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Mineralogy, Petrology and Chemistry of the Fotino Granitic Rocks,

Thessaly, Central Greece.

ATHANASSIOS KATERINOPOULOS', ANDREAS KOKKINAKIS' and KONSTANTINOS KYRIAKOPOULOS'

Section of Mineralogy and Petrology, Department of Geology, University of Athens, Panepistimiopolis,
Ano Ilissia, GR-15784.

Introduction

The granitic intrusion in Fotino area was mapped by
STAMATIS (1987). In this map a quartz monzonite body
appears near Fotino village (Fig. 1), another one exists
near Deskati village, while small occurrences of granite,
granodiorite and quartz diorite are spread in the area.

KiLias & MOUNTRAKIS (1989) studied the geotectonic
evolution of the area on the basis of field relationship
data. STAMATIS (1987) gave a short description of the
petrographic types and a reference to their mineral
constituents in the relative map.

For the purposes of this study, rock samples from
the Fotino granitic rocks have been collected, studied
for their petrography and analysed for their mineral
chemistry and their major, trace and rare earth element
composition. Petrogenetic features of the plutonic rocks
are depicted from the correlation of the above data.

Geologic setting

The Fotino plutonic rocks intrude the Pieria-Kam-
vounia crystalline massif, a structural element of the

Fig. 1 Sketch map of the studied area

Pelagonian Nappe. According to KILIAS & MOUNTRAKIS
(1989) the Pelagonian Nappe consists of:

a. Limestones of Middle to Upper Cretaceous trans-
gression and the Paleocene flysch.

b. The western carbonate cover of Triassic to Juras-
sic age.

c. The eastern carbonate cover of Triassic to Juras-
sic age.

d. A metaclastic sequence of Late Permian - Early
Triassic age.

e.Three crystalline sequences (Vernon, Voras and
Pieria-Kamvounia).

f. Large granitic masses of different ages.

These crystalline sequences crystallised under simi-
lar conditions in the Paleozoic, but then they suffered
different tectonic events as they present differences in
their megastructure and their kinematics.

The Pieria-Kamvounia massif is characterised by a

lower "Elassona" sequence, consisting of gneisses and
amphibolites with migmatitic interpositions and an upper
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Kefalovrysson" sequence consisting of schists with me-
tabasite and marble intercalations.

According to KiLias & MOUNTRAKIS (1989) the litho-
logical and tectonic study indicates that the granites
intruded the metamorphic rocks probably during Upper
Jurassic-Lower Cretaceous.

In the Upper Cretaceous - Palaeocene the Pieria-
Kamvounia crystalline massif overthrusts the blueschists
of the Ambelakia unit and in Upper Eocene it is over-
thrusted onto the carbonate masses of Olympos-Ossa,
Rizomata and Krania carbonate sequences (MIGIROS
1983, KATSIKATSOS et al. 1986).

Sampling and analytical methods

Sampling was carried out with special care to collect
unaltered samples from well preserved outcrops. The
chemical analyses were made in the Department of Ge-
ology at the University of Leicester, England.

The mineral phases have been studied by polarised
microscope and analysed by an automatic electron mi-
croprobe (JXA-8600 Superprobe) using the Energy Dis-
persive method. The standards used were of pure
elements or natural compounds.

Major and trace element analyses were carried out by
X-ray fluorescence method using a Philips PW 1400
series spectrometer. Details on the analytical procedure,
precision and accuracy on the analytical techniques are
given in MARSH et al (1983).

Rare earth elements were separated by chromatog-
raphy and determined by inductive-couple plasma spec-
troscopy on an ICP Philips PW 8210 1.5 m.

Rb-Sr isotope analyses have been carried out at the
Institute of Geochronology and Isotopic Geochemistry,
CNR of Pisa, Italy, using a VG Isomass 54E mass spec-
trometer. The precision of the * Rb/°Sr ratio determina-
tion has been estimated at -1 %. The value of 1.42 x
10" y" was used for the *Rb decay constant. The mica
ages were calculated adapting a ® Sr/®Sr correction of
the corresponding whole rocks.

Mineralogy

a. Quartz: It is the most abundant mineral constituent,
forming about 35 % of the studied samples. Primary
quartz occurs in the form of irregular grains, as porphy-
roclasts or as aggregates consisting of randomly situated
grains. Tectonism caused strong undulose extinction and
biaxial optical character. Recrystallised quartz occurs in
the form of small elongated grains, with irregular, inter-
penetrated edges, generally presenting a normal or a
very weak undulose extinction.

b. Feldspars

b. 1. K-feldspar: Crosshatched microcline perthite is
the dominant potassium feldspar forming about 35 % of
the studied rocks. It is present in the form of porphyro-
clasts, or as allotriomorphic interstitial grains. Almost all
large microcline grains present the tartan twinning, while
the smaller ones are usually twinning free.

Vein-perthites are very common. In all cases,
perthites and host microcline grains have the same opti-
cal orientation. Albite inclusions are usual, while zircon,
apatite and allanite inclusions are rare. Results of repre-
sentative chemical analyses of K-feldspars and their
structural formulae recalculated on the basis of 32 (O)
are shown in Tables 1 and 2.
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b. 2. Plagioclase: It is present in the form of stressed
grains and fragments, or in aggregates composed of
allotriomorphic isodiametric porphyroclasts of albite or
oligoclase. It is often replaced by K-feldspar and decom-
posed to quartz, sericite, epidote, titanite and garnet.
Some of the chemical constituents of these secondary
products result from the decomposition of neighbouring
biotite crystals.

The larger grains present twinning according to the
albite low and rarely to the pericline or karlsbad ones.
Representative chemical analyses of Na-Ca-feldspars
and their structural formulae recalculated on the basis of
22 (O) are listed in Tables 3 and 4.

b. 3. Inclusions: Both sodium and potassium feld-
spars are included in larger albite and microcline crys-
tals. Chemical analyses of included feldspars and their
structural formulae recalculated on the basis of 32 (O)
are given in Table 5.

c. Micas

c. 1. Muscovite: It is present in all the studied sam-
ples, appearring in idiomorphic weakly pleochroic crys-
tals, with an elongation ratio usually ranging from 2 to 4.
In most cases it replaces biotite or plagioclase. This re-
placement of primary minerals by muscovite is usually
developed parallel to the cleavage and twinning sur-
faces, or along cracks. The so formed fine sericite flakes
are arranged parallel to the above mentioned surfaces.

Larger muscovite crystals bear on the outer surfaces,
or along the cleavage and cracks, small isodiametric
opaque mineral grains. Representative analyses of mus-
covite along with their structural formulae based on 22
[O] are shown in Table 6.

c 2. Biotite: It occurs in small amounts, so it can be
considered an accessory mineral in most cases. It usu-
ally appears as idiomorphic to hypidiomorphic flakes.

Most biotite crystals have been mechanically de-
formed so that the elongation ratio ranges from 10 to 20
and decomposed to sericite, epidote, titanite, magnetite
apatite and garnet, pseudomorphically developed. The
decomposition of adjacent feldspar crystals provided the
necessary Ca, Si, Al, and K for these phases.

The biotite flakes are iron enriched, so their colour is
dark brownish-red parallel to (001) and brown perpen-
dicular to (001). Results of representative chemical
analyses of biotites and their structural formulae recalcu-
lated on the basis of 22 (O) are listed in Table 6.

d. Accessory minerals: Accessory phases include ti-
tanite, epidote, allanite, zircon, garnet, apatite and
opaque minerals.

d. 1. Titanite appears as fragments of unhedral crys-
tals, honey-brown in colour. Analyses recalculated on the
basis of 20 [O] are given in Table 7.

d. 2. Epidote appears in the form of allotriomorphic
grains replacing mainly plagioclase and biotite, in asso-
ciation with muscovite, titanite and spinel. It also forms
microcrystalline covers around allanite grains. They are
weakly pleochroic, with Y intense yellow-green, Z yellow-
green and X greenish-yellow. Chemical analyses recal-
culated on the basis of 25 [O] are given in Table 8, along
with the composition expressed in terms of the theo-
retical end member Ps.

d. 3. Allanite grains occur as porphyroclasts, or as
inclusions. The porphyroclasts are strongly pleochroic,
parallel to Y dark brown, almost opaque, parallel to Z
brownish-red and parallel to X yellowish-grey. They are
usually surfaced by an epidote cover.
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Table 1. Representative chemical analyses of K-feldspars.

FT10/104 FT10/108 FT10/111 FT6/5 FT6/6 FT6/8 FT6/11
SiO; 64.37 64.88 64.37 64.82 64.79 64.77 64.42
ALO3 18.16 18.26 18.06 18.17 18.06 18.08 18.07
FeO 0.03 0.01 0.04 0.04 0.01 0.01 0.03
CaO 0.01 0.01 0.01 0.01 0.01 0.01 0.01
| Na;0 0.38 0.37 0.36 0.33 0.26 0.33 0.3
K20 16.39 16.61 16.5 16.61 16.84 16.59 16.69
TOTAL 99.34 100.14 99.34 99.98 99.97 99.79 99.52
Z 15.99 15.98 15.97 15.98 15.97 15.98 15.97
X 4.04 4.06 4.06 4.05 4.08 4.05 4.08
Or 96.44 96.64 96.59 96.87 97.62 96.98 97.18
Ab 3.40 3.27 3.20 2.93 2.29 2.93 2.65
An 0.17 0.09 0.20 0.20 0.09 0.09 0.16
Number of ions on the basis of 32 [O]
Si 12.00 12.00 12.00 12.01 12.02 12.02 12.00
Al 3.99 3.98 3.97 3.97 3.95 3.95 3.97
Fe 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.14 0.13 0.13 0.12 0.09 0.12 0.11
K 3.90 3.92 3.93 3.93 3.98 3.93 3.97
Table 2. Representative chemical analyses of zoned K-feldspars.
FT6/22¢c FT6/22r FT10/86¢c FT10/86r FT10/96¢c FT10/96r
SiO, 64.92 64.86 65.07 63.52 62.63 64.11
AlLO3 18.2 18.17 18.3 17.78 17.33 18.05
FeO 0.03 0.05 0.03 0.04 0.22 0.04
Ca0 0.01 0.01 0.02 0.04 0.12 0.01
| Na,O 0.32 0.29 1.19 1.03 0.39 0.41
K20 16.44 16.61 14.99 15.25 15.16 16.16
TOTAL 99.92 99.99 99.6 97.66 95.85 98.78
4 15.99 15.98 16.00 15.97 15.99 15.99
X 4.00 4,04 3.97 4.07 3.93 4.02
Or 96.97 97.18 89.04 90.37 94.76 96.09
Ab 2.87 2.58 10.74 9.28 3.71 3.71
An 0.17 0.24 0.22 0.35 1.53 0.21
Number of ions on the basis of 32 [O]
Si 12.02 12.01 12.02 12.01 12.05 12.01
Al 3.97 3.97 3.98 3.96 3.93 3.98
Fe 0.00 0.01 0.00 0.01 0.04 0.01
Ca 0.00 0.00 0.00 0.01 0.02 0.00
Na 0.11 0.10 0.43 0.38 0.15 0.15
K 3.88 3.92 3.53 3.68 3.72 3.86
SiO; 64.61 64.82 64.44 68.76 67.65 64.80
| AOs 18.14 18.1 18.10 17.84 19.07 18.28
FeO 0.01 0.04 0.02 0.24 0.11 0.01
Ca0 0.01 0.01 0.01 0.27 0.32 0.01
Na,O 0.48 0.29 0.34 8.80 11.04 0.31
K20 16.24 16.4 16.53 3.82 1.15 16.62
TOTAL 99.49 99.66 99.44 99.73 99.34 100.03
Y4 15.99 15.99 15.98 15.92 15.94 15.99
X 4.03 4.00 4.06 3.98 412 4.04
Or 95.62 97.18 96.85 21.73 6.29 97.16
Ab 4.30 2.61 3.03 76.08 91.84 2.75
An 0.09 0.21 0.13 2.19 1.87 0.09




Table 2, continue.

Number of ions on the basis of 32 [O]

Si 12.01 12.03 12.00 12.19 11.97 12.00
Al 3.97 3.96 3.97 3.73 3.98 3.99
Fe 0.00 0.01 0.00 0.04 0.02 0.00
Ca 0.00 0.00 0.00 0.05 0.06 0.00
Na 0.17 0.10 0.12 3.02 3.79 0.11
K 3.85 3.88 3.93 0.86 0.26 3.93
c:.core r:rim
Table 3. Representative chemical analyses of plagioclases.
FT10/103 FT10/107 FT6/40 FT8/9 FT8/10 FT8/13
SiO2 67.48 68.73 68.15 67.04 69.32 68.33
AlbO3 19.64 19.15 19.32 19.84 19.64 19.46
FeO 0.02 0.11 0.05 0.41 0.04 0.02
CaO 0.5 0 0.24 0.45 0.21 0.18
Na,O 10.05 11.99 11.79 11.36 12.1 11.44
K20 2.38 0.09 0.07 0.34 0.05 0.05
TOTAL 100.07 100.07 99.62 99.44 101.36 99.48
Z 15.98 15.96 15.97 15.97 15.96 16.01
X 4.07 4.10 4.08 4.11 4.11 3.94
Or 13.16 0.49 0.38 1.86 0.27 0.28
Ab 84.45 99.12 98.33 94.59 98.65 98.78
An 2.39 0.39 1.29 3.54 1.09 0.93
Number of ions on the basis of 32 [O]
Si 11.90 12.01 11.97 11.84 11.97 11.99
Al 4.08 3.94 4.00 4.13 4.00 4.02
Fe 0.00 0.02 0.01 0.06 0.01 0.00
Ca 0.09 0.00 0.05 0.09 0.04 0.03
Na 3.44 4.06 4.01 3.89 4.05 3.89
K 0.54 0.02 0.02 - 0.08 0.01 0.01
Table 4. Representative chemical analyses of zoned plagioclases.
FT8/3r FT8/3c FT8/6r FT8/6c
SiO; 68.76 68.42 68.87 67.64
AlLO3 19.72 19.61 19.45 19.58
FeO 0.01 0.02 0.03 0.15
CaO 0.17 0.62 0.27 0.68
Na,O 11.78 11.18 11.46 11.50
K20 0.06 0.05 0.08 0.05
TOTAL 100.50 99.90 100.16 99.60
Z 16.01 16.01 16.01 15.96
X 4.01 3.91 3.94 4.08
Or 0.33 0.28 0.45 0.27
Ab 98.84 96.68 98.16 96.05
An 0.82 3.04 1.39 3.68
Number of ions on the basis of 32 [O]
Si 11.94 11.94 11.99 11.88
Al 4.07 4.07 4.02 4.09
Fe 0.00 0.00 0.00 0.02
Ca 0.03 0.12 0.05 0.13
Na 3.97 3.78 3.87 3.92
K 0.01 0.01 0.02 0.01
c:core r:rim
90
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Table 5. Representative chemical analyses of feldspars included in microcline or albite crystals.

FT10/113 FT10/114 FT10/117 FT10/120 FT6/20 FT6/122
SiO; 64.80 64.74 64.63 64.93 63.21 63.51
Al,Oa 18.28 18.18 18.30 18.18 23.12 22.97
FeO 0.04 0.03 0.02 0.34 0.03 0.02
CaO 0.04 0.01 0.01 0.01 4.37 3.52
NazOs 1.12 1.35 2.05 1.63 9.10 9.85
K20 14.52 15.03 14.08 14.65 0.08 0.05
TOTAL 98.80 99.34 99.09 99.74 99.91 99.92
Z 16.04 15.99 15.99 15.96 16.01 16.02
X 3.85 4.04 4.07 4.08 3.97 4.05
Or 89.18 87.84 81.78 84.40 0.45 0.28
Ab 10.45 - 11.99 18.10 14.27 78.58 83.22
An 0.37 0.16 0.12 1.33 20.96 16.51

Number of ions on the basis of 32 [O]

Si 12.01 11.99 11.96 11.98 11.16 11.21
Al 4.03 4.00 4.02 3.98 4.85 4.82
Fe 0.01 0.00 0.00 0.05 0.00 0.00
Ca 0.01 0.00 0.00 0.00 0.83 0.67
Na 0.40 0.48 0.74 0.58 3.12 3.37
K 3.43 3.55 3.33 3.45 0.02 0.01

Table 7. Representative chemical analyses of titanites.

Table 8. Representative chemical analyses of epidote crystals.

FT-8/243 FT-8/238 FT-6/124 FT10/105 FT10/105a FT6/211

SiO; 33.12 32.86 32.56 SiO; 38.81 38.04 38.12
TiO; 29.19 28.55 31.57 TiO2 0.23 0.10 0.14
Al,O3 7.35 7.12 6.82 AlL,O3 20.48 20.77 21.81
FeO 1.36 2.91 1.54 Fe:0s 14.82 15.07 135
Ca0 28.76 28.13 27.43 Mn,03 0.76 0.48 0.64
Total 99.78 99.57 99.92 Ca0 22.10 22.83 23.37

Number of ions on the basis of 20 [O] Total 97.20 97.29 97.58
Si 4.27 4.27 4.19 Number of ions on the basis of 25 [O]
Ti 2.83 2.79 3.06 Si 6.241 6.137 6.108
Al 1.12 1.09 1.03 Ti 0.028 0.012 0.017
Fe 0.15 0.32 0.17 Al 3.882 3.949 4.119
Ca 3.97 3.92 3.78 Fe** 1.793 1.829 1.628

Mn** 0.093 0.059 0.078

z 43 43 42 Ca 3.808 3.946 4.012
Y 4.1 4.2 43
X 4.0 3.9 3.8 [Pistacites | 3160 | 3166 | 2833 |

Z 6.24 6.14 6.11
Y 5.80 5.85 5.84
X 3.81 3.95 4.01
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Table 6. Representative chemical analyses of micas.

FT8/19 FT8/22 FT8/24 FT6/1 FT6/2 FT6/3 FT10/91 FT6/9 | FT10/115| FT10/99 | FT6/27 | FT6/27a| FT6/14a| FT6/32a
SiO; 47.29 47.34 48.99 54.53 48.6 48 48.83 | 49.91 50.18 49.9 38.56 38.69 38.85 38.73
TiO2 0.13 0.69 0.21 0.24 0.43 04 0.29 0.27 0.04 0.07 0.08 0.08 0.13 0.12
Al>O3 29.67 28.86 25.56 21.66 27.32 28.4 25.15 236 22.47 21.93 20.04 19.62 18.32 18.98
FeO 4.76 5.1 6.65 6.11 5.24 515 6.6 5.82 7.7 8.84 17.21 17.72 20.47 20.82
MnO 0.05 0.06 0.06 0.04 0.06 0.06 0.07 0.07 0.08 0.09 0.25 0.26 0.26 0.22
MgO 14 1.53 1.53 2.45 211 1.85 2.41 2.88 2.68 2.39 8.59 8.84 8.32 8.27
Na;O 0.28 0.34 0.13 0.08 0.21 0.21 0.14 0.08 0.09 0.1 0.06 0.06 0.08 0.11
K0 10.92 10.95 10.67 9.3 10.62 10.87 10.87 11.17 11.05 10.83 9.35 9.52 9.68 9.63
Total 94.5 94.87 93.8 94 41 94.59 94.94 94.36 93.8 94.3 94.15 94.14 94.79 96.11 96.88
Number of ions on the basis of 22 [O]
Si 6.479 6.483 6.808 7.382 6.653 6.556 6.765 6.933 6.996 7.005 5.806 5.809 5.84 5.78
Ti 0.013 0.071 0.022 0.024 0.044 0.041 0.03 0.028 0.004 0.007 0.009 0.009 0.01 0.01
Al 4.791 4.658 4187 3.456 4.408 4572 4107 3.864 3.692 3.629 3.557 3.472 3.25 3.34
Fe 0.545 0.584 0.773 0.692 0.6 0.588 0.765 0.676 0.899 1.038 2.167 2.225 2.57 2.60
Mn 0.006 0.007 0.007 0.005 0.007 0.007 0.008 0.008 0.009 0.011 0.032 0.033 0.03 0.03
Mg 0.286 0.312 0.317 0.494 0.431 0.377 0.498 0.596 0.557 0.5 1.928 1.978 1.87 1.84
Na 0.074 0.09 0.035 0.021 0.056 0.056 0.038 0.022 0.024 0.027 0.018 0.017 0.02 0.03
K 1.909 1.913 1.892 1.606 1.855 1.894 1.921 1.979 1.965 1.94 1.796 1.823 1.86 1.83
2 8 8 8 8 8 8 8 8 8 8 8 8 8.00 8.00
Y 412 412 411 4.05 414 414 417 4.1 416 419 5.5 5.53 5.58 5.60
X 1.98 2 1.93 1.63 1.91 1.95 1.96 2 1.99 1.97 1.81 1.84 1.88 1.87
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d. 4. Zircon appears in hypidiomorphic crystals, with
an elongation ratio averaging 2. Some crystals present
zoning and darker core.

d. 5 Garnet occurs as small isodiametric isotropic
crystals. It was usually found in secondary mineral ag-
gregates, as a product of biotite and feldspar alteration.
Representative analyses recalculated on the basis of 12

served as an alteration product of magnetite. Repre-
sentative analyses of magnetite crystals are given in
Table 10.

