe, Mn and Zn, i.e. elements
triggering paramagnetism of minerals (Fig. 4). In contrast, the feldspathization re-
sulted in depletion of the same mafic cations. These were most likely leached by the
fluid derived from the decomposing Li-micas (protolithionite). In turn, a new generation
of feldspars (mainly albite) and muscovite grew from the newly introduced components;
the same process presumably resulted in the formation of the quartz-hematite veins.

It has to be stressed that the studied samples represent rather incipient stages of
the alteration processes, especially of greisenization, eventually leading to economic
Sn-W deposits of the Krdsno area. Perhaps for this reason we have not recorded any
significant depletions/enrichments of U, Th, Nb, Ta or REE, which were demonstrated
to be mobile in Cl, F-rich hydrothermal fluids (Alderton et al., 1980; Witt et al., 1988;
Keppler and Wyllie, 1990; Rubin et al., 1993). This, together with the arguably more
objective approach (Wedge plots vs. isocons) without the necessary arbitrary scaling
and an assumption of conserved volume, may account for some differences if compared
with the previous study of Dolej$ and Stemprok (2001). For instance, these authors
inferred addition of some Zr and Th, and removal of U, in course of greisenization but
they did not have data to assess the cases of REE, Nb, and Ta.

7.2 Evolution of magnetic properties during alteration process

Primary leucogranites of the Vysoky Kamen stock are characterized by low magnetic
susceptibility (median = 4.9 x 10 [SI]), paramagnetic character of thermvomagnetic
curves and by AMS orientation consistent with the general pattern in the Cistd gran-
ite and the whole KGB (Machek et al., 2011) (Figs 5,6). The hysteresis and remanent
measurements reveal overall diamagnetic behavior with significant presence of a fer-
rimagnetic phase (probably magnetite and/or maghemite) of dominantly multi-domain
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character with tendency to superparamagnetic behavior (Fig. 7). If compared to the
paramagnetic Krudum granites (the Cistd type), leucogranites of the Vysoky Kamen
stock exhibit lower susceptibility, but higher proportion of ferrimagnetic phase (Fig. 5,
7, Tab. 4).

To decipher the influence of ferrimagnetic and diamagnetic + paramagnetic phases
on the magnetic susceptibility and thus on the AMS, we performed calculation of the
volume magnetic susceptibility of diamagnetic + paramagnetic phases (Xyq4+p) in the
samples recorded by the slope of linear part of hysteresis curve and the volume mag-
netic susceptibility of ferrimagnetic phase (Xymag) based on saturation of the hysteresis
loops (Tab. 4). Results based on slope of linear part of hysteresis curves suggest that
the diamagnetic + paramagnetic phases represent minor proportion of the bulk mag-
netic susceptibility (Xy) measured by AC Kappabridge in all the samples. This however,
this is contrary to the shape of measured thermomagnetic curves, shape and magni-
tude of the hysteresis curves and proportion of the ferrimagnetic component deduced
from saturation magnetization. The calculated portion of magnetite is ranging between
0.06%o to 2.81%o0 and the corresponding volume susceptibility (X ymaq) varies from 0.009
x 10 [SI] to 0.415 x 10 [SI], which is suggesting that the magnetic susceptibility
and consequently the AMS is carried mainly by dia and paramagnetic phases. It seem
that the later mentioned calculation of volume susceptibility based on saturation mag-
netization is closer to the reality as it is in accordance with the observed shapes of
thermomagnetic curves and hysteresis loops. The physical meaning of the dissimilarity
of calculated volume susceptibility of ferrimagnetic and diamagnetic + paramagnetic
phases and volume susceptibility measured by AC Kappabridge is unclear to us. The
only questionable explanation, we can think of, may lay in different technical way of
susceptibility measurements in low AC magnetic field at Kappabridge and high DC field
at Vibrating Sample Magnetometer.

The feldspathization process even decrease already low susceptibility (median = -6
x 106 [SI]) (Fig. 5c) by increasing influence of diamagnetic phases and slightly de-
creasing the content of ferrimagnetic phase (Fig. 7a, Tab. 4), while preserving the
AMS orientation. The geochemical analysis reveals that the feldspathization led to de-
pletion in mafic cations and decomposition of Li-mica originally present in unaltered
leucogranite, which can clarify the susceptibility decrease. Based on above mentioned
results it seems, that the stability of the AMS orientation is due to insignificant influence
of feldspathization process on orientation of paramagnetic and diamagnetic phases ori-
ented during granitic magma emplacement.