Table 10. Representative chemical analyses of magnetite
crystals.

[O] are given in Table 9 along with the composition ex- FT10/100 FT6/15 ET6/16
pressed in terms of the theoretical end members. -
d. 6. Only a few apatite crystals were observed. Tio, 0.04 017 017
d. 7. Magnetite was found in hypidiomorphic grains, Al,O3 0.11 0.04 0.02
usually in contact with muscovite, epidote and other bi-
otite alteration products. Small goethite grains were ob- Cr20 e e 0.02
Fez0s 67.74 68.14 67.96
X ) FeO 31.72 31.91 31.83
Table 9. Representative chemical analyses of garnets.
MnO 0.07 0.04 0.10
FT-8/233 FT-8/235 FT-6/122 MgO 0.01 0.02 0.01
SiO; 36.42 36.81 37.8 Total 99.70 100.35 100.11
TiO2 1.37 1.47 1.52 Number of ions on the basis of 4 [O]
Al20; 21.44 20.39 21.36 Ti 0.001 0.005 0.005
FeO 25.16 26.62 24.11 Al 0.005 0.002 0.001
3+
MgO 0.14 0.02 0.04 Fe 1.973 1.972 1.972
2+
Ca0 15.38 14.65 15.22 ke 1027 i [
NazO 0.06 0.02 0.02 Mn 0.002 0.001 0.003
K20 0.05 0.01 003 Mg 0.001 0.001 0.001
Total 100.23 100.19 100.46 7 198 198 198
Number of ions on the basis of 12 [O] X 1.03 1.03 1.03
Si 2.892 2.938 2.968
Ti 0.082 0.088 0.090 FT6/19 FT8/8 FT8/11
AV 0.000 0.000 0.000 TiO2 0.14 0.10 0.12
Y 2.023 1.933 1.992 Al203 0.03 0.03 0.00
Fe 1.671 1.777 1.583 Cr:03 0.03 0.04 0.01
Mg 0.017 0.002 0.005 FeO 31.91 31.73 32.02
Ca 1.309 1.253 1.280 MnO o e i
Na 0.009 0.003 0.003 e i s .91
K 0.005 0.001 0.003 Total 100.31 99.79 100.61
Number of ions on the basis of 4 [O]
Ti 0.004 0.003 0.003
Z 2.89 2.94 297
Al 0.001 0.001 0.000
2.10 2.02 2.08
- Cr 0.001 0.001 0.000
3.01 3.05 2.89
Fe* 1.973 1.973 1.974
Fe®* 1.027 1.027 1.028
i i o i Mn 0.001 0.004 0.001
Alm 55.5 58.3 54.7 Mg 0.001 0.001 0.002
Spess 0.5 04 0.8
Andr 0.0 0.0 0.0 p2 1.98 1.98 1.98
Gross 43.5 411 443 X 1.03 1.03 1.03
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Petrography

Granite is the only rock type of the intrusion. It is light
grey, dark grey to greenish-grey in colour, whith a partly
porphyritic structure and strong foliation. Late magmatic,
or hydrothermal activity has affected the plutonic rocks
causing decomposition of primary feldspar and biotite.
Modal analyses of the studied rocks are given in Table 11.

Table 11. Modal analyses of representative samples

In thin section the rock, though strongly tectonised, it
still preserves its original granitic texture. It is composed
of K-feldspar quartz, plagioclase biotite and allanite
porphyroclasts, surrounded by fine fragments of the
same minerals and other primary phases such as
zircon, apatite and titanite, along with recrystallised and
secondary formed minerals such as quartz, muscovite
and epidote.

FT-3 FT-9 FT-8 FT-10 FT-11 FT-12
n=2582 n=1953 n=2841 n=2255 n=2161 n=1646
Quartz 327 37.8 374 37.3 344 304
Plagioclase 18.5 17.3 7.7 14.1 14.2 14.5
Microcline 40.5 38.2 40.2 41.1 35.2 413
Muscovite 7.0 45 12.3 5.7 85 33
Biotite 0.2 tr 0.8 0.4 5.3 8.2
Epidote tr 0.7 0.1 0.5 0.5 0.5
Titanite 0.1 0.5 0.4 0.4 0.8 1.2
Opaque 1.0 0.7 1.1 0.1 0.5 0.4
Garnet - tr - tr - -
Allanite tr 0.3 tr 0.4 0.6 0.1
Zircon tr tr tr tr tr tr
Apatite - tr tr - tr -

n = counts tr = traces

Vein-like aggregates composed of fine grained re-
crystallised quartz, small fragments of K-feldspar, mus-
covite flakes and secondary mineral grains, cross the
rock parallel to foliation surfaces, arching around the
porphyroclasts. All the intermediate grain sizes between
the large porphyroclasts and the cryptocrystalline frag-
ments are present, with no dominant size, so that the
structure of the rock relative to the grain size can be
characterised as successive porphyroclastic.

Chemical results

The major element analytical results along with the
CIPW norms of representative analyses are given in Ta-
ble 12 and the trace along with the rare earth element
results are given in Tables 13 and 14.

In Figs. 3 and 4 the geochemical trend is shown in
the plots of various major and trace elements v. SiOa.
Mantle and ORG normalised plots, as well as trace ele-
ment diagrams for the discrimination of the geotectonic
environment are shown in Figs. 5 - 7. Finally, chondrite
normalised REE patterns are drawn in Fig 8.

Age determination

Rb-Sr whole rock and mica analyses were carried out
on 2 samples. The Rb-Sr analytical results as well as
age determinations of the studied rocks are listed in Ta-
ble 15. The long-time reproducibility for the ¥ Sr/*°Sr ratio
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gave a mean value of 0.71033-5 (16, n=29). Rb and Sr
contents have been measured by isotopic dilution
method, using 98 % ®Rb and 99.9 % *Sr spikes, re-
spectively.

Age determinations from muscovite concentrates and
the corresponding whole rocks gave values ranging from
273 to 225 Ma (Table 15).

Some ages obtained by mica concentrates represent
rejuvenated Rb-Sr systems of muscovites, affected by
various tectonic events. Considering the high whole rock
Rb/Sr ratio we can assume that these strongly differen-
tiated granites reacted probably as an open system to
these events regarding their Rb and Sr contents. For this
reason, in addition to the high Rb/Sr values, the (¥’Sr/®Sr);
values diverge significantly from the relative values of
other neighbouring plutonic rocks (Verdikoussa, Diava and
Deskati plutonic complexes) and they are not reported. In
any case it seems reliable that its emplacement took place
during Variscan orogenesis.

Discussion - Conclusions

From the mineral chemistry we can reveal some es-
sential features of the plutonic rocks.

The K-feldspar is essentially microcline (Or = 97.62 -
96.44 %) and plagioclase is represented by albite and
acid oligoclase (Ab = 99.12 to 84.45 %). There is a lack
of calcium rich plagioclase in the studied granitic rocks,
due to the decomposition of the primary plagioclase.



SEQYL NAGAINE

Table 12 Representative major element analyses of the studied rocks.

FT8 FT5 FT3 FT7 FT1 FT2 FT16

SiO; 78.48 78.45 78.39 78.26 78.22 78.08 77.62
TiO; 0.20 0.18 0.17 0.20 0.20 0.22 0.24
Al,O3 11.20 11.46 11.47 11.95 11.70 11.82 11.72
FeO 1.19 1.16 1.14 1.29 1.43 1.62 1.31
MnO 0.01 0.00 0.00 0.01 0.01 0.01 0.00
| MgO 0.22 0.21 0.20 0.25 0.27 0.22 0.18
CaO 0.41 0.12 0.20 0.37 0.17 0.17 0.12
Na;O 3.62 2.62 2.38 2.69 2.87 2.49 2.46
K20 4.94 5.64 5.46 5.58 5.23 517 557
P20s 0.04 0.03 0.02 0.04 0.04 0.03 0.02
L.O.l 0.53 0.31 0.65 0.44 0.52 0.27 0.45
Total 100.84 100.18 100.10 101.07 100.65 100.09 99.69

Norm wt %

Ap 0.07 0.05 0.04 0.07 0.07 0.05 0.04
1l 0.32 0.29 0.27 0.32 0.32 0.36 0.39
Or 26.89 30.99 30.13 30.43 28.66 28.41 30.87
Ab 29.95 21.89 19.98 22.30 23.85 20.84 20.70
An 0.05 0.39 0.81 1.47 0.56 0.62 0.45
C 0.00 0.57 0.84 0.57 0.70 1.19 0.94
WoDi 0.81 0.00 0.00 0.00 0.00 0.00 0.00
EnDi 0.22 0.00 0.00 0.00 0.00 0.00 0.00
FsDi 0.58 0.00 0.00 0.00 0.00 0.00 0.00
EnHy 0.48 0.67 0.64 0.79 0.86 0.70 0.58
FsHy 1.24 1.79 1.79 2.01 2.27 2.57 1.99
Q 39.40 43.36 45.50 42.02 42.72 45.25 44.05
FT4 FT6 FT9 FT10 FT12 FT11 FT13

SiO; 77.44 77.02 76.82 76.73 75.26 74.92 74.08
TiO, 0.26 0.20 0.19 0.28 0.32 0.30 0.32
AlLO3 11.72 12.23 11.89 12.35 12.33 12.48 12.40
FeO 1:13 1.28 1.58 1.40 1.89 1.67 2.25
MnO 0.00 0.00 0.01 0.01 0.02 0.01 0.22
| Mgo 0.19 0.25 0.24 0.26 0.44 0.38 0.55
CaO 0.15 0.12 0.46 0.53 0.52 0.50 0.63
NazO 2.89 2.97 2.93 2.73 2.93 3.61 2.85
K20 5.40 5.55 5.42 5.18 5.81 5.32 5.19
P20s 0.03 0.03 0.04 0.04 0.07 0.05 0.08
L.O.l 0.47 0.86 0.43 0.45 0.54 0.65 0.65
Total 99.69 100.51 100.00 99.95 100.12 99.89 99.20

Norm wt %

Ap 0.05 0.05 0.07 0.07 0.13 0.09 0.15
Il 0.42 0.32 0.31 0.45 0.52 0.49 0.52
Or 29.91 30.67 29.89 28.61 32.18 29.55 29.03
Ab 24.28 24.97 24.56 22.91 24.70 30.48 24.20
An 0.53 0.39 1.90 2:23 2.02 1.99 2.50
C 0.59 0.75 0.30 0.88 0.27 0.00 0.73
WoDi 0.00 0.00 0.00 0.00 0.00 0.04 0.00
EnDi 0.00 0.00 0.00 0.00 0.00 0.01 0.00
FsDi 0.00 0.00 0.00 0.00 0.00 0.02 0.00
EnHy 0.61 0.80 0.77 0.84 1.41 1.21 1.78
FsHy 1.64 1.99 2.58 2.11 2.95 2.54 4.00
Q 41.97 40.05 39.62 41.89 35.82 33.58 37.09
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Table 13. Representative trace element analyses in ppm.

FT1 FT2 FT3 FT4 FT5 FT6 FT16
Sc 10 8 6 3 11 9 7
\ 13 17 12 11 16 13 15
Cr 7 21 7 1 7 -
Co 53 62 72 49 46 47 47
Cu 2.5 2.8 0.6 0.1 1.6 3 -
Ba 294 288 252 264 269 270 251
La 31 32 14 37 26 28 24
Ce 38 45 23 79 41 54 57
Nd 23 28 11 30 18 23 26
Nb 18 20 13 14 13 14 13
Zr 166 194 123 132 122 135 138
Y 46 21 23 41 29 33 36
Sr 34 37 31 20 29 29 27
Rb 263 278 273 267 246 245 240
Th 22 25 21 28 22 26 25
Ga 16 17 15 15 16 17 17
Zn 35 41 12 15 15 20 16
FT7 FT8 FT9 FT10 FT11 FT12 FT13
Sc 6 6 6 7 5 4 3
\ 17 15 14 13 21 19 29
Cr - 3 0.3 1 14 20 7
Co 46 48 31 32 21 30 26
Cu - 1.6 3.1 1.4 0 0 0
Ba 320 258 305 289 238 227 260
La 32 31 32 31 33 37 40
Ce 57 66 63 62 68 78 79
Nd 23 25 23 25 27 30 33
Nb 13 15 13 13 15 14 13
Zr 153 155 143 151 210 229 221
Y 38 42 43 42 46 56 54
Sr 43 30 39 42 61 43 63
Rb 282 288 274 269 312 275 292
Th 23 23 21 23 36 33 33
Ga 16 16 16 16 19 18 18
Zn 21 18 44 63 16 26 25

Table 14. Representative REE analyses in ppm.

La Ce Pr Nd Sm Eu Gd Dy Er Yb Lu
FT8 10.9 211 3.42 13 26 0.23 25 3.05 1.97 1.96 0.28
FT10 33.2 68.4 8.5 336 53 0.68 5.32 5.34 3.23 313 0.41
FT13 26.4 55.5 7.3 27 48 0.56 4.93 5.56 3.59 3.59 0.47

Table 15. Rb-Sr geochronological data of the studied plutonic rocks.

Sample Material Rb Sr SRpSr 873rPsr Age Ma
ppm ppm (x20) (% 20)

FT-5 W.ROCK 231 29.8 22.638 0.8495143
MUSCOVITE 946 9.1 335.652 1.8519246 225+ 2

FT-8 W.ROCK 87 62 4.106 0.7691642
MUSCOVITE 682 15.1 138.342 1.2913+2 273+3
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Normal zoning of the sodium feldspar is common. As
an example, sample FT8/6 (Table 4) presents an Ab
content of 96.05 % in the core (analysis FT8/6c), while
the rim composition is sodium enriched with an Ab con-
tent 98.16 % (analysis FT8/6r).

This plagioclase zoning cannot be considered indica-
tive of its origin, as it is not exclusively a primary charac-
teristic of the mineral. It is also the result of the extended
decomposition that it is not uniform, but advances pro-
gressively from the edges of the crystal towards the core,
along cracks, or cleavage and twinning surfaces.

Normal zoning is also common in K-feldspar. As an
example, sample FT10/96 (Table 2) presents in the core
an Or % content of 94.76 (analysis FT10/96c), while the
rim is potassium enriched (Or % 96.09 analysis
FT10/96r). A common feature is the development of a
thin albitic rim around microcline crystals (analyses
FT10/118c, FT10/118r, Table 2), while the development
of a thin K- feldspar rim around plagioclase crystals is
less common (analyses FT10/109c, FT10/109r Table 2).
The smaller K-feldspar crystals are usually twinning free,
indicating a selective recrystallisation of the neighbouring
grains.

Both, sodium (Ab % = 78.58 - 83.22) and potassium
(Or % = 81.78 - 89.18) feldspars grains up to 0.5 mm in
length are included in larger albite and microcline crys-
tals. Plagioclase inclusions have more calcic composi-
tion than the host albite crystals, while K-feldspar
inclusions are potassium depleted and sodium richer,
compared to the large microcline crystals.

The analysed biotites can be considered Ti depleted,
as TiO2 percentage is always lower than 0.1. But the
small anatase and hematite grains, that can be observed
along the biotite cleavage, are exsolution products in-
dicative of an originally Fe, Ti rich biotite. The high elon-
gation ratios measured indicate a crystallisation at low
temperatures.

Muscovite must have been crystallised meta-tectoni-
cally as there are small muscovite flakes that are en-
closed in recrystallised quartz grains, while there are not
any muscovite inclusions in primary phases such as K-
feldspar.

There are a few large muscovite crystals protected
among the porphyroclasts so that they are not tectoni-
cally affected. The development of these large muscovite
crystals is probably due to a selective crystallisation of
fine sericite grains. The majority of muscovite flakes
have an orientation and they are strongly affected by a
late tectonism.

Epidote composition is usually expressed in terms of the
theoretical pistacite end member: Ps=100.Fe*"/(Fe*'+Al).
Natural epidote composition rarely exceeds Psas (DEER et
al. 1986). Epidotes of the studied samples present Ps %
value 31.6.

Garnet is almandine (Alm = 54.7 - 568.3 %) containing
appreciable amounts of the grossularite molecule
(Gross. = 41.1-44.3 %). Both, garnet and titanite are
partly primary and partly the result of biotite and plagio-
clase decomposition.

Magnetite is the only spinel present in the rocks
studied. In some cases it is oxidised to hematite.

From the mineralogical characteristics described
above, the successive crystallisation can be depicted.
The oldest authigenic mineral phases of the studied
rocks are zircon, apatite, allanite and partly titanite,
which were formed during a primary stage of the magma
crystallisation. Plagioclase and K-feldspar crystallised
consequently. The formation of the latter is partly over-

lapped and followed by the primary quartz and biotite
crystallisation. At the same time the Na-component of
the alkali feldspar was separated causing the perthite
formation. During tectonism a recrystallisation of quartz
took place, while from the existing liquid phase crystal-
lised fine quartz, K-feldspar and muscovite, filling the
cracks and the fissures among the porphyroclasts.

Hydrothermal alteration caused the biotite and pla-
gioclase decomposition, giving rise to secondary quartz,
muscovite, titanite, garnet and magnetite.

In Fig. 2 the possible crystallisation sequence for the
Fotino granitic rocks is presented.

Zirkon o —

Apatite PO

Allonite s o 5.4

Titonite ‘et v o

Plagioclase . —

Microkline O
Biotite Sy
Perthites P B
Epidote

Muscovite

Garnet

Magnetite

Hematite Sl 3
Goethite i

Fig. 2 Possible crystallisation sequence for the Fotino granitic
rocks

From the rock chemistry some important petrogenetic
features of the studied rocks can also be depicted.

All the studied samples of the Fotino granite show S
type characteristics, as muscovite is the main mica pres-
ent, plagioclase is albite and acid oligoclase (Ab = 99.12
to 84.45 %), CaO content is low, the Rb/Sr ratio is high
(4.6 - 13.4), normative anorthite content is low, ranging
from 0.05 - 2.50, Na;O content ranges from 2.4 to 3.6
and for K;O averaging 5.4.

The molar ratio Al;03 / (CaO+Na,0+K;0) ranges
from 0.93 to 1.19, so as normative C values range from
0.0to 1.2.

S-type granitoids in Greece have been reported in
Macedonia (N. Greece) and in Paros island, (Aegean
See). In N Greece the Sochos plagiogranite and the
Arnea leucogranite, both belonging to the Circum Rho-
dope belt of the Hellenides, show typical S-type charac-
teristics (BALTATYIS & al. 1992). In Paros island, which
belongs to the Attico-Cycladic unit, ALTHER (1981) and
ALTHER et al. (1982) reported a granitic body also pre-
senting S-type properties. Typical S-type characteristics
are also described for the Deskati plutonic rocks
(KATERINOPOULOS et al. 1994)

The major element analytical results of the Fotino
granites, plotted in Harker variation diagrams (Fig. 3),
depict a negative correlation for FeO, MgO, TiO, and
CaO in relation to SiO,, while Al,O3 and total alkalies do
not show any significant variation.

Concerning the trace elements, a positive correlation
for Ba and a negative one for Nd, Y, Rb, Sr, V and Zr are
shown in the plots of the trace elements v. SiO; (Fig. 4).
Probably, part of the mobile elements was washed away
during the tectonism and the hydrothermal alteration,
bringing about the S type characteristics mentioned.

In terms of the criteria proposed by PEARCE et al.
(1984) the studied samples exhibit the geochemical
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Fig. 4 Trace element variation diagrams.
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characteristics that can be attributed to both granites the granite from Chilie (PEARCE & al. 1984). They are
formed in a Volcanic Arc environment, or Within Plate characterised by strong enrichment in K, Rb, Ba, and Th,
| granites. The ORG normalised geochemical diagrams for relative to Nb, Ce, Zr, Sm, Y, and Yb, negative anomalies
representative samples (Fig. 5) have shapes similar to for Nb, Ba and Zr and low Y and Yb values relative to the
the plots of typical Volcanic Arc granites and especially normalising compositions.
‘ 100
10
1
0.1 . - - ~ - . - - -
K Rb Ba Th Nb Ce Zr Sm Y Yb

—=—FT8 —e—FTI0 —— FT13

Fig. 5 Ocean Ridge Granites normalised plots of representative samples (after PEARCE et al. 1984).

Nb 1“@-

100

Y + Nb

Fig. 6 Nbv. Yand Rbv. (Y + Nb) plots (after PEARCE et al. 1984).
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At the same time the studied rocks could be consid-
ered Within Plate granites, according to the criteria pro-
posed by PEARCE et al. (1984), as their ORG normalised
geochemical patterns are similar to that of Skaergaard
granite, which is considered a typical Within Plate intru-
sion. They have high ratios of Rb and Th relative to Nb, a
characteristic of "crust dominated” pattern and flat trends
from Zr to Yb with values close to the normalising ones.
Figure 6 shows the Nb v. Y and the Rb v. (Y+Nb) plots
(proposed by PEARCE et al. 1984) for the discrimination of
the geotectonic environment of granitic rocks. The studied
samples plot in both the VAG and the WPG fields.

The same geochemical characteristics are depicted
from the relative diagrams of the Deskati granitic rocks
(KATERINOPOULOS et al. 1994)

In Fig. 7 the mantle normalised large ion lithofile and
high strength element spider-diagrams (Woop & al.
1979) for representative samples are shown. All of them
present geochemical characteristics such as high

LIL/HFS element ratios and marked negative Nb, P and
Ti anomalies, typical of all subduction zone magmas,
precluding the within-plate genesis partly indicated by
the diagrams in Figs. 5 and 6.

Those characteristics indicate a relation of the studied
plutonic rocks to a subduction geotectonic environment, in
accordance with the petrographic observations mentioned,
which indicate a syn-tectonic intrusion.

The same characteristics are depicted from the rela-
tive diagrams of the Verdikoussa and Deskati granites
(KATERINOPOULOS 1994, KATERINOPOULOS et al. 1994)

The plot of some samples in the WPG field of the Nb
v. Y and Rb v. (Y+Nb) plots may be attributed to various
types of alteration (PEARCE et al., 1984), which are
common in the studied rocks.

In relation to other granitic rocks in Greece (BALTATZIS
et al 1992, KATERINOPOULOS et al 1992) the studied sam-
ples have larger Ba, Sr, Nb, P and Ti negative anoma-
lies. Average continental crust has quite significant nega-
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Rb Ba Th K Nb La Ce S Nd P zr Ti Y
Fig. 7 Mantle normalised LIL and HFS element plots of representative samples (after WooD et al. 1979).
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Fig. 8 Rare Earth Element patterns of selected samples (normalisation after HASKIN & al. 1968).
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tive anomalies for these elements (JONES et al. 1992), so
we can assume an increased crustal involvement to the
composition of the parental magma.

The chondrite normalised (HAsSkIN et al 1968) REE
patterns of selected samples (Fig. 8) show relatively high
LREE/HRRE ratios and strong Eu negative anomalies,
indicating that the distribution of the REE was strongly
controlled by the fractionation of feldspars.

In the case of the Deskati and Fotino plutons their
formation can be due to a number of diverse mecha-
nisms including crustal anatexis and fractional crystalli-
sation, either, or not combined with assimilation. How-
ever, there are several indications that they derived from
different parental magma(s) originating the Diava and
Verdikoussa magmatic suite, while they probably have a
common origin with the Deskati plutonic rocks.

Concerning the age of the emplacement, we can
conclude it took place during the Variscan time, accord-
ing to the analytical data. The same age has been de-
termined for the Deskati plutonic rocks occurring north of
the studied area, the Verdikoussa and Diava plutons
situated E of the studied pluton, the Varnoundas and
Baba mountain plutonic rocks lying NW of the studied
area (KATERINOPOULOS et al. 1992) as well as for Pieria
granites, situated NE of the studied plutons (SCHERMER
et al. 1989).

Since the Permian period the Palaeo-Tethys ocean
started to develop between Eurasia and Gondwana.
During Permo-Triassic, the Cimmerian continent had
been separated and broke into smaller pieces
(MounTRAKIS 1983), so that the Palaeo-Tethys and Neo-
Tethys oceans were created at both sides of the North
Pelagonian zone, possibly representing the north-west-
ern part of the Cimmerian continent (KORONEOS 1991).
During that period a subduction zone should have been
developed in the area, giving rise to an extended calc-
alkaline plutonism.
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Pitikov viSok volcano - the youngest volcano in the Western Carpathians
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Geological Survey of Slovak Republic, Mlynsk4 dolina 1, 817 04 Bratislava

Introduction

As the earlier studies have not addressed the vol-
cano proper the authors have carried out co-operative
petrologic studies and compiled all available information
obtained during previous investigations with the objective
to classify and to characterise both, the volcanic and the
Quaternary rocks of the Putikov vi§ok voicano and its
surroundings. The volcanologic classification and the des-
cription are based on geologic map at a scale 1:10 000
(sheet 35-44-20), constructed during past few years by
L. SiMoN, V. KONEENY and J. LExa and on detailed
lithological studies of the volcanic rocks underlying the
area between Tekovska Breznica and Nova Barna/Brehy.
The interpretations related to Quaternary rocks are based
on geologic maps of the Pohronie (Hron valley) area at
scales 1:25 000 and 1:10 000, completed recently by R.
HALOUZKA. Most detailed investigations (in the context of
the whole alluvial terrace system) were made in the areas
of the Hron River terrace accumulations.

Prior to defining the Putikov viSok volcano as a unit
its lithologic-petrographic content and stratigraphic posi-
tion had to be established. The volcano is a discrete,
space- and time-bound volcanic body (see geological
map and section) situated in the south-western part of
the Central Slovakian volcanic region (Fig 1, Photo 1 and
2). It is, in fact, the youngest volcanic feature in the
Western Carpathians and if it was not for the volcanoes

Fig.1. Location of the Putikov viSok volcano in the Middle
Slovakian volcanic area

of the southern end of the Hargita Mts. in Romania it
would be second to none in the whole Carpathian-Pan-
nonian region. This paper also describes character of
volcanism, lithologic features, origin of rocks, their tec-
tonic position and relation to Quaternary sediments, with
the objective to define the statigraphic features and the
age of volcanism.

Review of previous investigations

The volcanic rocks exposed in the surroundings of
the locality were first referred to as basalts by JOnAS
(1820 in FiALA 1952). In addition to these basalts
BEUDANT (1822, in FiaLA 1952) described tuffs and volca-
nic bombs. FIALA (1952) was the first to make a detailed
petrographic analysis of rocks in the surroundings of the
Putikov viSok (the name Pdatikov viSok, used in older
maps, coincides with the existing triangulation point 477
m), classifying them as alkaline basalts (basanoites) and
recognising three main lava flows, cinder accumulations
and volcanic bombs. He assigned them Neogene age.
KUTHAN (in KUTHAN et al 1963, pp. 122-123) in his expla-
nations to geologic overview map at a scale 1: 200 000,
M-34-XXXI, Nitra sheet used the drill hole logging,
prospection reports and geologic map of a basalt de-
posit, made by KAROLUS. He was the first to assign the
basalt at Brehy Late Quaternary age, which he believed
was in agreement with its position in the "lowest Hron
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River terrace”. SIMOVA (1965) and MIHALIKOVA and SiMOVA
(1989) brought forward a detailed account of petro-
graphic and petrochemical features of the basalts
(including the Brehy and Putikov vi$ok localities (points
1,7,8 in Table 1). The results of long run mapping in the
broader surroundings of the locality are summarised in
the geologic map of Central Slovakian volcanics on the
scale 1:100 000 (KONECNY, LExa et al. 1984), as well as
in the monography of KONECNY, LEXA and PLANDEROVA
(1983), in which the Brehy locality appears as a cindercone

with crater breccias. Three nepheline basanite lava flows
of Quaternary age (this age is indicated in the map, too)
are shown to have extruded from the crater. According to K-
Ar dating of BALOGH et al. (1981) the age of ba saltic rocks of
Brehy is 0.53 £ 0.16 Ma. However, previous K-Ar dating of
BAGDASARJAN (BAGDASARJAN, KONECNY and Vass, 1970)
gave less than 0.4 Ma, a value below the detectability limit of
the method. The results of measurements and the asses-
sment of positive polarity of paleomagnetism (see NAIRN and
KAarOLUS, 1965) are not contradictory to this dating.

Photol. Putikov vF$ok volcano- cinder cone, 477 m t.p. and surroundings

Photo 2. Lava plateau of the Putikov vi$ok volcano.
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Table 1 TAS classification diagram according to LE BAS et al. (1986)

-
o

Na20 + K20 (wX)

03

S02 (wt %)

X — Plp-1, Pitikov vFsok, SIMON; + — PV-1, Piutikov visok, SiMoN; A — FIALA (1952); O - 1, Brehy, MiHALIKOVA — SiMov4
(1989); O - 7, Chvdlenska dolina, MIHALIKOVA - SIMOVA (1989); * — 8, Chvdlenskd dolina, MiHALIKOVA — SiMOVA (1989);

Major oxides
Plp-1 PV-1 1 7 8 Fiala
SiO; 44 .47 45.54 45.30 45.85 46.90 4422
TiO2 2.57 2.48 2.79 2.53 3.45 262
Al,03 13.26 12.54 12.52 11.42 14.94 12.02
Fe;03 3.14 3.80 5.91 2.60 3.72 4.05
FeO 7.26 6.87 6.47 8.84 7.83 7.54
MnO 0.18 0.15 0.15 0.16 0.13 0.23
MgO 11.63 11.52 10.71 12.33 5.36 10.74
CaO 10.93 10.36 9.44 10.68 9.56 10.23
Naz0 2.40 2.58 3.38 2.85 4.47 343
K20 1.18 1.33 1.49 1.00 1.90 1.69
P20s 0.64 0.68 0.81 0.58 0.76 0.72
97.66 97.85 98.97 98.84 99.02 97.49

CIPW norms
Or 6.97 7.86 8.81 5.91 11.23 9.99
Ab 14.19 18.19 20.56 16.10 22.36 11.64
An 21.93 18.71 14.59 156.42 15.09 12.41
Ne 3.31 1.97 4.36 4.34 8.38 9.42
Di 22.35 22.41 21.19 27.07 22.08 26.79
(0] 17.99 16.92 13.72 20.08 6.17 14.73
4.55 5.51 8.57 3.77 5.39 5.87
4.87 4.71 5.30 4.80 6.55 4.98
1.53 1.61 1.92 1.37 1.80 1.71
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Since mid-sixties the Quaternary research of Tekovska
Breznica - Brehy localities (important in stratigraphic
terms) has been repeatedly carried out in several projects
realised within the framework of systematic mapping of the
Pohronie (or, more precisely, Central Pohronie) area. One
of two principal sections running through the Tekovska
Breznica village (drill hole HS-15, SkvArkA, KaroLUS and
HALouzkA) has been made in 1971 as a co-operation
venture. Apart from the detailed macroevaluation of
Quaternary section, a sedimentary-petrographic evaluation
has also been made (MINARIKOVA, non refereed manu-
script). The second section running through Brehy
(loesses and their derivatives resting on the basalts),
which was presented as an excursion locality during the
international geomorphological symposium held in 1992
(section through loess with fossil soils, prepared by
HaLouzka), has also been investigated. An alternative
section of the Brehy locality, in which the litological
features and molluscan fauna have been studied in 1995
(HALouzka and KERNATSOVA), is exposed in an outcrop of
loessy derivatives.

Finally, we note that a detailed geophysical research
using electric-resisitivity method has been made
throughout the Hron River valley (1:5 000 maps with
geological-geophysical sections published in thematic
atlas sets). An expert in Quaternary geology (HALOUZKA
in JANIK, Kanda et.al.,1986) also evaluated the section
Tekovska Breznica-Brehy. RACKO’s remarkable geomor-
phologic publication (1990), which addresses the same
problems, must also be mentioned in this context. Most
recent information related to the locality was published
by present authors in other papers, or in lectures. SiMoN
(1991) described the succesion of several lava flows,
overlain by cinder cone with pyroclastic rocks.

In their detailed description of the Nova Baria -Brehy
excursion locality, published as part of the excursion
guide to the international symposium on dating in geo-
morphology (held in Tatranska Lomnica, Stara Lesna, in
June 1992), HAaLouzkA and SIMON (1992a,b) presented a
concept of the so called refined interpretation of the
Quaternary position of lava flows (end of Middle Pleisto-
cene - late glacial stage) during Late Riss (by HALOUZKA
inferred approx. age range from 160 000 to 130 000 y.
B.P.), which they base mainly on the results of own de-
tailed lithologic and stratigraphic studies of volcanic and
sedimentary rocks, as well as on the above mentioned
data. And finally, the same interpretation of the stratigra-
phic position of lava flows and sediments was presented
by HALouzka and SiMON (1992) as an unpublished lecture
at the mentioned symposium. Notably, their concept was
appreciated by the participants in the following discussion
and during the excursion to the locality.

The Pitikov viSok volcano

The rocks making up the volcano represent a dis-
crete volcanic unit referred to as the Putikov viSok vol-
cano. Below we present the definition of the volcano.

Name: After the Putikov vi$ok hill, located on the map
sheet No. 4661 Nova Bara (old grid), on the sheet No.
35-44-20 (new grid). It corresponds to triangulation point
477 m, located between the Nova Baria and Tekovska
Breznica villages, on western slopes of the Stiavnické
pohorie Mts.

Definition: The cinder cone and a set of alkaline
basalt and/or basanite lava flows, located between this
cone and the Brehy and Tekovska Breznica villages,
named the Putikov vi$ok volcano.

The stratotype (type section): The volcano has
stratotype outcrops in the Chvalenska dolina, below the
triangulation point 477 m (photos 5, 6, 7, 8, 9, 11, 12,
13, 14, 15, 16), near the triangulation point 432 m (photo 4)
and in the quarry near Nova Bana/Brehy (photo 10).

Extension, thickness, boundaries: Located between
the Tekovska Breznica - Chvalenska dolina sites, below
the triangulation point 477 m - Nova Bana/Brehy, the
volcano outrop covers an area of some 4 sq. km.

Stratigraphic data: Volcano is a product of the latest
volcanic activity in the Western Carpathian territory. The
basement of this formation is made of gravels dating
back to latest Riss stage (Middle Pleistocene) (HALOUZKA
and SiMON 1992a,b), (Fig.2). Most recent update of this
dating gave an age of basalt ranging between 140 000
and 130 000 y. B. P. , while the final extrusions were
dated roughly at 125 000 y.B.P. ago (HALoOuzKA |.c.). The
problems of dating will be further discussed in an inde-
pendent paper, now under preparation.

Rock lithology of the Putikov vi$ok volcano

The volcano is made of 2 lithogenetic types of volcanic
rocks, represented by:
1) lava flows and 2) pyroclastic rocks.

1. Lava flows

Lava flows are produsts of effusive volcanic activity.
The extrusions have been discharged from the central
volcanic crater. The flows emplaced over the cone are
arrayed in a fan-shaped fashion around its centre. Some
90% of the lava mass have flowed in NNW direction to-
wards the Tekovska Breznica and Nova Bana, part Brehy
(the passage of descending flows was controlled by
both, the geomorphologic features and the gravity).
Lava flows have variable lengths and thicknesses rang-
ing from short, through medium long to very long. The
short ones, situated in the crater’s surroundings, may be
as long as 10 m and up to 30 cm thick. The medium thick
flows are 10 - 100 m long (Photo 4) and their thickness
ranges between 10 cm and 10 m. The longest flows en-
croach as far afield as the area of Brehy village. With
total length of up to 3.2 km and maximum thickness of 15
m (Fig.10) the individual flows of variable thickness and
length overlap and/or intermingle with each other, mak-
ing the distinction of individual lobes, or counting pre-
cisely their numbers, impossible. The main flows are
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emplaced in the wash-outs, from which the side lava
lobes branch out (Fig.3) to make, what we call, the lava
plateau sequence. The entire mass of the lava flows ex-
tends over an area of roughly 4 sq. km. It fills some 500
m wide valley (originally the Chvalenska dolina stream?)
located below the cinder cone and overlies Quaternary
deposits in the valley, which opens downwards to form a

plateau measuring as much as 1.5 km across. The flows
represent the products of volcanic activity with variable
eruptions and low degree of eruptivity. The eruptions
produced lavas of the Aa type and the pahoehoe type
(according to WiLLIAMS - MCBIRNEY, 1979). The Aa - la-
vas (photo 3, 4, 5, 8A) are the main types of lava gen-
erated during the eruptions. The difference between Aa
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Fig. 2 Geological section through the Hron River valley near Novd Barna-Brehy (HALOUZKA 1992 - compiled according profile in

map 1:5000 - in KANDA et al. 1986)

1. man-made groud deposits, 2. debris, 3. fluvial sandy loams, 4. fluvial sandy loams with gravel, 3-4. alluvium in the flood plain,
5. polygenetic slope loams (surface wash), 6. polygenetic slope sandy loams (surface wash). 2,5,6. deluvial (slope) sediments, 1 to 6.
Holocene, 7. fluvial gravel and sands, 8. fluvial sandy gravel, 7. to 8. Late (Upper) Pleistocene, Wurm (bottom accumulation), 9. nepheline
basalts, 10. fluvial sandy gravel (terrace accumulation), 9 to 10. Middle Pleistocene, Late Riss, 11. andesitic volcanoclastics (tuff),
12. andesites, 11. to 12. Miocene (Badenian), 13. resistivity sounding probes (geophysical survey), 14. river channel, 15. lava flow direction

upper autobreccia

channel of
lava flow No.2

lower autobreccnc

platy and columnar jointing

channel
(main ‘flow)

+Q O
D+ +OOB

/G+o tongue of lava
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O o >
O+D+° 04»
0 10m
of lava No.1

Fig. 3. Sketch of geological setting in the Brehy quarry (to be compared with photo 10 A. - 10H.).
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and pahoehoe lavas is demonstrated by the surfaces of
their bodies (Fig. 4). Besides, no breccias form in the
pahoehoe lava flows. Their surfaces are fine, smooth
and porous, although, the porosity may vary. Some of
the pahoehoe lava flows have become subject of bubble
cracking processes, similar to those described by
BLACKBURN (1976), involving accumulation of gas bub-

bles inside the lava body and subsequent bursting of
small local eruptions outside the central crater of the vol-
cano, accompanied by destruction of the surficial crust of
the flow, followed by churning of lava over a short
distance around it. The fragments accumulate next to the
sites of bursting (deformation), on top of the lava flow.
Essential part of the lava mass, which makes up the lava

Photo 3. Medium long lava flow - measuring 100 m in diameter and 10 m thick.
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Photo 4.Lower part of the Aa type lava flow with traces of brecciation with cauliflower surface.
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plateau, is representad by the lava flows of the Aa type.
The Aa lavas are composed of massive lava and lava
breccias and have coarse surfaces. As a consequence
of movements and subsequent cooling of the lava mass
the lava breccias develop mainly within the lower and
upper parts of the lava flow. Their colour is red, pink, or
brown-red, altough, some red-yellowish, or ochre-yellow-

10m

O, © autobrecciated layer
of fragmented lava

Fig.4. Differences between pahoehoe and Aa lavas: adapted,
after LOCkwoOD, L.P.,LIPMAN, P.W.1980

pink portions can also be found, particularly in the lower
parts. The red, brown-red, or even yellow-red coloured
breccias, consisting of angular, spherical or cindery frag-
ments, measuring 1 to 60 cm across, are cemented with
brecciated ground material from the above quoted varie-
gated lavas. Yellow tint of a breccia is indicative of the
presence of water during eruption. Having originated
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Fig 6. Injection of lava into the lava breccia (Brehy quarry).
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either underground, or at the surface (the Hron pa-
leoriver), the water causes weak freatomagmatic erup-
tions, which take place at the contacts with lava, as
indicated by the change-over from red-hot lava desinte-
grating into red (+tints of red) and yellow (+ tints) frag-
ments. Yellow-growing colours are characteristic of the
palagonitisation processes. Occurrence of pyroclastic

pockets, found on tops of lava flows (on the upper lava
breccia) (Fig.5), testify that the lava flow eruptions are
syngenetic with the explosive pyroclastic eruptions. The
pockets filled with pyroclastics developed as the flows
run down the slope. Cinder material produced during the
Stromboli type ‘eruptions has been strewn over the sur-
rounding grounds whilst a part of it landed on the flowing

Photo 8 A-8E. Lava flows in Novd Barna - Brehy quarry.

Photo 8A. Lava plateau - lava wash-out No. |, overall view - see Fig.3.
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lava (see in the Brehy quarry). Syngenetic origin of both
eruptions can best be demonstrated in the surroundings
of the 303 m triangultion point. FIALA (1952) described
alternation of thin flows (0.5-1.5 m thick) with pyroclastics
(0.2-1.5 m thick) (see FiaLa p. 17, Fig. 7, 8). The signs of
grinding and the development of quasi brecciated texture
with cauliflower features in both, the lower and the upper
parts of the flows, have been observed on the surfaces
of some of thin Aa lava types of flows (Photo 4). If lo-
cated in the upper parts of the volcano these types of
lava flows have tabular jointing and show signs of co-
lumnar jointing. Irregularly columnar, fan-shaped tabular
and tabular-bench-like jointing was observed in periph-
eral zone of the volcano (e.g. in the quarry near Brehy)
(photo 8A, 8C). The lava injections into the upper lava
breccias (Fig.6) have also been observed. The lava flow
bodies, which spilled over the upper and middle parts of
the volcano, impounded and diverted existing streams.
These events had favourable effects upon Quaternary
sedimentation. Quaternary paleolakes formed along the
southern and south-eastern margin of the volcano (see
geologic map).