Contrary to the feldspathization, the greisenization led in studied sample to signifi-
cant change of magnetic properties. Considerably higher magnetic susceptibility (55
and 296 x 10 [SI]) than in leucogranites is produced mostly by paramagnetic phases
(newly formed Li-mica), documented by thermomagnetic curves together with hystere-
sis loops (Figs 6,7). The subhorizontally oriented AMS is of low degree and plain-strain
symmetry. The geochemically documented influx of elements during greisenization led
to metasomatic growth of lithium mica, quartz, topaz and K-feldspar in granite mi-
crostructure and probably also to decomposition of fine-grained ferrimagnetic phase
as suggested by its negligible influence on hysteresis loops (Fig. 7a, Tab. 4). By such
fundamental change of microstructure the original AMS is completely reworked.
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7.3 Development of porosity

Leucogranites as the primary granite type of the Vysoky Kamen stock exhibits relatively
low porosity (0.9-1.7 %) with free/total porosity ratio ranging between 18 and 31 %,
average pore throat size of 0.25 ym and average skeletal density 2.61 gcm-3. Such
total porosity values are slightly higher than for fresh non-fractured granites (< 1 %)
and correspond to values of only weakly altered and/or fractured granites (Nur and
Simmons, 1969; Geraud et al., 1993; Surma and Géraud 2003; Rosener and Géraud,
2007; Stanék et al., 2013) and are in agreement with values obtained by Blecha &
Stemprok (2012) from borehole data near Kréasno village. The plotted pore throat size
with respect to total porosity (Fig. 8d) of all measured samples suggests linear relation
of the pore throat size and the total porosity of the whole dataset. However it doesn’t
show clustering on the relation path or markedly different course of linear relation
for the individual granite types. It could suggest that the porosity is developed in all
samples by similar mechanism, which is likely to be microfracturation as documented
by microstructural observation of abundant microcracks (supplementary Fig. S1).
Both alteration processes led in studied granites to distinct changes in pore space
volume and character. The process of feldspathization in the studied samples (201 and
15A) led to the decrease in free/total porosity ratio (13 and 14 %) and porosity in sample
15A (0.7 %). This can be explained by filling or discontinuation of pre-existing inter-
connected pores easily accessible for migrating low temperature hydrothermal fluids
by growing of new generation of feldspars of small grain size. The metasomatic growth
of new small crystals could produce closed pores not accessible for mercury (Geraud et
al., 1993) and the microfracturation of the rock compensating microstructural changes
is controlled by small grain size of the matrix, producing narrow and short microcracks
(supplementary Fig. S1). The contradictory porosity characteristics observed in the
sample 20VII are rather caused by microfracturing postdating the feldspathization, as
the increase in total and free porosity is associated with increase in rock volume, which
is unlikely at the lithostatic conditions and the sampling site as well as collected sample
are lacking evidence for hydraulic fracturing during hydrothermal transformation.
Samples of greisenized leucogranites exhibit increase in total porosity (1.4 and 4.6
%), proportion of free porosity (27 and 38 %), pore size (0.34 and 0.7 pm) as well
as skeletal density (2.66 and 2.76 gcm-3) alongside with maintained bulk density i.e.
volume. The relatively high porosity and skeletal density of greisenized samples cor-
responds to values obtained by Stemprok et al. (1997). Nevertheless, the other pore
space characteristics acquired by mercury injection porosimetry allow further interpre-
tation of porosity development during the alteration processes. The main manifestation
of greisenization process is metasomatic growth of Li-mica in microstructural point of
view and influx of elements of higher atomic weight in geochemical perspective. The
metasomatic replacement of less dense phases by high amount of denser Li-mica led
during greisenization to the density increase of the granite. The density increase of
the small part of the rock mass induces, at lithostatic conditions, development of local
stress disequilibrium (i.e. tendency to decrease in volume). The easiest mechanism to
accommodate such disequilibrium in brittle crust is fracturing of the rock mass. The
growth of Li-mica also develops new flat planes of weakness on mica grain boundaries
and cleavage planes feasible to accommodate mentioned stress disequilibrium. Devel-
opment of such microcracks would produce net of interconnected and free porosity
of relatively large size documented by mercury-injection measurements and observed
abundant open microcracks on grain boundaries of newly formed Li-mica (supplemen-
tary Fig. S1). Such change in rock microstructure and porosity characteristics closely
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related to the mass transfer during metasomatic alteration differ from microstructural
and porosity changes induced by granite alteration by weathering producing pores of
small pore throat and characterized by low proportion of free porosity (Geraud et al.,
1993).

7.4 Alteration processes as complex change of granite system

Flow of hydrothermal fluids through the rock matrix of granite alters substantially not
only chemical composition, but also microstructure and physical properties through
the metasomatic mineral changes. All these processes (chemical, microstructural and
physical) are mutually connected.

The alkali feldspathization originated through fluid flow results in leaching of some
mafic cations, decomposition of Li-mica and growth of new alkali feldspars. This causes
decrease in magnetic susceptibility together with disruption of pore space by its dis-
continuation and infilling. However, the change of microstructure is not that important
to modify, or even disrupt, the orientation of paramagnetic and diamagnetic phases
aligned during granitic magma emplacement and thus does not significantly influence
the AMS orientation.

In comparison, the greisenization has considerably larger effect on microstructure
and physical properties of granite. Influx of elements of higher atomic weight with hy-
drothermal fluids induces growth of large amount of new phases (lithium mica, quartz,
topaz and K-feldspar). This substantially alters the granite microstructure and mineral
density of the rock matrix. The mineral density and microstructural change during the
greisenization increase the porosity and size and character of pores to larger, flatter
and probably more connected ones. The change of microstructure also leads to com-
plete reworking of the original AMS and probably to decomposition of originally present
fine-grained ferrimagnetic phase.
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