2. Pyroclastic rocks

Pyroclastic rocks (= pyroclastics) of the Putikov vi$ok
volcano developed in a process of explosive eruptions
described by FISHER -SCHMINCKE (1984), BLACKBURN et.
al. (1976), Self et. al. (1974) and WALKER (1973). The
cinder cone, situated in the central zone and composed
predominantly of fallen freatomagmatic pyroclastics, has
been piled up during intense Stromboli-type to Hawai-
type eruptions (Fig. 4). The deposited cinder cone is
made of non-consolidated to ignimbritised pyroclastic
rocks. We presume that the cone, composed of well
defined beds commencing in its lower part with pa-
lagonitised yellow-ochre lapilli tuffs ( = freatopyroclastics
- defined by SiMON, 1995) (photo 9), has been partially
eroded away and that these rocks were produced during
a freatomagmatic eruption, when the magma came into
contact with water coming either from the Chvalensky
potok, or from a lake created due to impoundment of the
Chvalenska dolina valley. This contact triggered a strong,
principal eruption and initiated subsequent formation of
the cone. FIALA (1952) reported the occurrence of similar
rocks in the area around the triangulation point 303 m.
These rocks, composed of fine grained basaltic tuffs
(FiaLa, 1952, p.17, Fig.7) deposited on the slope of the
volcano are termed, using modernej terminology, as

B C
D E

base surge freatopyroclastics. They overlie a thin (20
cm) sandstone unit at the base of the volcanic complex.
On the other hand, the above quoted palagonitised lapilli
tuffs are represented by conspicuous freatopyroclastics,
deposited near the crater of the volcano. Strongly ignim-
britised agglutinates and red to brick-red spatter rocks
(photo 10) occur in the overlier. There are coarse ignim-
britised agglutinates with textures of flowage and mas-
sive, crust-free, very thin lava flows, deposited in the
upper part of the cone (photo 8, 23, Fig.8). The dip angle
of the beds in the cone ranges between 6° and 30°.
Larger and smaller, brick-red, dark-red, brown-black, or
black volcanic bombs measuring 1 to 50 cm across
(photo 12-16) are randomly emplaced in the cone. Their
shapes are spherical, fish-like, amygdaloidal, cylindric,
cow’s stool-like, or shell-like with a tail. In the cone there
predominate medium to strongly ignimbritised, massive
and herogeneous agglutinates (photo 10-11), composed
of irregular, spindle-shaped and spherical spatter rocks,
large and small bombs and cinder lapilli (as fallen pyro-
clastics). The agglutinates, composed of fallen pyroclas-
tics of the size of lapilli and agglomerates, have porous
structure. Although some cindery may rarely occur, it is
most likely completely absent. Rare blocks and mega-
blocks, measuring 70 to 120 cm across, also occur in
them. Strongly ignimbritised variety contains scarce beds
of ignimbritised, elongated and flattened bombs, which
could have formed as the agglutinate flewed down the
slope (gravitation effect). This could, however, have only
taken place when the agglutinate was hot enough and
the slope of its deposition was steep and nonstable.
Flattening of the fragments could have been produced as
the flying objects hit the volcanic mass. Due to their
fancy shapes the volcanic bombs, attracted the attention
of old geologists. The bombs represent lava fragments
which, after having been blown out of the volcanic crater,
landed on the ground. Following genetic types of bombs
were distinguished: type 1 - bombs blown out from the
crater in rigid state - fragments from older lava flows
(block bombs), type 2 - bombs blown high enough into
the air to allow for their cooling before hitting the ground,
or flown in a form of comet bombs attaining, at the
moment of landing, amygdaloidal, shelly, or similar
shapes (stromboli eruptions), type 3 - bodies blown to
small heights due to week eruption, forming fish-like, cow
stool-like bombs, some of which are twisted, cracked and
broken due to the impact (Hawaian eruptions - lava
fountains).

Photo 8B. Detail of lava breccias in a hump.

Photo 8C. Upper part of the lava wash-out - massive lava with transitions to lava breccias.
Photo 8D. Left hand side of the quarry - lava injection into the lava breccias. 8D. The upermost, right-hand side of the quarry -

thin, 1 m thick lava flow between lava breccias in the lava plateau.

Photo 8E. Pockets filled with pyroclastics in the uppermost left hand side of the quarry - they overlie the lava breccias - geological

hammer indicates the boundary between lithofacies.




{7
/ s P

’ ) B AT
‘r' £/ >

oy ‘:“ r' 2
= : “‘\" 4 /0
~.' \}\ (‘? N J Q “\
™ T L
0'..\ ‘ _k'l

L
23 u
A

o477 Pdtikov viSok Hill (orig.)

A

Fig. 9 Geologic map of the Tekovskd Breznica - Brehy area (compiled by HALOUZKA and SIMON 1995)

1. fluvial and alluvial plain loams and sandy loams, loamy gravely sediments (Holocene) in stream alluviums; 2. deluvial-fluvial,
predominantly loamy outwash and rainwash sediments (Wurm/Holocene) in the overlier of fluvial sandy gravels (Wurm); 3. fluvial
sandy gravels and sandy (Wurm), 4. fluviolimnic loams with gravels (Riss/Wurm-Wurm; 5. Aeolian loessy fossil soils, loessy loams
at the base; 6. a series of loessy loams, limy, or lime-free (resedimented loess and fossil soils); 5.-6. Upper Pleistocene;
7. pyroclastic volcanic rocks - undifferentiated; 8. alkaline basalt to nephenelinic basanite lava flows; 7.-8. final period of late Riss -
basal part of Riss/Wurm; 9. fluvial aleuritic loams and/or sands; 10. fluvial sandy gravels (a without cover, b - with a younger
outwash loam cover); 9.-10. Late Riss; 11. fluvial loams to sandy loams; 12. fluvial gravels and sandy gravels, with younger
outwash loam cover; 13. proluvial gravels and loams with semirounded clastics (alluvial fan); 11.-13. early Riss; 14. deluvial-
Sfluvial, predominantly loamy outwash and rainwash sediments; 15.-17. deluvial sediments; 15. polygenetic deluvial loams;
16. gravely-blocky stony screes to periglacial solifluction flows; 17. screes a) stony and b) loamy-stony. 14.-17. Quaternary
undifferentiated; 18. fluvio-limnic desintegrating conglomerates and gravels, polymict (Banskd Bystrica, or Hron gravel formation,
Upper Pleistocene); 19. underlying andesitic volcanics - undifferentiated (Middle Miocene - Badenian); 20. concealed geologic
boundary (with Quaternary fluvial sediments); 21. boundary of riverine terrace; 22. terminal boundary of the alluvial fan front;
23. lava flows a) volcanologically identified b) geomorphologically identified; 24. Quaternary of the volcano; 25. Brehy quarry
wall; 26. drill holes study sections.
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Petrographic a petrochemic characteristics of
volcanic rocks

FIALA (1952) and MIHALIKOVA - SiMOVA (1989) charac-
terised petrographic features of volcanic rocks in detail.
We supplement their eleborate results by our petro-
graphic description of to date unknown, once southwards
running lava flows (see geological map) with character-
istic black, or grey-black colour and compact, or porous
texture. They are composed of macroscopic phenocrysts
of green amphibole, black pyroxene and glassy lustrous
feldspar needles and the matrix, made of plagioclase,
olivine, pyroxene and ore pigment and nepheline. Anal-
cime and volcanic glass occur in only accessory
amounts. In petrogeochemical terms the Putikov vi§ok
volcano is made of rocks ranging from alkali basalts to
nephelinic basanites (Table 1).

Discussion and comparison with the global
volcanism

1.The volcanic activity of the Pdatikov visok volcano is
the youngest of its kind in the Western Carpathians. The
volcano was formed during Pleistocene stage (Late Riss)
between 140 000 and 130 000 years ago, this time span
baving been inferred from detailed lithostratigraphy of
Quaternary sediments, overlapped by the lava flows of
the volcano. The above age cannot be supported by
radiometric dating (as none of the methods allows for
reliable dating of volcanic materials younger than 200 000
y. B. P., KRAL pers. comm.). The first of two recent age
determinations made on basalts from the volcano (BALOGH
etal. 1981), gave the radiometric age of 530 000 years,
while the second (RACKo,1990), based on geomor-
phological features, gave an age ranging from 50 000 to
70 000 years (early Wurm). An independent and complex
study (relation analysis) is needed to solve this problem.

2. Stratigraphic division and dating of the Putikov
viSok volcanism is compatible with the youngest volcanic
activity of other volcanoes in the Central European
realm. We refer to the dating using pedostratigraphic
method of a silty tuff located in the sequence of loesses
in Komjatice, Lower Nitra region (VASkovskY and KAROLU-
SOVA, 1969), which gave Mindelian age. Although the

Fig. 10. Longitudinal geological section through the area studied
(Piitikov visok-Brehy quarry,compiled by SIMON, HALOUZKA, 1995).
1.Underlying andesite volcanics undifferentiated (Middle
Miocene - Badenian). 2. fluvial sandy gravels (a - Wurm,
b - late Riss). 3. fluvial loamy sandy stream gravels (on the bed
of initial old valley) - late Riss. 4. lava flows in transitional
and peripheral zone of the volcano. 5. thin lava flows in
central zone of the volcano. 6. pyroclastics a) in transitional
zone of the volcano b) in central zone of the volcano. 7. freato-
pyroclastics. 8. lava flows in the lava plateau (lava flows and
their breccias - lava wash-outs and tongues). 4. -8. late Riss
(final part) -Riss/Wurm (basal part). 9. aeolian loess and
loessy fossil soils. 10. loessy loams (resedimented loess).
9. -10. Upper Pleistocene.




Photo 11. Strongly ignimbritised agglutinates composed of
Photo 10. Agglutinates with scarce megablocks (75 cm). irregular, spindle-like and spherical bombs and spatter rocks.
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analysis of molluscan fauna found in Komjatice section
ScHMIDT, 1973) does not contradict this dating, a
younger, Rissian age of the loessy bed with tuff seems to
be more plausible. Moreover, KAROLUSova found out that
the origin of the Komjatice tuff should be sought in vol-

canic regions of northern Hungary, near the Austrian
border, where there occur isolated basaltic bodies of the
latest (even Quaternary) volcanism, for which the Plei-
stocene age has been indicated by several authors
(corresponding roughly to Riss). We also note that a tuff

Photo 14. Block bomb - elongated shape
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bed similar to that encountered in Komjatice, for which
Mindelian age was assigned before (Kukla), has been
found in loess near Levice (brick kiln Monako). Thanks to
progress in geologic mapping a revision of the section
and re-dating of the loessy bed in Levice to Riss age

Photo 15. Spindle-like bomb.

(HALOUZKA,1982) could be made. As far as the age and
the origin of the tuff are concerned, the most likely ass-
sociation was with the latest maar basaltic volcanism in
Fifakovo (Cerova vrchovina upland). Anyway, to com-
pare the age of the Putikov viSok volcano with the other

Photo 16. Cow’s stool bomb.




Photo 17. Lava flow 1992, Etna - a lava tongue of Aa lava Photo 19." Recent cinder cones - western slope of the Etna
type (coarse surface) with scarce pahoehoe lava tongues volcano.
(smooth surface), separated from the lava plateau

Photo 18. Lava flows Etna 1983 Etna, Aa -type made of massive lava with lava breccias (2 flows).
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European volcanoes, the only reliable younger fossil re-
mnant of volcanism dating back to Pleistocene, is in the
Eifel region of western Germany (late Pleistocene -Wurm).

3. The crater of Patikov vi$ok volcano surrounded the
477 m triangulation point (called Putikov vi3ok). Altough
the cinder cone has developed in its centre, most of the
volcanic material have churned from the centre NW,
filling up a paleovalley. A feature analogical to that of
the Paricutin volcano in Mexiko, (1943 - 1945, see
topographic maps showing the situation before and
after the eruption) has been reported by FosHAG and

GONSALES (1959). The lava flows have poured down to
fill in suitable depression (paleovalleys, trenches,
gullies).

4.The Putikov visok volcano produced mainly the
lava flows = effusive eruptions. Two types of lava flows
occur - the Aa lavas and pahoehoe lavas. The lava flows
join together to form a lava plateau. The position and
character of flows is reminiscent of that of the Hawai
islands (USA) volcanoes, described by WALKER (1990). A
similar feature has been observed (SiMON) during the
Etna (Sicily) eruption in May 1992. Starting on 14 De-
cember 1991 this eruption produced anastomosing lava

Photo 20. A view into the Etna cinder cone crater.

Photo 21.Volcanic bomb from Etna - recent.
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flows running through channels and forming lava
tongues. Out of the mixture of lava masses (plateau)
the Aa lavas made up to 90 - 95 % (photo 17,18), while
the pahoehoe lavas (tongues) were of scarce occurrence
(photo17). The eruption produced the rocks of hawaite
composition strewn over an area of 7 sq. km (before 31
October 1992, BARBERI et.al.1993).

5. Investigation into volcanic features of the Putikov
vi§ok volcano allowed to distinguish three types of explo-
sive eruptions: the Stromboli, the Hawai and the freato-
magmatic ones. As medium explosive types of the Hawai
- Stromboli eruptions the Putikov vi$ok volcano produced
the basaltic magma material and the Stromboli and
Hawai type pyroclastic rocks, both being deposited side
by side depending on the eruption dynamics. These
eruptions were responsible for piling up of the cinder cone
composed of poorly bedded cinders and volcanic bombs
(Stromboli type) and spatter rocks, thin lava flows and
clinkers (Hawai). SELF et.al., 1974 described the Heimaey
Island - eruption (1973), lava fountain eruption (Hawai
type), with transitions to Stromboli type explosions, which
produced a cinder cone. The klinker cones developed on
slopes of the Etna stratovolcano. The cones are made of
Stromboli type pyroclastics (photo 19 - author’s observa-
tion). The shape of the 20th century cones are well
preserved. Some of the 19th century (or older) cones are,
on the other hand, more or less affected by erasion (photo
20). The third type of eruptions, the freatomagmatic ones,
are less widespread in the structure of the Putikov vi$ok
volcano. The eruption products are made of thin beds
situated in the centre, and on slopes of the volcano. These
explosions were either caused by waters coming from the
Chvélensky potok creek, or from a paleolake (which
formed due to impoundment of the above creek by
streams at the southern side of the volcano), or by
groundwaters from underlying rocks. HOUGHTON and
SCHMINCKE (1989) described the Rotherberg volcano (Eifel,
Germany) as a complex of Stromboli and freatomagmatic
eruption. The volcano is made predominantly of Stromboli
type pyroclastics with thin beds of freatomagmatic eruption
products, and the freatomagmatic eruption, as part of the
Stromboli type eruption, was initiated due to suitable
hydrogeologic conditions in the environment.
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A number of authors have addresed the problems re-
lated to distribution of original sedimentary basins in the
Central Paratethys area during the Eggenburgian (22-19
Ma B.P., Vass et al., 1987). DEPERET (1892) defined the
range of Burdigalian chronostratigraphical stage as cor-
responding approximately to the Eggenburgian (compare
STEININGER and SeNES et al., 1971). The Burdigalian was
later redefined to include the Helvetian stage and to
combine Eggenburgian, Ottnangian and Karpatian sta-
ges of the Central Paratethys in new definition.

Déperet presented "faluns” (lumachelles) from Saucats
and Léognan (département Gironde, Southwest France)
and calcareous sandstones with Pecten prescabrius-
culus in Rhéne valley as typical Burdigalian sediments.
He considered faluns the sediments of the Miocene first
phase transgression, which progressed from Rhéne
valley to the valley of Dréme. Calcareous sandstones
with Pecten prescabriusculus are the sediments of the
following transgression phase, which progressed into
Dauphiné and farther to Savoy, Switzerland (Molasse du
Plateau), Bavaria and to "Outer Vienna Basin", where the
Alpine Foredeep passes into the Carpathian one. Later
papers also describe the Burdigalian (Eggenburgian)
sediments in the Carpathian Foredeep near Ostrava, and

eastwards and below the Outer Carpathians nappes
(Oszczypko and SLaczka, 1985, Fig. 5). More eastwards in
the Carpathian Foredeep the marine Eggenburgian
sediments are missing, but the Eggenburgian marine
transgression progressed into the sedimentary basins of
Stebnica, Boryslav-Pokuty, Skola and partially also into
Subsilesian and Silesian units (OszczyPko and SLACZKA |.c.,
KovAC et al., 1989). Afterwards, these units were folded to
form nappes of the Outer Carpathians (Fig. 5). The
Eggenburgian sea progressed eastwards (using recent
coordinates) into the Central Westem Carpathians area,
through sedimentary basins of Pouzdfany and Zdanice units
(now folded into the Outer Western Carpathians front) into
the Vienna Basin and farther eastwards through the Brezova
and Vadovce depressions to the Vah River valley (Trencin
and llava depressions) to Banovce, Homa Nitra and Turiec
depressions. From these sedimentary areas could, e.g.
Turiec depression communicate through the Mid-Slovakian
fault zone and Zazriva - Budapest fault Belt, respectively,
with piggy back marine basin situated on the Magura nappe
unit (north of the present day Vysoké Tatry Mts.). To the east
the mentioned basin communicated with the marine basin of
the Skole unit. The basin was later folded to form the Outer
Carpathian Magura Unit (Czieszkowski, 1992). Other marine
sedimentary basin, today parallel with the axis of the Outer
Carpathians, existed in the Transcarpathian Basin, which
communicated (e.g. through a channel near Modra nad
Cirochou, KAroLI-pers. com.) with NE sedimentary basins of
the present Outer Carpathians frontal units (Fig.5)

From the above mentioned it follows that for Central
Europe the Alpine and Carpathian Foredeeps were im-
portant, if not vital sea ways, through which the marine
Eggenburgian (or Burdigalian, respectively) transgres-
sion progressed (PAPP et al., in STEININGER, SENES et al.
1971; ROGL and STEININGER, 1983; BALDI, 1986; HAMOR et
al., 1988; KovAc et al., 1989 and others).

Due to various reasons the reconstruction of paleo-
geographic sea ways with the areas of marine sedimen-
tation in northern Hungary and southern Slovakia
(Fifakovo-Pétervasara Basin in sense of VAss, 1995, or
the North Hungarian marine bay, respectively, SzTano,
1994) is still problematic. Several authors have proposed
a southward communication with open sea (it means with
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the Mediterranean sea) through the Transdinaric straits
via Budapest - Zagreb (PAPP et al. in STEININGER and
SENES et al., 1971, Fig. 1) for this basin, situated

excentrically relative to the Alpine and Carpathian
Foredeeps, as well as for the basins inside Central
Western Carpathians. However, this concept has been
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Fig. 1: Scheme of on distribution and mutual conection of marine sedimentary basins in Central Europe during Eggenburgian
(Early Burdigalian) according to PAPP et al., in STEININGER, SENES et al. 1971.
1. Dry land; 2. sea and sea ways; 3. recent front of the Eastern Alps and Carpathians.
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Fig.2: Scheme of distribution and mutual connections among Central and Eastern European sedimentary basins at the beginning of

Eggenburgian (22 Ma B.P. Régl and STEININGER 1983).

BM - Bohemian Massif: AL Alps; WC, EC, SC West, East, South Carpathians; TM Tissia Massif; PM - Podolian massif DI -
Dinarides; | - Alpine - Carpathian fore deep; 2 - Vienna Basin; 3 - Intra-Carpathian basins
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later refused (ROGL and STEININGER,1983, see Fig. 2;
BALDI, 1986; HAMOR et al., 1988; SzTtanO, 1994). Migra-
tion paths of the terrestrial mammals, sedimentation in
the south Alpine and Dinaric Foredeeps and evidences
for the syn-Eggenburgian erosion in southern Hungary
indicate that the Transdinaric corridor has been closed
(SzTaNO, 1994). Another possible sea way from Vienna
Basin south-east (using recent coordinates) through the
Danube Basin is presumed by ROGL and STEININGER
(1983, see Fig. 2). However, the oldest known Miocene
sediments in the Danube Basin are those of Ottnangian,
(e.g. Brenberg Formation) or of Karpatian age, respec-
tively, (e.g. Ligederdé Formation) thus, they are younger
than Eggenburgian. Communication across the Central
Western Carpathians was postulated by Parp et al. (in
STEININGER and SENES et al., 1971) regardless of the fact
that no occurrences of marine Eggenburgian sediments
in either the Central Slovakian Neogene volcanic base-
ment, or in the area between the Filakovo-Pétervasara
and the East Slovakian Basins were known at that time.
This absence was explained by post-Eggenburgian ero-
sion as a consequence of the Central Carpathians uplift.

BALDI (1986) has later resumed an idea of a connection
between the Filakovo-Pétervasara, the Intracarpathian
basins and the Transcarpathian Basin. Moreover,
SZTANG (1994) emphasized the role of the sea way be-
tween the Transcarpathian Basin, the residual Magura
Basin (the basin in piggy-back position on the Magura

nappe northwards from Vysoké Tatry Mts.; CIEzSkOwSKI,
1992) and other contemporary sedimentary basins, re-
spectively, (folded today in front of the Outer Carpathi-
ans), as the only possible way for marine tide waves to
progress into northem Hungarian bay. The tide significantly
influenced sedimentation there. Especially the Pétervasara
sandstones and sandstones of the Filakovo Formation
display sedimentary structures typical for tide dominated
coastal deposits. The energy of tidal flood was amplified by
the physiography of North Hungarian bay as is the case of
today 's Bay of Fundy, Canada. Huge cross-stratified sets of
the Jalova member and their equivalents in the Petérvasara
sandstones have been formed due to tidal ebb, which was
stronger than tidal flood (SzTano, 1994).

VAss and ELECKO et al. (1989, enclosure Nr 4) pre-
sumed that the extent of early Eggenburgian Fifakovo
Formation of Southern Slovakia was greater then that of
present day. They have not drawn any conclusion since
this presumption was based only on rare occurrence of
the molluscs Clio triplicata and Latemula fuchsi descri-
bed by ONDREJCKOVA (1977) from the borehole VCH-1
near Chanava in the Rimavska kotlina Depression.
According to ONDREJICKOVA the species are not older
than the Eggenburgian, or Ottnangian, respectively. But
the Eggenburgian elements have not been found in
foraminiferal and calcareous nannoplankton assemblages.

The presence of Eggenburgian in the NE corner of
the Rimavska koltina Depression was recently confirmed
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by findings of Eggenburgian foraminifers and nannoflora
of the NN2 zone, found in a shallow well in the village of
Gemerska Panica (Fig. 4, 5, 6). Rich foraminiferal as-
semblages of Eggenburgian age were found in the cal-
careous siltstone. The age of mentioned sediments was

determined on the basis of Globigerinoides trilobus finds,
(first appearance datum: the Eggenburgian; ROGL, 1986)
and Haplophragmoides vasiceki pentacameratus (C. et
Z.), which occurs in the Eggenburgian (CicHA et al.,
1982) exclusively. Agglutinated forms prevailed (28 %) in
the well-diversified assemblage, with the most frequent
Bathysiphon sp., Cyclamina acutidorsata (HANT.), C. aff.
praecancelata VoLosH. (Plate 1). Except for the above
mentioned foraminifers the assemblage also contains
numerous Angulogerina angulosa (WILL.) species. The
observed taxa indicate a neritic to bathyal environment

( plankton/benthos ratio of 1.6) with cold water and slight
oxygen deficit at the bottom (MuRrAY, 1991). The occur-
rence of calcareous nannoflora also confirms this age of
the sediment. The Helicosphaera ampliaperta BRAM. &
WILC., H. scissura MILLER, H. kamptneri HAY & MOHLER ,
Sphenolithus belemnos BrRaM. & WILC., Discoaster druggi
BrAM. & WiLC. species indicate the upper part of the NN2
- NN3 biozone, defined by MARTINI (1971), corresponding
to stratigraphical range - Egerian to Lower Ottnangian.
Ascertained thanatocoenosis resembles the calcareous
nannofossil assemblages determined by LEHOTAYOVA
(1982) in Eggenburgian sediments of the Western Car-
pathians (Bénovce, Horna Nitra depressions). Apart from
the mentioned Neogene nannofossils the reworked Cre-
taceous, Eocene and Oligocene calcareous nannoplank-
ton was also determined.
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Fig.4: Recent distribution of the Putnok Schlier. Due to left lateral strike-slips in the Rimavskd kotlina Depression there are only

erosional remnats of the Putnok Schlier equivalents

1 pre-Cenozoic rocks; 2 Hungarian Paleogene Basin; 3 Filakovo - Pétervasdra formation partly covered by upper Szécsény Schlier; 4
upper Szécsény and Putnok Schlier; (3-4 Eggenburgian); 5 Gyulakészi rhyolite tuff (Eggenburgian - Ottnangian) and/or rhyodacite tuff
in Bukovinka formation (Eggenburgian); 6 Négrad /Novohrad Basin (Ottnangian and Karpathian); 7 "middle rhyolite tuff" and/or Tarr
tuff; (Upper Karpathian - Lower Badenian); 8 Middle (and Upper) Miocene volcanics; 9 Middle to Upper Miocene sediments;
10 Upper Miocene to Pleistocene basalts; 11 borehole /well (WG.P.-well in the village of Gemerskd Panica; VCH-1 : borehole)
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The occurrence of dinoflagelata assemblages also
supports the Lower Miocene age of the sediments from
Gemerska Panica (could it be the Ectosphaeropsis bur-
digalensis zone?). Occurence of heterotrophic Deflandrea
spp. could indicate an existence of nutrient currents in the
basin (ESHET, 1994). Most likely, this calcareous siltstone
could be the equivalent of Putnok Schlier, which, in the past,
evidently continued farther NE, beyond present day border
of the Rimavska kotlina Depression.

Since the Eggenburgian fauna and flora assemblages
in the Rimavska kotlina Depression are very rare, re-
peated geological and biostratigraphical campaigns to
verify the presence of the sediments Eggenburgian stage
in the Rimavska kotlina Depression have all failed.
SiLavikovA (1953) failed to find the Eggenburgian
foraminifers in the wells near the village of Ciz, as did
Kantorova (fide VAss and ELECko, 1989) and later
Sutovska (1990) in the borehole material from the whole
depression. Not even Eggenburgian calcareous nanno-
flora was found in studied samples (LEHOTAYOVA in VASS
and ELEGKO l.c.). Sporadic findings of molluscs postdating
Eggenburgian, and recently also of the Eggenburgian
microfauna and nannoflora assemblages show that the
Eggenburgian rocks occur as but small occurrences in the
Rimavska kotlina depression, namely in its NE part.
Original larger extension of Eggenburgian deposits was
reduced due to erosion, aided by wrench tectonics. The
Damé tectonic zone (Darné line accompanied by
numerous parallel faults) runs along the eastern margin of
the Rimavskéa kotlina Depression. During Middle Miocene
the left strike-slip faults of the Damné line displaced the bulk
of Eggenburgian sediments southwards. Therefore, the
Eggenburgian sediments now occur presumably in the
Hungarian territory. In the Rimavska kotlina Depression
there are only small erosional remnants near the villages
Chanava and Gemerska Panica (Fig. 4). These erosional
remnants are lithological equivalents of calcareous
siltstones of the Szécsény Schlier and/or of the Putnok
Schlier, widespread eastwards of the Darmné zone.

The presence of erosional remnants of pelitic, there-
fore, basinal sediments of the open deeper sea and
shortage of the littoral ones at the present basin 's mar-
gin suggest their erosional amputation. The Filakovo-
Pétervasara Basin occupied originaly an area more to
the NE and was probably connected by a sea way with
the Transcarpathian (East Slovakian) Basins. Mentioned
sediments were eroded away as a consequence of an
uplift of the Slovakian Karst and the whole Slovenské
rudohorie Mountains area during Neogene.

Another possible sea way linking the Filakovo-Pé-
tervasara Basin with the open sea was through present
Western Carpathian intramountainous depressions: Tu-
riec, Homa Nitra, Banovce, llava and Trencin and through
Vienna Basin into the Carpathian Foredeep (Fig. 5). This
communication postulates a sea way across the area of
present day Central Slovakian Neogene volcanics. In
spite of the fact that the western and north-western
margin of recent Filakovo Formation, located below the
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Fig.6 Lithological section through the well in the village of
Gemerskda Panica NE of the town of Rimavskd Sobota
(S.Slovakia). For situation see Fig.5; for lithology see Fig.7.

volcanics of the Krupina Plateau and in the Ipelska
kotlina Depression, has been subject to intra-Eggenbur-
gian erosion (its erosional margin is well confirmed by
many boreholes), the erosional remnants of Eggenbur-
gian sediments have been found W and NW from the
mentioned erosional margin (VAss and ELECKO et al. in
lit.) and in the Ipelska kotlina depression (SENES, 1952,
Vass et al, 1979), where they are known as the Darmoty
Member (Vass et al., 1983). But they were also ascer-
tained to underlie the Badenian Neogene volcanics and
Lower Miocene rocks beneath the Krupina Plateau. The
Eggenburgian marine sediments were found in several
wells: D-19 nearby the village of Horné Suhare, CV-7
nearby Cervefiany and recently in the well VVL-8 nearby
the village of Velky Lom (Fig. 7).

A foram assemblage with prevailing stenohaline
epifytic foraminifers has been found in the sandy sedi-
ments in the borehole D-19 at depth of 665 m (Fig. 7).
Dominant taxa of Asterigerinata planorbis indicates a
normal marine environment, with sufficient oxygen
supply. A relatively deep water foram assemblage:
Cibicidoides pseudoungerianus, Heterolepa dutemplei,
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Fig.7: Lithological scheme of the Eggenburgian deposits intersected by the boreholes CV-7 (Cerveriany), D-19 (Horné Strhdre) and

VVL-8 (Velky Lom).

I Quaternary deposits; 2 clay/claystone; 3 silt/siltstone; 4 sand/sandstone; 5 gravel/conglomerate; 6 pebbly mudstone; 7 coal
seam; 8 rhyodacite tuff; 9 quarcite (Triassic);10 red shales (Triassic);l] Foraminiferal assemblage;12 NN calcareous

nannoplankton assemblage

Bolivina antiqua, Bulimina elongata) (Plate 3), also
indicating normal salinity and good aeration, has been
found in the well CV-7 at a depth of 160-162 m, in the
sandstone overlying transgressively the Lower Triassic
basement (Fig. 7). A significant feature of the assem-
blages from both wells is large size of the foram indi-
viduals, indicating optimal living conditions. Friable calca-
reous sandstone with marine foram assemblage (ZLINSKA
in VAss and ELECKO 1995) was intersected in the well
VVL-8 at depth of 565.7-601.1 m (Fig. 7). It is interesting
to note that foraminifers from the Tachty and Lipovany
sandstones and the Cakanovce Member of the Fifakovo

Formation in the Cerova vrchovina Uppland are small
sized, suggesting stressing living conditions (large and
sudden supply of clastic material in case of Tachty
sandstone, oxygen shortage in case of Lipovany sand-
stone and Cakanovce Member, respectively). Assem-
blages of large epifytic and cibicidoid foraminifers,
described from the Horna Nitra Depression by
LEHOTAYOVA (in STEININGER and PAPP et al., 1971), and
by GASPARIKOVA (1970), and from the llava Depression
by ZLINSKA and SALAJ (1991) prove that good open sea
living conditions existed in the mentioned intra-
mountainous depressions. This could have been due to




proximal position of the depressions relative to open sea
of the Vienna Basin, while the Fifakovo-Pétervasara
Basin represented physiographically a bay in distal
position relative to the open sea.

Eggenburgian age of sandstones from the boreholes
D-19 and CV-7 is proved by findings of Globigerinoides
trilobus (its first occurrence is in the Eggenburgian ROGL,
1986) and its common occurrence with the Almanea
osnabrugensis, the latter marking the end of Eggen-
burgian (CicHa et al., 1982). Eggenburgian age is further
supported by the fact that the sandstones with described
microfauna in two wells (D-19, VVL-8) are situated below
rhyodacite tuff (Fig. 7), a member of the Bukovinka
Formation. Radiometric age of the rhyodacite tuff in the
southern Slovakia is 20.1 and 19.7 Ma respectively,
(Rer¢ok and/or DURKOVICOVA et al., in VAss and ELECKO
et al., 1992), corresponding to the Eggenburgian (comp.
Vass et al., 1987).

Conclusion

The Alpine and Carpathian Foredeeps were probably
the most significant communication ways for the Eggen-
burgian marine transgressions to progress from the
Mediterranean and/or Atlantic Ocean into the Central
Paratethys area of the Middle Europe.

From the Carpathian foredeep and/or from the marine
basins in front of ascending Carpathians the sea entered
the Western Carpathian intramontane depressions and,

crossing the area covered presently by Mid-Slovakian
Neogene volcanics, the sea reached as the Fila-
kovo/Pétervasara Basin, situated nowadays in Southern
Slovakia and Northern Hungary.

Connection between the Filakovo-Pétervasara Basin
with the Transcarpathian Basin and between the residual
Magura Basin and other contemporary marine basins
situated in front of the rising Carpathians is proved by:

1. impressive tidal sedimentary structures of Pétervasara
sandstones and sandstones of the Fifakovo Formation. The
tide was comming from NE (SzTaNO, 1994).

2. presence of open marine, relatively deep sea
forams in the erosional sediments remnants near the NE
border of the present day Rimavska kotlina depression.
This gives an impression of originaly much larger extent
of the Eggenburgian marine deposits in the recent
Rimavska kotlina Depression, especially in NE direction,
where from the sea way, connecting both Filakovo/
Pétervasara and Transcarpathian (East Slovakian)
Basins, can be inferred.

Another possible sea way was through the Western
Carpathians intramountainous depressions into the
Vienna Basin and through this into the Carpathian Fore-
deep. This is proved by 1) erosional remnants of
Eggenburgian deposits in the Ipelska kotlina depression
- Darmoty Member (Vass et al., 1983) and by 2) occur-
rence of marine Eggenburgian deposits beneath the
volcanics of the Krupina Plateau, as confirmed by the
wells D-19, CV-7 and VVL-8.

Plate | Foraminiferal assemblage from the well in the Gemerskd Panica village

1. Globigerinoides trilobus (RsS.), magn 280X; 2. Globigerina praebulloides BLOW, magn.180X; 3. Bolivina antiqua ORB., magn.
240X; 4. Bolivina scalprata retiformis CUSH. magn. 380X; 5. Bolivina dilatata brevis (C. et Z.), magn. 320X; 6. Bolivina dilatata
brevis (C.et Z.), magn. 667X; 7. Trifarina brady CUSH., magn. 210X; 8. Hanzawaia boueana (ORB..), magn. 350X; 9. Hanzawaia
boueana (ORB..), magn. 600X; 10. Glomospirella sp., magn. 150X; 11. Haplophragmoides vasiceki (C. et Z.) magn. 60X
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Plate 3 Calcareous nannoplankton assemblage from the well in the village Gemerskd Panica (magn. 1900x).

1.-2. Discoaster deflandrei BRAMLETTE & RIEDEL; 3. D. druggi BRAMLETTE & WILCOXON; 4. Sphenolithus conicus BUKRY; 5. S. moriformis
(BRONNIMANN & STRADNER) BRAMLETTE & WILCOXON; 6. Helicospaera ampliperta BRAMLETTE & WILCOXON; 7. H. carteri (WALLICH)
KamPTNER; 8. H. euphratis HAQ; 9. H. scissura MILLER; 10. Coccolithus eopelagicus (BRAMLETTE & RIEDEL) BRAMLETTE & SULLIVAN;
11. Pontosphaera multipora (KAMPTNER) ROTH; 12. P. latelliptica (BALDI-BEKE & BALDI) PERCH-NIELSEN; 13. Reticulofenestra umbilica
(LEVIN) MARTINI & RiTZKOWSKI; 14. Dictyococcites bisectus (HAY, MOHLER & WADE) BUKRY & PERCIVAL; 15. Zygrhablithus bijugatus
(DEFLANDRE) DEFLANDRE; 16. Braarudosphaera bigelowii (GRAN & BRAARUD) DEFLANDRE; 17. Isthmolithus recurvus DEFLANDRE;
18. Sphenolithus radians DEFLANDRE; 19. Arkhangelskiella cymbiformis VEKSHINA; 20. Microrhabdulus decoratus DEFLANDRE

Plate 2 Foraminiferal assemblage from the boreholes CV-7 and D-19

1. Bolivina elongata HANTKEN, CV-7-161m, magn. 100X; 2. Elphidium ex gr. macellum (L.),CV-7-161m, magn. 180X; 3. Almaena
osnabrugensis (ROEM),CV-7-161m, magn. 30X; 4. Asterigerinata planorbis (ORB.), D-19-665m, magn.250X; 5. Bulimina elongata
(ORB.), D-19-665m, magn. 140X; 6. Cibicidoides pseudoungerianus (CUSH.) D-19-665m, magn.170X; 7. Lobatula lobatula (W. et
J.), D-19-665m, magn. 240X; 8. Elphidium rugulosum (CUSH. et WIECKEN.) D-19-665m, magn.240X; 9. Bolivinella rugosa HOWE,
D-19-665m, magn. 130X
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Tertiary Development of the Western Part of Klippen Belt

PETER KOVAC and JOZEF HOK

Geological Survey of Slovak Republic, Mlynska dolina 1, 817 04 Bratislava, Slovak Republic

The Klippen belt was affected by several deforma-
tional events whose effects suggest multistage brittle -
ductile and brittle deformation and relatively small depth,
at which the tectonic deformations have taken place.
Paleogeographic analysis indicates that the sedimenta-
tion area of the Pieniny geosyncline was considerably
broad, the estimations being within the range from 30
(ScHeIBNER 1963) to 100 km (SwipziNsk1 1962). In seis-
mic sections the Klippen belt appears as indistinct, sub-
vertically oriented suture belt situated between the
blocks of Outer and Inner Western Carpathians

Methods

Structural analysis of the western section of the Klip-
pen belt (Fig. 2) included a study of its deformational
effects and of their timing. Field studies of individual sec-
tions of the Klippen belt (Fig. 3, 4) and surrounding units
included a statistic evaluation of mesoscopic manifesta-
tions of Tertiary deformation represented mainly by
faults, fissures and folds.

Direct inversion method (ANGELIER 1994) has been
applied to evaluate the fault planes and movement indi-
cators. This method assesses the orientation of the main
s i stress field tensors on the basis of fault plane orientation
The Klippen belt (Pieniny Klippen belt), situated be- and slide vectors of the movement indicators on discrete

Introduction

tween the Western Carpathian externides and internides fault planes. Statistic sets of measured elements allowed

(sensu MiSIK et al., 1986), represents a narrow independ- to assess (together with the study of geologic map) the

ent structural belt with extraordinarily complicated struc- courses of faults, their kinematic character and, if the

ture. It stretches from Vienna through central Povazie stratigraphic datings of investigated localities were avail-

(Vah River valley) to Orava and extends via Polish Pien- able, also the times spanning their activity.

iny to eastern Slovakia, Ukraine and Romania (Fig. 1). The fault planes are plotted using stereographic pro-

The following features are characteristic for Klippen belt: jections (Schmidt net, lower hemisphere). The fault plane

primary absence of pre-Mesozoic rock, scanty represen- projections are represened by large arcs and the stria- |
tation of Triassic rocks, variable developments of Juras- tions on them by dots. The arrows assigned to dots show |
sic and Cretaceous rocks and klippe-type tectonic style the sense of movement, while large arrows indicate the

(Pieniny type klippen - ANDRUSOV and SCHEIBNER, 1968). strike of compression, or extension, respectively (Tables

Most of the klippen have tectonic origin. The klippen are 1,2, 3,4).
represented by lenses of predominantly Jurassic and
Lower Cretaceous limestones, detached from more plas- .
tic formations, composed mainly of Middle and Upper Stnfctural d.evelopment of the Klippen belt
Cretaceous marls (klippen envelope). These lentiform, or during Tertiary

isometric bodies, are situated in marlstone, or in flysch

rocks of the klippen envelope. Although the envelope Structural interpretation of data obtained from west-
units were originally placed in normal stratigraphical su- ern section of the Klippen belt (up to the Orava section)
perposition on top of rocks representing the klippen, their indicates that several phases of deformation have taken
contacts were generally tectonic (ANDRUSOV 1974). place.

Slovak Geological Magazine 2/96, Geological Survey of Slovak Republic, Bratislava, Slovak Republic, 1996
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Fig. 1 Geological sketch of Carpathian arc and Pannonian basinal system (KOVAC et al. in press).

1 - North- and East-European platform, 2 - flysch zone of externides, 3 - Klippen belt 4 - Inner Carpathians, 5 - Neogene basins, 6 -
Neogene volcanics, 7 - thrust lines, AF - Alpine foredeep, CF - Carpathian foredeep, OEC - Outer Western Carpathians, CWC - Central
Western Carpathians, CEC - Central Western Carpathians , SC - Southern Carpathians, EA - Eastern Alps, A - Apuseni, D - Dinarides,
VB - Vienna Basin, DB - Danube Basin, PB - Pannonian Basin, s.s., TB - Transylvanian Basin, TD - Trans-Carpathian Depression.

As observed in the field, during the first phase, the rocks
which now form the Klippen belt, became subject of a
compression oriented perpendicularly to the belt’s strike.
In most klippen there are shear thrusts (Table 1) and
folding structures accompanied by strike slips (Table 2).
At the northern fringe of the Inner Carpathian Paleogene,
at the contact with Klippen belt, southvergent back
thrusts and imbricated systems of partial thrusts (seen
e.g. at the Gécef locality - part Dolny Kubin) have been
formed. This phase which, we presume, was coeval with
the overthrusting of flysch nappes in the western part of
Carpathians (Vienna Basin area), dates back to
Oligocene? - Lower Miocene. Cessation of nappe over-
thrusting processes in the western part of Carpathians in
Karpatian stage marked an end of compressional phase.
Succession of tectonic events and change of strain field
in the area of Brezovské Karpaty were characterised by
a clock-wise rotation of compressional process, i.e. from
NW - SE to NE - SW (MARko et al., 1991; FODOR, 1995).
At the same time the paleogeographic situation at the
end of Otnangian, when the sedimentation area of the
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Western Carpathian sea has been connected with the
Alpine foredeep and during Karpatian there developed a
new marine connection with the Mediterranean area in
the south, indicates that important changes in tectonic
regime with activisation of strike slips have taken place.

Progressive reorientation of the strain field gave way
to gradual formation of strain slips and shear folds. A
sinistral shear zone has been formed in the area of Klip-
pen belt (Table 3). This transpressional regime influ-
enced the development of Klippen belt between Lower
and Upper Miocene. Maximum strain oy was oriented
generally in NNE - SSW direction.

Subsequent extensional regime, characterised by
randomly oriented downslip faults, predominated in the
Klippen belt area during the Upper Miocene (Table 4).
The downslip faults can be observed at all investigated
localities in the Klippen belt’s area.

The effects of successive individual deformational
stages can clearly be observed at many places. At the
Podbielsky Cickov locality (abandoned quarry in the val-
ley with homonymous name, some 2 km from Podbiel)
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Fig .2 Schematic tectonic sketch map showing Klippen belt and the areas investigated




the mesoscopic faults, which formed due to bend gliding
in a process of pure compression, can be observed. The
course of axial planes of faults indicates that the strike of
maximun compression was oriented perpendicularly to
the strike of the Klippen belt. Ensuing deformational
process was responsible for formation of shear folds

(Fig. 5).

Data on magnetic anisotropy and
paleomagnetic data

As indicated by magnetic anisotropy data from the
western section of the Klippen belt the deformation has
taken place predominantly under brittle conditions
(HROUDA et al., 1992), whereas plastic deformation was
here weaker compared to Sliezska, Bystricka and Raca
Units (HRoupa, 1993a). However, we can contend that
generally, the deformational effects within the Klippen
belt were stronger compared to marginal units of the
Flysch belt, but weaker relative to Inner Carpathian units
(HrRoOuDA, 1993b). As regards the intensity of deforma-
tional effects in individual sections of the Klippen belt
proper, it was generally about equal, excepting the Zilina

section, which was characterised by relatively stronger
effects (HROUDA, 1993b).

The results of research into orientation of magnetic
foliation and lineation in the investigated section of the
Klippen belt indicate that some differences exist between
this and the adjoining section of the Flysch belt. In fact,
the Klippen belt was affected by events which have no
equivalent in the Flysch belt. (HRouDA et al., 1992). Al-
though not as clear-cut as they should be, the courses of
poles and magnetic foliation (HrRoubA 1993a Fig. 5-11)
suggest NE-SW direction of the compression and com-
plicated deformational history of the Klippen belt and
adjoining sections of the Flysch belt.

Interpretation of paleomagnetic data (Fig. 6) evi-
dences a counterclockwise (CCW) rotation of rigid
blocks along the margin of moving block of Western Car-
pathians. Measured values show approximately 40-60°
CCW rotation of the Sliezska Unit, 60° CCW of the
Magura Unit in NW part of the Flysch belt (Krs et al.,
1982,1991) and 28-43° in NE part of Vienna Basin (TUNYI
and KovAC, 1991, KovAC and TuUNyi, 1995). While the
maximum CCW rotation in the westem part of Central
Westemn Carpathians could have reached between Eocene
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Fig. 4. Schematic map of Orava section of the Klippen belt showing the localities with structural measurements

and Oligocene 40-60° (KovA¢ and TUNYI, 1995), at the gradual tectonic spatial shortening and piling of both, the
end of Lower Miocene it probably reached only 30-40° Klippen belt units and overthrusted units of the Central

(KovAC and TUNY1, 1995). Western Carpathians, to form north-vergent fold-nappe
The paleomagnetic rotation data together with the belt, the present-day Klippen belt (MAHEL, 1978; MiSik

results of orientation of pole courses and magnetic folia- 1978, PLASIENKA, 1995 ).

tion clearly record transpressional tectonic regime in the Formation of the fold-nappe belt continued during

area of the Klippen belt. Paleogene. Partial emersion has taken place. Thrusting

of the Pieniny and Kysuca sequences over the Czorsztyn
sequence occurred during Paleocene, while during

Paleotectonic development Eocene the deep water sedimentation has been initiated.
At the contact with Central Carpathian block the Klippen
As the opening prograded during Lower Jurassic the belt has been strongly deformed during Oligocene and
sea bed relief in the "sedimentation area of the Klippen the Klippen belt formations have been erected and
belt" became dissected. Jurassic transgression pro- locally reworked to form south-vergent structures
ceeded from west to east (BIRKENMAJER 1986). Between (ANDRuUSOV, 1938). The along-strike movements between
Middle Jurassic and Lower Cretaceous there prevailed Miocene and Pliocene were associated with the faults
sedimentation of pelagic sediments. The Middle Creta- and fissures developed mainly in competent rocks, while
ceous times have seen an equilibration of sedimentation the uncompetent rocks became subject of folding.
conditions in a process of deepening. There are records Uneven transport of individual blocks of Central Western
that the onset of the flysch "trench" sedimentation oc- Carpathians resulted in the development of sigmoidal
curred in the Upper Cretaceous and continued with bends in the Klippen belt (ANDRUSOV, 1927).
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Discussion

Present shape of the Klippen belt is a result of its
long term, continuous deformation brought about by con-
vergence and later collision of the Inner Western Car-
pathians with the European platform (Fig. 7).

Structural analysis made in the western section of the
Klippen belt allows to characterise Tertiary stage and its
deformational development. The whole expanse of Klip-
pen belt displays a very complicated internal structure.
The bend gliding type folds observed as well in the rocks
of the Klippen belt proper as in the rocks of the Magura
nappe (ALEXANDROWSKI, 1989) speak in favour of a com-
pressional stage spanning the time from Eocene-Oligo-
cene to Lower Miocene, characterised by spatial
shortening oriented perpendicularly to its course. The
then Klippen belt was probably situated more to the
south-west relative to its recent position and it was ori-
ented NW-SE (OszczyPko and SLACZKA, 1985, KoVAC et
al 1994). Compressional regime is also evidenced by
frequent south-vergent (recent situation) reverse faults.
Gradual rotation of the western part of Klippen belt went
on until the end of Lower Miocene (Krs et al. 1982,1991,
TUNYI a KOVAE, 1991, KovAC a TUNYI 1995). Transpresio-
nal regime, predominant in the western part of Klippen

belt since Lower Miocene, have progressively gained the
ground. A sinistral shear zone have formed. The orienta-
tion of maximum stress was generally NNE-SSW. The
transition from compressional to transpressional regime
was presumably diachronous, as substantiated by sub-
sequent waves of overthrusting of east-vergent flysch
nappes (JIRICEK, 1979).

Timing of tectonic events in the area of Outer Car-
pathians is also evidenced by stratigraphic divergence of
the foredeep’s filling, composed in the Polish and
Ukrainian parts of the Badenian and Sarmatian sedi-
ments, while in the Romanian side the sedimentation
continued until Quaternary (ROURE et al., 1995). The
molasse sediments usually directly overlie the Mesozoic,
or crystalline basement of the foreland, as evidenced by
a distinct erosional event, which took place between Up-
per Cretaceous and Paleogene as a possible conse-
quence of Laramian phase. In contrast to diachronous
tectonic events, which occurred during Late Oligocene to
Miocene, the records of Upper Cretaceous to Paleocene
Laramian inversion tectonics indicate its synchronous
course along the whole perimeter of the Klippen belt.

The above facts evoke a concept of a compact block
of Inner Western Carpathians, whose mobility between
Upper Cretaceous and Paleogene resulted in a collision

A) OLIGOCENE - LOWER MIOCENE

—— urcuranaree
D INNER CARPATHIAN PALEOGENE

[:::' KLIPPEN BELT

SENSE OF FOLDING

B) LOWER - MIDDLE MIOCENE

Fig. 5. Deduced kinematic development of the western part of Klippen belt
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Fig. 7 A model of tertiary development of the Alpine-Carpathian-Pannonian region
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along its western margin with the margin of the European
platform at the end of Oligocene and during Lower
Miocene (Fig. 7). The area of collision shifted gradually
eastwards. In structural terms, the deformation process
is expressed by gradual transition from compressional to
transpressional regime.

The fact that the intensity of compression gradually
decreased is vividly demonstrated by overall Post-Oligo-
cene shortening of the Romanian part of the Flysch belt
reduced between Badenian and Sarmatian by approxi-
mately 108 km, as compared to the reduction between
Pliocene and Quaternary, which reached only 22 km
(Roure et al. 1993). In the Polish and Ukrainian parts the
compressional events were terminated at the end of
Sarmatian.
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Introduction

The boundary between the Gemericum and Veporicum
units belongs to the most important structures of the Alpine
convergence within the Westem Carpathian Internides. Its
territory, known for decades as the Margecany - Lubenik
line (scar, fan, etc.), was regarded to be both a remnant
root zone and a homeland area for the Cho& nappe
(ANDRUSOV 1968, BIELY & FusaN, 1967, MaHEL, 1967,
1986) and/or for the Silica nappe (ANDRusov, 1975,
Kozur & Mock, 1973), respectively.

In a wider area of the eastern, i.e. Margecany part of
this collisional structure, not only cover and crystalline
sequences of the Gemericum, Veporicum and Tatricum
units, but also nearly complete profiles of the Western
Carpathians superficial nappes are present. The men-

tioned units stretch NE-SW, parallel to the Margecany
shear zone. Structural data reveal a poly-stage evolution
of the regional structure evolving from the Late Variscan
and Alpine nappe stacking, continuing to pre - Upper
Cretaceous fold/upthrust spatial reduction and the
Tertiary wrenching, respectively. The aims of this contri-
bution are: (1) to clarify the imprint role of the Late
Variscan nappe structures to the formation of the Alpine
ones within particular. crystalline complexes. (2) to
demonstrate the contrasting style of Cretaceous
deformations among them, (3) to explain the Tertiary
strike-slip phenomena within the structure of the region.

Main lithotectonic units

Six principal pre-Tertiary lithostratigraphical units, dif-
fering in metamorphic grade and style of Alpine defor-
mations, form the extrermely reduced east-western part
of the Western Carpathian Internides (WCI). From top to
bottom (or from south to north) these are: the Silica
nappe, the Meliata Unit, the Gemericum Unit, the Hroni-
cum Unit, the Veporicum Unit and the Tatricum Unit
(Figs.1a,b,c, 2,). All these units are more or less incorpo-
rated into the NW-SE regionally expressive zoning
(Fig.1a), which culminates by the development of direc-
tionally related, NE vergent imbricate structures of the
Gemericum and the Veporicum contact zone. (Fig.1c).

The Silica nappe - the highest tectonic unit of the
WCI, is composed mainly of shallow water Triassic car-
bonates forming isolated flatly deposited klippes on both
the Meliata and the Gemericum units (Kozur & Mock,
1973, MELLO & REICHWALDER, 1979).

Allochthonous - the Meliata Unit consists of Triassic
to Jurassic LT-HP metamorphosed psammo-pelites,
limestones, radiolarites, glaucophanitised basalts and
serpentinised ultramafic rocks (Kozur & Mock, I. c.,
REICHWALDER, 1982). The unit is folded and stretched in
SE direction, acquiring south-westerly inclined monocli-
nal position and finally elongated out along this strike
(Fig.1a).

The Gemericum Unit, composed mainly of slightly
metamorphosed Paleozoics volcanosedimentary se-
quences, is divided into four lithotectonic groups. From
the bottom to the top they are : The Gelnica group, the

Slovak Geological Magazine 2/96, Geological Survey of Slovak Republic, Bratislava, Slovak Republic, 1996
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Rakovec group, the Klatov group, and the Late Paleozoic
to Early Triassic successions.

The Gelnica Group is represented by a thick volcan-
ogenic flysh formation (SNOPKO & IVANICKA, 1978, IvANIC-
KA et al., 1989) of Late Cambrian to Early Devonian age
(SNoPKOVA & SNOPKO,1979). Among volcanogenic inter-
layers the acid to calc-alcaline differentiates predomi-
nate. The sequence is regionally deformed by both, tight
N-NE vergent folds and successive steeply dipping axial
plane reverse faults.

The Rakovec Group, overlaying the northern part of
the Gelnica group, has the same structural pattern as the
former. It consists mainly of metabasalts, their volcano-
clastics and phyllite intercalations. This ill - dated sequen-
ce is probably of Middle Devonian to Early Carboniferous
age (BaJaNik et al. 1983).

The Late Paleozoic and Early Triassic successions
form NW-SE stretching syncline at the NE part of the
Gemericum Unit (Fig.1c). The basal part of this pile con-
sists of Dobsina Group, a Carboniferous suite - starting
with flysh sequence containing volcanites and volcano-
clastics and continuing with shallow marine carbonate -
clastic formations (VOzZAROVA in BAJANIK et al. 1981).

Unconformably deposited Permian suite of the Krom-
pachy Group (Fig. 2) comprises continental clastic for-
mations interlayered with rhyolite dacite volcanites and
volcanoclastics, capped by clastic - evaporite formation
(VozAROVA & VOZAR, 1988). The suite transits into Early
Triassic shales, forming the core of the mentioned syncline.

The Klatov Group. This tabular nappe unit (Fig. 2),
comprising isoclinally folded gneisses, amphibolites
(sporadically interlayered with limestones) and serpen-

tinites, is thrusted onto the Rakovec Group (ROZLOZNIK,
1965, HovoRka et al., 1984). Presence of clasts of this
unit within uncomformably overlayered Wesphalian con-
glomerates (VOzAROVA, 1973) reveals the upper dis-
placement limit of the nappe.

The Hronicum Unit is represented by its partial, the
Cho€ nappe sequence (Figs.1 b,c,2). This north vergent
nappe pile, coming most probably from homeland area
between the Gemericum and Veporicum units (ANDRU-
sov 1968, BIELy & FusaAN, 1967, MaHEL, 1967, 1986),
comprises Late Paleozoic clastic formations and Trias-
sic, mostly carbonate successions. Within the area of
outcrop of the Veporicum Unit only the first ones are
preserved.

The Veporicum Unit, exemplified by its Cierna
hora Mts. segment, consists of crystalline basement
and Late Paleozoic to Mesozoic cover formations. The
crystalline basement is made of three lithotectonic
complexes. From the bottom to the top these are
(Figs.1 b, c, 2), the Lodina Complex, the Miklusovce
Complex and the Bujanova Complex (JACKO, 1985).
The first one is composed of strongly diaphtoritised
gneisses, micaschists and tiny intrafolial amphibolite
bodies, the MikluSovce Complex is formed by migma-
tites and intrafolial aplitic granites and the Bujanova
Complex consists of gneisses, migmatites, amphibo-
lites and Variscan granodiorites.

The cover sequence of the unit starts with Late Car-
boniferous and Permian clastic formations, comprising
rhyolitic volcanics within the latter. Triassic to Late
Jurassic part of the sequence is mainly composed of
carbonates.
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Fig. 1. (a) Position of the studied area in the Western Carpathians. FB - Flysh Belt, KB - Klippen Belt, TV - Tatric and Veporic
units, G - Gemeric unit, Mu - Murdn fault, L - Lubenik shear zone, M - Margecany shear zone, black strip - Studied area position
Fig.1 (b-c) Geological map and cross sections of the area. | - Neogene molasse sediments, 2 - Flysh successions of the Intra
Carpathian Paleogene, 3 - Silica nappe limestones, 4 - Sediments and matabasites of the Meliata Unit, 5 - 10 Gemericum Unit, 5 -
Early Triassic shales, 6 - Permian greywackes, rhyolitic volcanites and evaporites, 7 - Carboniferous flysch metabasite sequence
with conglomerate and carbonate intercalations, 8 - Klatov Group gneisses and amphibolites, 9 - Metabasalts and phyllites of the
Rakovec Group, 10 - Sandstones, phyllites and rhyolite volcanites of the Gelnica Group, 11 - 12 - Choé¢ nappe of the Hronicum
Unit, 11 - Late Carboniferous shales, sandstones and conglomerates, 12 - Triassic and Jurassic carbonates, 13 - 18 Veporicum and
Tatricum units, 13 - Triassic to Late Jurassic cover - prevailingly carbonate, successions, 14 - Permian greywackes, shales and
rhyolite volcanites, 15 - Late Carboniferous conglomerates and shales, 16 - Veporicum (Bujanova Complex) and Tatric (Branisko
Mts.) granodiorites, 17 - migmatites gneisses and amphibolites of the Tatric and Veporic (Bujanovd and Miklusovce complexes)
units, 18 - diaphtoritised gneisses and amphibolites of the Lodina Complex (Veporicum Unit), 19 - Geological boundaries, 20 -
Normal faults, a - regionally significant, 21 - Soles of the Alpine nappes (93 in cross sections only), 22 - Margecany shear zone, 23 -
Alpine reactivated sole of the Late Variscan nappe ( @3 in cross sections only), 24 - others important shear zones, 25 - bedding
position, 26 - Alpine schistosity orientation, 27 - Alpine fold axes orientation, 28 - Cross sections lines, 29 - Choé nappe extent (in
cross sections only), @ - sole of the Late Variscan nappe (in cross sections only).
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Fig. 2. The Alpine post - nappe position of lithotectonic units at the eastern part of the Western Carpathian Internides. LPC - Late
Paleozoic complexes, P - Permian, C - Carboniferous, KG - Klatov Group, RG - Rakovec Group, GG - Gelnica Group, BLU -
Bujanova lithotectonic Unit, MLU - MikluSovce lithotectonic Unit, LLU - Lodina lithotectonic Unit, Lm - limestones, r - radiolarites,
gb - glaucophanitised basalts and serpentinites, sh - shales, ev - evaporites, w - greywackes, rh - rhyolites and their volcanoclastics,
b - basalts, ¢ - conglomerates, sa - sandstones, g - gneisses and amphibolites, sp - serpentinites, mb - metabasalts and their
volcanoclastics, ph - phyllites, ca - dolomites and limestones, ym - mylonitised granodiorites, gm - gneisses and migmatites, amph -
amphibolites, y - granodiorites, mi - migmatites, dg - diaphtoritised gneisses, Fa - Fatric unit, u - unconformities, PNA - post -
nappe anticline, @3 - soles of Alpine nappes, @y - Alpine reactivated sole of the Late Variscan nappe, @ - sole of the Late Variscan

nappe.

Mesozoic sequences of the Fatricum Unit likely underlie the overall NW-SE zoning of the north-eastern part of the
buried parts of the Hronicum nappe in the Branisko Mts. unit to be a result of an extensive and polyphase
(POLAK, 1987) tangential shortening between the Gemericum and Ve-
The Tatricum Unit, forming the Branisko Mts. (Figs.1 poricum units, which had caused both a reduction of the
b,c,2), is composed of crystalline basement, correspond- homeland area of the Hronicum Unit and nearly com-
ing compositionally and in age to the Bujanova Complex plete obliteration of pre-Alpine structures within the Ge-
of the Veporicum Unit, and to Permian to Late Jurassic meric basement.
cover formations, comparable to the cover sequence of Jacko (1979) described typological features of two
the Veporicum Unit. Variscan and four Alpine deformation stages within the
Pre-Tertiary sequences of the region are in the Veporicum Unit. Their adjusted modification, based on
northern and north-eastern part roofed by flatly deposited structural, petrological and geochronological data, is
flysh formation of the Intra Carpathian Paleogene suite. outlined in Fig. 3.
Their S-SE continuation is covered by Neogene molasse According to the mentioned data the crystalline
formations (Figs.1 b,c). basement of either the MikluSovce and Bujanova com-
plexes, or the Branisko Mts., corresponds to the Upper
Outline of essential Features of Tectonic basement unit of the Western Tatra (FRiTz et al.,1992)
development of the region and/or to the Upper unit (BEzAk,1994) of the Late Varris-
can nappe structure of the Western Carpathian Tatric
Principal aspects of structural development of the and Veporic basement. The underlying Lodina crystalline
Gemeric part of the area were evaluated by REICH- complex is, in the mentioned sense, complementary to
WALDER & SNOPKO (in BAJANIK et al., 1983). They consider either the Lower basement unit of the Western Tatra
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(FrRiTz et al., l.c.), or to the Middle unit (BEZAK, I.c.) of the
cited nappe structure.

The Late Variscan nappe cleavage set played a sig-
nificant role in the formation of Alpine structures within
the Veporic crystalline complexes. The same function for
the evolution of contrasting styles of Cretaceous defor-
mations within the region have had different mechanical
properties of particular lithotectonic suites and their
structural position, respectively. Kinematic analysis of the
most pronounced shear zones confirms a connection of
their prominent, sinistral, strike-slip activity to the ADs-
the post - Paleogene evolution stage of the area. (Fig. 3.).
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Fig. 3. Tectonometamorphic development scheme of the
Veporicum Unit of the area. | - gneisses and amphibolites, 2 -
biotite granodiorites, 3 - granites, 4 - Late Variscan nappe
sole and its tectonites, 5 - Alpine nappe sole, 6 - Axial plane of
the post - nappe recumbent folds, 7 - reverse fault shear zones
of the Margecany type, 8 - normal faults and contemporaneuos
upright folds, 9 - strike - slips and normal faults. St - Styrian,
La - Laramian, Me - Mediterranean, Au - Austrian, S - Sudetian,
Br - Bretonian, J - Jurassic cover stratas, C - Carboniferous
cover strates, 7y - biotite granodiorite of the Bujanova
Complex, B - metamorphics of the Bujanova Complex, M -
metamorphics of the Miklusovce Complex, L - metamorphics of
the Lodina Complex, Gr.sch. - green schist metamorphic
Jacies, Amph. - amphibolite metamorphic facies, Chl. - chlo-
rite, Ser. - sericite, Q - quartz, Ep. - epidote, Zo. - zoisite, Clz -
clinozoisite, Cal. - calcite, Ab. - albite, Pl. - plagioclase, lim. -
ilmenite, Carb - carbonates, Mu - muscovite, Bi - biotite, Ga -
garnet, Sph -sphene, Hrb - hornblende, Px - pyroxenes, Ksp. -
kalifeldspar, St -staurolite, And - andalusite, Sill. - sillimanite,
Crd - cordierite.

Imprint of the Late Variscan nappe stacking
to Alpine structures formation

The Late Variscan nappe emplacement of MikluSovce
and Bujanova crystalline complexes onto the Lodina one
(Figs. 2,3), dated betwen 330 and 312 Ma (R.D. DaAL-
MAYER, pers. commun, 1993), has caused a significant
reworking of their rock successions. The nappe sole of
the overthrusted pile is subparallel to the cleavage set of
the oldest recognizable, the Variscan VF folds (Fig. 3.).
Their similar cm - m rootless remnants, belonging to 3C
& 4D category of HUDLESTON's (1973) classification, have
generally the southern vergency and they are distingtly
modified throughout the nappe pile (JACKO et al. 1995).

Significant nappe emplacement reworking of rather
homogenous and more rigid migmatites of MikluSovce
Complex - forming the base of the Late Variscan nappe,
is rectricted to their norther flank only. In this zone the
moderately N-NE dipping penetrative clevage set con-
tains tight SSW vergent asymetric folds with brittle-duc-
tile stretching lineations of micas, quartz and feldspars
indicating top- to-the SSW transport direction. The
southern part of the suite, namely its basal margin, is
strongly overprinted by Alpine structures, indicating a
more effective emplacement shearing of the basal edge
of the migmatite slice.

A lack of the MikluSovce Complex migmatites at the
southern flank of the Veporic basement of the area sug-
gests a partial delamination of the nappe pile during its
emplacement. The Bujanova Complex has been, at this
part of the basement, prevailingly thrusted over the
metamorphics of the Lodina Complex. Two regionally
significant shear zones have developed as a consequence
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Fig. 4. Brittle - ductile modification of the pre - Carboniferous
folds in the Bujanova Complex metamorphites due to the
Alpine - nappe delamination of the complex. |- detail of the
modified fold closure, 2 - biotite gneisses, 3 - amphibolites, 4 -
quartz - biotite gneisses, 5 - biotite granodiorites, 6 - quartz
segregations, 7 - mylonites.




of the Bujanova Complex emplacement, the basal one
and the shear zone, following the synformal closure of
the Bujanova metamorphics. Both are several 10 m thick
and dip moderately south-westwards (Figs. 1,c).

A strongly foliated, over 100 m thick shear zone,
rimming either the northern edge of the Bujanova, or the
southern margin of the MikluSovce Complex, follows the
top part of subautochthonous diaphtoritised gneisses of
the Lodina Complex. The zone has typicaly an extremely
hight content of intrafolial quartz segregations, deformed
by Alpine structures.

The foregoing relationships indicate that the em-
placement of the Late Variscan nappe pile within the
Veporic basement of the area have caused the most
significant reworking, either within the basal zone of the
overthrusted suite, or in the central part of Bujanova
Complex. Both mentioned shear zones are accentuated
by involvement of cover strata in them, namely, the
typological structures of all Alpine deformation stages of
the area are observable in the latter. Following geo-
logical and structural criteria show that the discussed
shear zones have played a catalytic role for both, the
Alpine delamination of the Veporic basement slices, and
the penetrative development of the Alpine structures,
namely within the Lodina Complex metamorphics.

First Alpine Deformation stage (AD))

Structures of this pre-Upper Cretaceous deformation
stage are directly related to the Alpine nappe shortening
in the region. Striation remnants, preserved on contem-
poraneous ASs cleavage set, indicate top-to-the N - NE
movement of the nappes.

AD, deformations in the Veporicum Unit

Two closely related tectonometamorphic events of
the ADs stage are recognizable in the Lodina and Buja-
nova crystalline complexes and their cover formations
(Fig.3). Recumbent isoclinal AF; folds of both, parallel
and similar geometry with axial plane dipping gently
south, to - south-westwards, are typical for the first event
(JAcko, 1979).

The AF; folds are regularly developed either in tec-
tonites of the Late Variscan nappe emplacement zone of
the Lodina basement rocks, or within relatively less com-
petent cover strata. In the mentioned basement shear
zone, cm - dm remnants of AF4 folds are preserved only
in quartz medium segregations (Fig. 6). A common
occurrence of AF, folds of the order of m - 10 m, ob-
served in the Liassic limestones at the south-western

Fig. 5. Recumbent paleo - Alpine AF | folds with axial plane cleavage developed in the Liassic cover limestones due to ramp effect of
the more rigid Veporicum Unit. (cf. Fig.3. for correspoding deformation stage).
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Fig. 6. Refolding of paleo Alpine recumbent AF | folds by post
- nappe AF, folds at quartz segregation lenses of the Lodina
Complex diaphtoritised metamorphites, APF, - axial plane of
AF ; folds, APF, axial plane of AF, folds.

cm |,

Fig. 7. Rootless remnats of paleo - Alpine AF, folds at the
reactivated base of the Bujanova Complex fixed by quartz
segregations.

margin of the Veporicum Unit (Fig. 7), marks a hinge
zone of an assymetric recumbent fold structure devel-
oped in the cover formations due to ramp effect of the
Veporicum Unit, during nappe shortening of the area.
More rigid overturned segments of Triassic dolomites
regionally overlayered Jurassic strata of the zone to
stress the regional extent of this structure (Fig. 1c).

Some 100 m thick penetrative zones of AS; axial
plane clevage set of AF; folds spatially correspond with
soles and clevage position of paleo - Alpine nappe units of
the region. They are probably a product of the second
tectonometamorphic event of the more or less continuous
AD; deformation stage. In the basement complexes (except
of Mikiusovce one) the cover strata (prevailingly Early
Triassic quarzites) are incorporated into these zones. No
other than successively contemporaneous or superimposed
structures have been found in these markers.
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Subhorizontally lying AS1 cleavage plane set, occur-
ing within 450 m of the vertical profile of the Lodina
complex diaphtoritised gneisses, has been most proba-
bly developed due to reverse, (top-to-the northeast)
overthrusting of the Bujanova Complex suite along reac-
tivated the Late Variscan sole. According to extent of the
superimposed AF, folds within tectonics of correspond-
ing shear zone in the central part of the Bujanova Com-
plex metamorphics, the thicknes of the zone reached
over 100 meters.

A penetrative set of AS+ cleavage developed in cover
formations is rather restricted to either less rigid media of
Jurassic limestones (Fig.7) or nearly to the sole of
overlying Cho& nappe.

AD, deformations in the Gemericum Unit

Within the lithotectonic groups of the Gemericum Unit
the structures of the AD4 deformation stage have been
nearly completely obliterated by superimposed ones
(BAJaNIK et al., 1983, MaHEL, 1986). Remnants of AF4
folds of the same geometry as in the Veporic part of the
area, measuring few dm, have been found by JAcko &
REICHWALDER (1992, unpubl. data).

A flatly lying cleavage set, corresponding to AS;
cleavage of the Gemericum Unit, scarcely occurs above
the soles of the Silica nappe klippes. A similar, few dm
thick, planar set, partly deformed by AF, folds, has been
observed in serpentinised ultramaphics of the Klatov
group (JACKko et al.,1995 ).

AD; deformation stage

Regionally developed NW - SE trending AF, folds
and subsequently formed monoclinal SW dipping re-
verse shear zones are typical products of the AD, defor-
mation stage. AF; folds deform the soles of the Silica
and Cho¢ nappes, as well as the structures of the AD;
deformation stage (JAcko, 1979). Their AS; axial plane
cleavage set, and corresponding reverse fault shear
zones occur nearly throughout the exposed vertical pro-
file of both the Gemeric and Veporic units.

Structural reworking of the units was accompanied by
a low grade progressive metamorphism of cover forma-
tions and by a retrogressive metamorphism in the
basement complexes (Fig.3). A successive evolution of
two tectonometamorphic events of the AD, deformation
stage (Fig. 3) is indicated by : (i) - a progressive
flattening and shearing of AF, folds towards and inside
shear zones, (ii) - absence of corresponding mineral
parageneses of the second tectonometamorhic event in
folded domains, located besides shear zones. The fact
that the Middle Eocene conglomerates of the overlying
intra Carpathian Paleogene contain the tectonites of the
reverse shear zones of both, the basement and cover
formations, confirms that the upper limit of the last event
predates the Paleogene.



AD; in Veporicum Unit

The intensity of the first tectonometamorphic event of
the AD, deformation stage was heterogenous thorough-
out the unit. It was controlled mainly by the rock mechan-
ics, including the distribution of earlier tectonic zones
within the basement suites. The AF folds are regularly,
developed in the cover formations, except of more rigid
Triassic dolomites. These occur as remnants in the
phyllonite zone at the base of MikluSovce and Bujanova
basement complexes, as well as in the central tectonite
zone of the latter. Diaphtoritised gneisses of the underly-
ing Lodina complex are nearly penetratively refolded by
AF, folds thoroughout the exposed profile (JACko, 1979).

Overall geometric pattern and style of the AF; folds,
fixed by representative rock suites of the unit (Fig.8a)
indicates a significant flattening of originally open, upright
and mostly parallel AF; folds. Majority of AF; folds in the
Veporicum Unit are close to tight folds with significant
thinning of the fold limbs and distinct AS: cleavage set,
inclined monoclinally (at 40° - 60°) to SW.

Distinct modification and shearing of AF: folds reflect
a progressive shortening of the Veporicum Unit during a
subsequent, the second tectonometamorphic event of
the AD, deformation stage. Modified AF; folds have
stronger NE vergency than original open ones, but their
shallow hinge line dips (i.e. 5°-10° either to NW or to SE,
cf. Fig. 1b.) are identical in both mentioned evolution
types.

According to the distribution of typological parame-
ters of AF; folds in ZAGORCEV's (1993) diagram (Fig.8a)
the dominant part of AF, folds of the Veporicum Unit
belong to 2-nd class and/or to 1C and 3A subclasses,
respectively. The layer parallel (or oblique) compression
is regarded to be the dominant folding mechanism for the
development of such fold types (l.c.), which agrees with
the orientation of striation observed on folded bedding
planes in the Jurassic limestones. Open to close folds
with changing layer morphology, projected around 1 A
subclass line (Fig. 8a), most probably reflect a change of
the strain field during repeated reactivation of the shear
zones.

A continuous shortening of the area, which took place
probably in the same stress field orientation, led to de-
lamination of the Veporicum Unit according to NW-SE
trending, moderately (45°-65°) SW dipping reverse fault
zones (Fig.1b,c). The shear zones either reactivated the
lithostratigraphical formation boundaries, or the early
developed tectonite zones in the basement of the unit
and they progressivelly climbed into the cover strata in
the latter case. The most pronounced of them, the
Margecany shear zone, strongly reactivates the boundary
between the Gemericum and Veporicum units. It has no
earlier kinematic indicators than the top-to-northeast
motion striations (JAcko, 1979), which are consistent, as
regards the sense of their movement, with the mica fish
orientation (LISTER & SNOKE, 1984) in the biotite grano-
diorite S-C mylonites of the Bujanova basement complex.

The same sense of movement is indicated by dis-
placement of the reverse fault sets in the diaphthoritised
gneisses of the Lodina complex (Fig.10). The displace-
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Fig. 8.a,b. Geometrical relationships of the Alpine AF, folds
(cf Fig.3 for the complementary deformation stage) within
competent layers of the Veporicum and Gemericum units, as
results from ZAGORCEV'S (1993) modified diagram of
HUDLESTON'S (1973) and RAMSAY'S (1967) classification. ¢ -
dip isogon angle, o-dip angle, empty symbols - open folds, half
filled symbols - close folds, full filled symbols - tight folds,
Fig. 8a., modification trend of AF, folds of the Veporicum
Unit: 1-3, in the Lodina complex diaphtorised gneisses, 4 - 6,
in the Early Triassic quarzites, 7-9, in the Jurassic limestones.
Fig. 8 b, modification trend of AF, folds of the Gemericum
Unit: 10-12, in the Carboniferous limestones, 13 - 15 in the
Carboniferous basalts and their volcanoclastics.




Fig. 9. Monoclinal south-westerly dipping cleavage set developed due to shearing of AF, folds in the Gemeric Carboniferous basalt
volcanoclastics nearby the Margecany shear zone.
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ment in the discussed shear zones has been accompa-
nied by synchronous growth of lower greenschist facies
metamorphic assemblages (Fig.3).

AD, in Gemericum Unit

Due to extensive shearing in the repeatedly activated
AS; cleavage planes the AF: folds irregularly occur only
in more competent layers of both the Gelnica group and
the Carboniferous formations of the unit. To compare
these folds with folds of the same deformation stage in
the Veporicum Unit, the AF, folds of the adjacent Ge-
meric Carboniferous formations have been plotted in the
ZAGORCEV's (1993) diagram (Fig.8b). Except for clear
common features with a general modification trend of the
AF; folds in the Veporicum Unit (Fig. 8a), much more
evaluated folds belong to 1As, 1Az and 1As; fold types
fields i.e. into the field of supratenuous 1A subclass of
RAMsAY's (1967) classification. Relatively great number
of these folds with strongly convergent isogons and
thickened limbs at the NE margin of the Gemericu Unit,
were probably produced during superimposed deforma-
tions in this strongly mobile contact zone of two rheologi-
cally contrasting units.

For analogous reasons as in the Veporicum Unit the
extensive shearing of AF; folds in their AS; axial plane
cleavage set (Figs. 9a,b), and the development of corre-
sponding reverse fault shear zones are the result of the
second tectonometamorphic event of the AD, deforma-
tion stage. Generally, both structures are moderately
inclined to SW ward (Figs. 1b,c) and they are an original
cause of monoclinally imbricated structure of the contact
zone of the Gemericum and Veporicum units (JACKO, 1979).

Fig. 10. Axial plane reverse fault shearing of AF, folds and
contemporaneous mullions development within the Lodina
Complex diaphtoritised gneisses. Lenses of segregation quartz
are dotted.

AD deformation stage

Locally developed N - S trending fault/AF3 fold struc-
tures of this deformation stage (Fig. 3) are clearly super-
imposed on structures of previous deformation stages
(JAacko, 1979). Very scarce AF; folds of metric order,
which originally accompanied normal fault zone, occur
only in the cover formations of the Veporicum Unit.
These open, upright folds, slightly similar in geometry,
have well developed AS; axial plane crenulation cleav-
age, subparallel to corresponding fault zone. Fold axis
and parallel crenulation cleavage dip gently (5°-10°) to S
- SSW.

AD, deformation stage

This stage comprises an expressive, post - Paleogene
wrenching of the previous structure of the area.
Dominant strike-slip zones within all the units of the re-
gion are several 10 m thick, they have NW-SE orienta-
tion and moderate to steep dip to SW (Figs. 1b,c, 11,12).
Three significant - sinistral strike-slip zones developed
either within the Veporicum Unit, or at its south-western
boundary with the Gemericum Unit (Fig.11). Brittle de-
formations in all of them reactivated tectonic zones pro-
duced during earlier deformation stages. The overall
paleostress field, determined from the fault slip data
analysis, reveals a subhorizontal, roughly E-W oriented
compression for these wrenching deformations (Fig.11).

Both the fault slip data (Figs. 12B, D, E, F) and the
average stress ratio of abount 0,5, confirm the subhori-
sontal motion component (GUIRAUD et al. 1989) within the
most pronounced, the Margecany strike - slip zone. The
stress ratio (above 0,5) (Figs. 12J, K, L), calculated for
the strike - slip zone running along NE boundary of the
Miklusovce basement rocks with cover formations
(Fig.11), indicates prevailingly inclined normal faulting in
the zone (Fig.12 M). An analogous movement pattern
has been obtained from corresponding data (Fig.12
G,H,l) for the central strike-slip zone of the Veporicum
Unit (Fig.11), which reactivated the phyllonite zone at the
to boundary of the Bujanova and the Lodina crystalline
complexes, respectively.

Steeply SW dipping normal fault zone, developed at
the NW edge of the unit, (Figs.11,12 A) along which the
Intra Carpathian Paleogene strata submerged into the
pre-Tertiary complexes, reveal a composite movement
pattern in the strike-slip zones of the area. GRECULA et al.
(1990) described dextral shearing in directionally analo-
gous shear zones in the Gemericum Unit.

Discussion and conclusions

Alpine deformations of the studied area have
developed in a poly-stage process, influenced by either
rock formations anisotropy, or by a change of bulk strain
regime during its evolution.
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Fig.11. Map scheme and the kinematic model of dominant post-Paleogene strike - slip zones in the Veporicum Unit of the area.
1 - Neogene molasse sediments, 2 - Intra Carpathian Paleogene flysch, 3 - Late Carboniferous of the Cho¢ nappe, 4 - the Gemericum Unit (undivided), 5 - Veporic cover formations,
6 - Bujanova Complex (undivided), 7 - MikluSovce Complex, 8 - Lodina Complex, 9 - strike-slip zones, 10 - normal faults, 11 a - geological boundaries, 11b - sole of the Cho¢ nappe,

12 - Location of paleostress analysed strike - slip zones sites plotted in Fig. 12.
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Fig. 12. Stereogram of paleostress analyse sites of strike - slip zones drawn in Fig. 11.
1-0, (maximum compressive stress), 2 - Oy, 3 - 03, 4 - direction of extension, 5 - direction of compresion, 6 - direction and sense of

slip, ¢ - stress ratio.
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Tectonite zones of the Late Variscan nappe stacking
developed at the base and within the nappe slices of the
Veporicum Unit cristalline complexes have played a
catalytic role in the Alpine structural reworking of the
basement complexes of this unit. Remnants of structural
and mineral assemblages of AD4 - AD4 deformation
stages occur in all these zones (Figs.3, 4, 5). The Late
Variscan top - to - the SE nappe stacking of the Western
Carpathian basement, recognized by FriTz et al., (1992)
in the Western Tatra basement has been confirmed to
have occurred in the Veporicum Unit (geochronological
dating 330-312 Ma, DALLMEYER, pers. commun., 1993)
and by occurrence of clasts from the diaphtoritised
gneisses of Lodina Complex in the Upper Carboniferous
cover conglomerates (KORIKOVSKLW et al., 1989).

The pre - Senonian AD; shortening of the area is
characterised by formation of AF4 recumbent folds, lim-
ited to either the less competent cover strata at the SW
edge of the more rigid Veporicum Unit, or to analogous
media at the top of Lodina basement complex and to the
Gelnica Group of the Gemericum Unit, respectively. A
successive top - to - the N - NNE emplacement of the
Alpine nappes led to the closure of the Cho¢& nappe
homeland area and to thrusting of the nappe over a
frontal Veporic ramp northwards, over the Tatric area of
the WCI (Fig.2). In the Veporic basement this nappe
shortening caused a reverse-thrusting of two delami-
nated slices of Bujanova basement complex onto the
Lodina complex, along reactivated Late Variscan shear
zones (Figs.1b,c, 2). The remmants of AF; axial plane
cleavage, occurring in over 400 m of Lodina Complex
diaphtoritised gneisses, indicate an extensive shearing of
this basal, subachtonous (?) sequence of the Veporic
crystalline complexes of the region.

Corressponding cleavage sets in the Gemericum Unit
occur scarcely in more competent strata of both the Sil-
ica nappe klippes and the Late Variscan Klatov Group
nappe pile (JACKO, et al., 1995). Analogous, i.e. flat posi-
tion of about 6 km thick, strongly reflective zone, is also
seen in the recently shot deep seismic profile G (VozArR
et al., 1995), which intersects the area nearby the lines 3
- 4 of the cross - section (Fig.3c). This highly sheared
northern Gemeric zone, followed within of the deph inter-
val of 6 - 10 km, is regarded to be the root zone of both,
the Krizna and the Cho¢ superficial nappes (l.c.).

The AF; folds and complementary reverse fault shear
zones control the main features of the recent NW-SE litho-
stratigraphic zoning of the area (Fig.1b,c). The AF; folds
are penetratively developed throughout the lowest unit of

the Veporic basement, i.e. throughout the Lodina dia-

phthoritic gneisses. Axes of the AF, folds, superimposed
on the carlier structures, make an angle of about 60° with
the Alpine nappe emplacement striations, which are pre-
sered on corresponding cleavage set. These data, as well
as unlike mineral assemblages of both the ADy and AD-
stages (Fig.3) either indicate a change in bulk strain orien-
tation, or slightly different low temperature metamorphic
conditions during the AD deformation stage.
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A close spatial connection between flattening inten-
sity of AF; folds and reverse fault shear zones suggests
a successive development of the latter. An extensive
brittle- ductile shearing in the these shear zones, which
reactivate the rheological boundaries of both the Ge-
mericum and Veporicum units, transposed the majority of
lithostratigraphical units into monoclinal, south-west dip-
ping position (Fig.1c). The Meliata Unit slice in the core
of the Northern Gemeric syncline is strongly stretched
and finally sheared in NE direction, along one of these
structures (Fig.1b,c). According to recent geochronologi-
cal investigations carried out in the central part of the
Veporicum Unit of the WCI, the disscussed zones have
formed between 85 - 86 Ma (Ar-Ar, DALLMEYER et al.,
1993), which corresponds with occurrence of their
tectonics in the Intra-Carpatian Paleogene conglomer-
ates in the area.

Subsequently developed AD3 structures have opened
the shearing planes of the AD- stage for both, hydrother-
mal vein mineralisation in the Gemeric and Veporic units,
and for the local post - kinematic thermal ascent (Fig.3)
in the latter unit (JAckO, 1979, 1983, ROZLOZNIK, 1990).

Sinistral AD4 strike - slip zones, following the most
weakened zones between and inside the units of the
area (Figs. 1b, 11), are directionally, as well as in terms
of paleostress orientation, compatible with the Badenian
- Sarmatian widenig of the Eastern Slovakian molasse
basin (KaLICIAK et al., 1991). We suggest that their origin
was primaryly caused by the eastward escape of the
Western Carpathians from the Alps (NEUBAUER &
GENSER, 1990, RATscHBACHER et al., 1991). The
Margecany strike - slip zone, detected in the above men-
tioned deep seismic profile G4 to dip at an angle of 45°
down to the depth of 7 kms, continues as a flat tectonic
zone below this depth horizon, at an angle of appro-
ximately 20°- 25° to a depth of 25 km (VOzAR et al.
1995).
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Distributed Parameter Model for the Laugarnes Geothermal Field - SW Iceland

MARIAN FENDEK

Geological Survey of Slovak Republic, Mlynska dolina 1, 817 04 Bratislava

1. Introduction

Iceland lies astride the N-S running Mid -Atlantic
Ridge which spans the entire Atlantic Ocean. The
surface expressions of the ridge are the so called
neovolcanic zones, divided into several branches. In
general, the structure of neovolcanic zone is dominated
by fissure swarms and central volcanoes. Most fissure
swarms are about 10 km wide and 30-100 km long. The
rate of spreading of the divergent plates has averaged 2
cmlyear over the last four million years (HAMMONS et al.,
1991). The neovolcanic zone is flanked by Quaternary
rocks characterised by sequences of subaerial lava
flows, intercalated by hyaloclastics and morainic
horizons, indicative of glacial conditions. The Quaternary
formations are flanked by Tertiary floodbasalts
(SAEMUNDSSON, 1978).

The thermal gradient is about 50 °C/km in the
Tertiary basalts of Iceland farthest from active volcanic
zone. It increases toward the volcanic zone and may be
as high as 150° C/km near the edge of the volcanic zone
(PALMASON et al., 1979). Geothermal activity is wide-
spread in Iceland and most intense near, as well as
inside, the volcanic zone. It falls into two main groups
based on the temperature at depth in the geothermal
systems (BODVARSSON, 1961). By definition the tem-
perature is higher than 200 °C in high-temperature

systems and lower than 150 °C in low-temperature
systems. High-temperature fields are located inside the
active volcanic zones and they can be used to generate
electric power. Low-temperature fields are situated on
both sides of these zones mostly in lowlands and valleys
of the Quaternary and Tertiary strata. About 250 low-
temperature fields and about 30 high-temperature are
known at the present.

According to a hypothesis by Einarsson the geo-
thermal water should be a part of the general ground-
water flow from the highlands to the lowlands, heated
due to flowing through hot rocks at depth in the Earth
crust. The force driving the water through the crust was
the hydrostatic pressure difference between the
highlands and lowlands of Iceland (ToMassoN, 1993).
This model was based on the general hydrological
considerations and assumed that the source of water
supplied to the low-temperature systems was pre-
cipitation, infiltrated in the highlands interior. The
ARNASON’s (1977) interpretation of the deuterium content
of the mean annual precipitation in Iceland supports
Einarsson's model.

In the'light of geological, geophysical and geochemi-
cal data compiled over the last few decades it is clear
that the interpretation of any particular geothermal
system has to take into account all available data from
the area. This is especially true for the stable isotope
interpretation of groundwater flow. It is considered
questionable to use deuterium values in present-day
precipitation to obtain information on the recharge areas
to the various geothermal sites, without taking into
account other available hydrogeological data from the
area.

Data on permeability and temperature in deep wells
in several low-temperature geothermal systems in
Iceland indicate that these systems are transient and
represent groundwater convection through young
fractures. Thus, the heat source to the system is local
and the hot rock is made permeable by active fracturing
(SVEINBJORNSDOTTIR et al., 1995). This contradicts the
general ‘model of the low-temperature geothermal
systems described above.

One of the tools to study a geothermal field in detail
is reservoir modelling by mathematical models. The
optimal production strategy of a geothermal field cannot
be obtained without using a good performing reservoir
model. It should give a clear picture of all physical and
chemical parameters of a reservoir and obtained results
should be comparable to the field measurements. The
past, present and future exploitation of the geothermal
field must comply with the created model. All plans to
change the production rate from a reservoir should be
carefully confronted with it. The drilling of new boreholes,
their situation and casing design, possible reinjection
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options for recovering the water level, changes in the

chemical concentration and heat losses due to
interaction with another aquifer should be taken into
consideration, only after addressing the reservoir model.
As a final result, it should reward its users giving them
the best economical solution.

This paper is a summary of the author’s results
obtained during geothermal training programme at the
United Nations University in Iceland in the field of
reservoir engineering.

2. The main features of the Laugarnes
geothermal field

2.1. Locality

The Laugarnes low-temperature field is located inside
Reykjavik, in SW part of Iceland (Figure 1). The
elevation of the area ranges from 15 to 40 m above sea
level. It is one of the three major geothermal areas within
a radius of 6 kilometres from the centre of Reykjavik.
The others are the Ellidaar and Seltjarnarnes fields
(Figure 1). Geothermal water from these areas is highly
suitable for direct use because of low content of
dissolved solids and, therefore, it can be piped directly
into radiators for space heating. These three areas have
been heavily exploited during the last 20-30 years
(TomassoN, 1993). During 1991 the average production
from the Seltjarnarnes area was about 35 I/s of 105 -
110 °C water, the average production from the Lau-
garnes area was 167 I/s of 127 °C water and the average
production from the Ellidaar area was 113 l/s of 87 °C
water. Since 1957 a total of 48 deep wells with depths
ranging from 600 to 3 085 m have been drilled in the
Reykjavik geothermal areas and in their neighbourhood,
in addition to about 70 shallower wells.

LEGEND

GEOTHERMAL FIELD

Fig. |1 General location of the Laugarnes geothermal field
(KEPINSKA, 1994)
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2.2. Hydrogeothermics

The Reykjavik area lies 8 -10 km N of the volcanically
active Reykjanes rift zone. It is located in Plio-
Pleistocene volcanics on the S outskirts of the Kjalarnes
central volcano (FRIDLEIFSSON, 1973).

The Reykjavik area is covered by horizontal olivine
tholeiite basalts of late interglacial age, down to a depth
of 30-50 m (THORSTEINSSON - ELIASSON, 1970).

Underneath this lava flow there are found up to 60 m
thick, mostly marine sediments, overlaying a major
discordance. Beneath, alternating lavas and hyaloclas-
tites occur. This sequence is of Plio-Pleistocene age.
Thick hyaloclastite formations are common in the upper
500 - 1 000 m, but basaltic lavas are predominant in the
lower parts of the wells, which are commonly up to 2 km
deep.

The Plio-Pleistocene strata in the Laugarnes area ap-
pear to dip at 3-12° to the SE (THORSTEINSSON - ELIASSON,
1970). These strata occur at 250 - 300 m lower elevation
in wells of the Ellidaar area.

Aquifers are predominantly found where lavas con-
tact hyaloclastites. The Laugarnes geothermal field has
been found to be fed by three aquifers (THORSTEINSSON -
ELiassoN, 1970). Aquifer ‘A with water of 110 - 120 °C
extends from 250 - 650 m, aquifer B with water of 135 °C
from 730 - 1 250 m and aquifer C with water tempe-
rature of 146 °C, below 2 150 m. Tuffs and sediments act
as aquicludes between the aquifers while scoriaceous
and fractured contacts between individual lava flows
are permeable. Because each lava flow is a lens
between overlying and underlying flows, the permeable
zones within each aquifer are not continuous but may
merge with those of adjacent flows. Aquifer B is the
main aquifer with a contribution of 80 %. Mixing of
these waters yields an average well discharge tempe-
rature of 125 - 130 °C.

The recharge area of the Laugarnes field has been
mapped by deuterium (ARNASSON, 1977). By comparing
the deuterium content of the precipitation in Iceland to
that of the geothermal water, the Langjokull area has
been shown to provide the recharge for the Laugarnes
geothermal field.

As in the Laugarnes field, aquifers in the Ellidaar field
occur at contacts between hyaloclastites and lavas. The
Ellidaar field is fed by at least two different groundwater
systems. The N part of the Ellidaar field is probably fed
by the same recharge area as the Laugarnes field. The
other recharge area for the S part of this geothermal field
is most likely E of Reykjavik, at a distance of less than 45
km (ARNASSON - TOMASSON, 1970; TOMASSON et al., 1975).

TOMASSON et al. (1975) described the results from
measured surface thermal gradients in shallow drillholes
in Reykjavik. The high surface thermal gradients inside
the thermal areas are due to localised transport of water
from the thermal systems at depth to the surface. This is
best demonstrated in the Laugarnes field, where the
highest surface gradients are measured (400 °C/km).
Prior to exploitation about 10 I/s of 88 °C water issued in
free flow from thermal springs in that area, whereas, only
minor natural thermal activity was found in the other
areas in Reykjavik. There is very little, or no transport of
water from depths in the rocks between the thermal
areas, and the depth of the gradient drill holes (at least
down to several hundred meters) has little influence on
the measured gradient outside the thermal fields. The
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surface gradient of 0 °C/km to the SE of the thermal
areas is due to cold groundwater penetrating young
volcanic rocks. This cold groundwater zone has been
found to reach down to 750 m (measured in a hole 986
m deep) in the volcanic zone 11 km S of the Ellidaar field
(PALMASSON, 1967).

Outside the thermal fields the thermal gradient is
about 100 °C/km. The reverse temperature gradients
found in the Ellidaar and Reykir fields can only be
accounted for by the circulation of cold water at depth.
This cooling effect might be similar to the surface cooling
effect observed SE of Reykjavik.

The Reykjavik geothermal fields appear to be
separated by hydrogeological barriers. Production from
one of the field does not effect the water level in the
other two. In addition, the temperature, isotopic compo-
sition and the geochemistry of the water differ in the
three fields. Shallow wells (less than 300 m deep)
between the fields exhibit much lower temperature
gradients than those measured within the Reykjavik
geothermal fields. The geothermal fields therefore
appear as thermal anomalies (TOMASSON et al., 1975).

2.3. Production history and utilization

The Laugarnes field is the first geothermal field in
Iceland utilized for public district heating. Up to 1958 the
production was only by free flow from wells but after
1964 the production has been covered entirely by down-
hole pumps. The rate of free flow from the field was
some 20 - 40 I/s before pumping started but the average
production in the years 1965 - 1993 has been about 167
I/'s. An enhancement in production by a factor of 4 to 8
was, therefore, obtained by the introduction of down-hole
pumps in the Laugarnes field. It should be noted that the
production rate during the 30 years of pumping has been
relatively constant and that the pressure (water level) in
the reservoir has also been relatively stable during the
pumping period (STEFANSSON et al.,1995).

The exploitation of geothermal water in the Laugarnes
field was begun in 1928 - 1930 by the drilling of 14 small
diameter wells near the Thvottalaugar hot spring. The
depth of the deepest well was 246 m; collectively, the wells
yielded 15 - 20 I/s at a temperature of 95 °C, as compared
to 5 - 10 I/s previously issuing from the spring.

Drilling was resumed, first in 1940 by drilling of two wells
down to 650 and 760 m, respectively, at Thvottalaugar and
at Raudara, and again in 1956 - 1959 by drilling of 16 wells,
260 - 696 m deep, 1 - 2 km W of the Thvottalaugar wells.
The aggregate flow from these wells in 1959 was about
60 I/s, 90 - 98 °C. During the drilling phase of 1959 - 1963,
22 wells were drilled by the rotary method to depths of 650 -
2 198 m. The individual well flow rates ranged from 1 Us to
more than 50 I/s. Five additional deep wells have since
been drilled, in 1968 and 1969, and 1978 - 1982, to depths
ranging between 1 359 and 3 085 m, one of them, the RV-
34, being the deepest well in Iceland.

The wells are of the open hole type. Casing is
cemented in place to a depth required to prevent
collapse of unconsolidated shallow formations and
exclude surface waters and the hole left open below the
casing point. Well data of supply wells and principal
observation wells are given in Table 1.

Up to the year 1960, when deep-well turbine pumps
were first installed, withdrawal of water from the wells
was by flow on the head. Since 1967, however, it has
been exclusively through deep-well turbine pumps from
11 supply wells. Prior to 1962, flow rates were estimated
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from periodic flow measurements but have since then
been metered.

Withdrawal rates were relatively uniform during the
period 1957-1962, when the withdrawal was predo-
minantly by flow on the head but those subsequent to
1962 vary according to seasonal demand, being about
three times as heavy in the winter season, October until
March, than in the warmer season, April until September.

An investigation on the response of the piezometric
surface in the area to increased pumping was begun in
1965 and continued through 1969. The investigation was
conducted by automatic water stage records and by
periodic measurements of water levels in non-pumping
observation wells.

The oldest and by far the biggest district heating
service in Iceland is Hitaveita Reykjavikur (Municipal
District Heating Service of Reykjavik), which supplies
about 60 % of all geothermal water used in Iceland for
district heating. Currently it supplies water for space hea-
ting and domestic use for Reykjavik and all neighbouring
communities (150 000 inhabitants). Hitaveita Reykjavikur
uses three low-temperature fields: the Reykir field about
20 km NE of Reykjavik and two fields inside the town,
those of Laugarnes and Ellidaar. Since 1990 Hitaveita
Reykjavikur also utilizes the Nesjavellir high-temperature
field, 30 km E of Reykjavik, which currently provides
about 18 % of the geothermal energy used by the district
heating service.

The Laugarnes field has been exploited by the
Hitaveita Reykjavikur since 1928. Up to the present,
more than 50 deep water wells have been drilled in the
area producing hot water up to 130 °C. The wells are not
all connected to the water supply system due to reasons
such as: they are too shallow, the water temperature is
too low or the water yield of the wells is too small.
Besides, some of the production wells have been taken
off-line as an increasing amount of dissolved salts (sea
water) in the geothermal water has caused depositions in
downhole pumps. The yearly average production from
this area since 1962 is shown in Figure 2.
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Fig. 2 The yearly average production from the Laugarnes
geothermal field



3. Distributed parameter model for the
Laugarnes geothermal field

In recent years, particularly during the last decade, the
use of geothermal reservoir modelling has grown
significantly. Modelling has turned out to be a very effective
method for analysing data from geothermal reservoirs, as
well as for estimating a geothermal field's future behaviour
and its production potential. Numerous quantitative models
have been developed for different geothermal fields all
over the world (BODVARSSON et al., 1986).

In a broad sense, geothermal reservoir models can
be divided into two categories:

1. Simple models are in many cases adequate
idealisation of real situations (GRANT et al., 1982). They
have a great advantage of being simple, they do not
require the use of large computers and they are
inexpensive to use. But simple models can neither
consider spatial variation in the properties and para-
meters of a reservoir nor its internal structure. According
to their methods of calculation, simple models can be
further divided into two subcategories:

a. distributed analytical models in which, for example,
the pressure response is given by an analytical function;
b. lumped parameter models that use very few blocks
to represent the geothermal system. It does not consider
the internal distribution of mass and energy. Usually, it is
used as a first stage in a modelling process and for

Tab. 1: Well data in the Laugarnes field

checking the results of more complex modelling. The
main disadvantage of the lumped model is that it does
not consider fluid flow within the reservoir, and does not
consider spatial variations in reservoir properties and
conditions. Usually, it is very useful for predicting the
reservoir responses of single-phase geothermal fields.

2. Numerical models are very general mathematical
models that can be used to simulate geothermal reser-
voirs in as much detail as desired. If only a few grid
blocks are used, one has the equivalent of a lumped
parameter model, but several hundred or thousand grid
blocks can be used to simulate entire geothermal sys-
tems. But detailed numerical modelling of a geothermal
reservoir is time consuming, costly and requires large
amounts of field data. Numerical models can be further
divided into two subcategories:

a. natural-state models developed for studies of the
natural (unexploited) behaviour of geothermal systems;

b. exploitation models developed for studies of geother-
mal reservoirs under exploitation (BODVARSSON et al., 1986).

Numerical models allow a much more detailed descrip-
tion of a reservoir system and the different flow regimes
that occur in the system. They can be used to simulate the
entire geothermal system, including reservoir, caprock,
bedrock, shallow cold aquifers, recharge areas, even tec-
tonic structures. In general, it is necessary to use nume-
rical models for a complete, realistic solution of geothermal
problems. They are used in the case of two-phase reser-
voirs and in cases where large variations in temperature,
or pressure conditions prevail.

Well no. Year Elevation Depth of well Depth of casing Temperature of
completed [mas.l] [m] [m] water [°C]
RV-01 1962 12.04 1067 70 -
RV-02 1958 20.86 650 30 -
RV-03 1958 27.03 732 71 -
RV-04 1959 15.48 2198 69 135
RV-05 1959 15.07 741 68 130
RV-06 1959 27.63 765 99 -
RV-07 1959 16.90 752 94 -
RV-08 1960 11.01 1397 91 -
RV-09 1959 27.06 862 90 128
RV-10 1959 15.87 1306 92 130
RV-11 1962 25.72 928 112 130
RV-12 1962 17.74 1105 94 -
RV-13 1962 17.10 975 100 -
RV-14 1962 428 1026 101 -
RV-15 1962 24.72 1014 112 126
RV-16 1962 16.78 1300 256 -
RV-17 1963 21.59 634 93 122
RV-19 1963 28.09 1239 79 128
RV-20 1963 26.11 764 87 129
RV-21 1963 24.74 978 112 129
RV-22 1963 30.36 1583 83 -
RV-25 1968 29.50 1647 79 -
RV-32 1969 42.00 1359 100 -
RV-34 1978 33.00 3085 328 123
RV-35 1979 17.00 2857 276 119
RV-38 1982 16.50 1488 325 128
H-16 1943 12.36 770 1% -
H-18 1956 8.42 697 19 -
H-19 1956 10.20 471 - -
H-27 1959 14.98 403 31 109
H-29 1959 19.82 249 33 -
H-32 1961 33.27 606 32 -
H-34 1961 7.00 399 - 5
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In both cases, the models can only be as good as the
data upon which they are based. Substantial monitoring
programs are, therefore, essential.

3.1. Results from the calibration

Distributed parameter model for the Laugarnes
geothermal field was created by AQUA programme
package developed by Vatnaskil Consulting Engineers
(1991) to solve the groundwater flow and mass transport
by differential equations using the Galerkin finite element
method with triangular elements. The model is two
dimensional.

The total surface area covered by the mesh is about
67.95 km’. The pumping area is located in the middle of
the modelling area. The model was created with 1 356
nodes and 2 627 elements. Thus, the boundaries are
taken far enough away to avoid their influence on the
solution. Boundary conditions for the distributed ground-
water flow model are established based on resistivity and

water level measurements. The no-flow boundary was
established around the whole Laugarnes area and only a
small part in the SE area was used as boundary with
constant potential. The boundary conditions which were
used for the distributed model are shown in Figure 3. As
for the initial state, prior to production it was assumed
that the reservoir water head was constant.

The production rates are taken as a monthly average
for each supply well from 1962 - 1991. The initial values
for transmissivity and storage coefficient are taken from
the results of well tests. A number of tests have been
made in wells in the Laugarnes area in order to
determine values of the aquifer constants, transmissivity
and storativity, and to locate impervious boundaries
believed to exist between the three hydrothermal
systems. The tests were conducted by observations of
water levels in observation wells after a supply well was
turned off or on, correction being made for previous
trends in water levels. Because of variation in demand,
the tests are of short duration, usually less than 10 - 20
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Figure 3: Boundary conditions of the model (FENDEK, 1992)
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Figure 5: Map of storage coefficient (FENDEK, 1992)
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hours and are interfered with by operating supply wells,
the discharge of which varies somewhat by variations in
water level. Analysed by the THEIS nonequlllbnum
method, the test data gave values ranging from 3.5 x 10°
to 8.8 x 107 ,m /s for the coefficient of transmissivity
and 3.9 x 10” to 3.2 x 10™ for the coefficient of storage
(THORSTEINSSON - ELIASSON, 1970).

The transmissivity, storage coefficient, anisotropy and
porosity are determined by matching observed and calcu-
lated reservoir response. The transmlssmty in the area
covered by the model varies from 5.0 x 10” to 6.7 x 10°
m?/s. The low value for transmissivity is obtained along the
NE boundaries of Laugarnes area and the highest value is
obtained in the centre of this area (Figure 4).

The calibration started with the value of the storage
coefficient in the range of 1.6 x 10° t0 1.6 x 10 (Figure 5).

The long term effect of the exploitation was analysed,
so the elastic storage coefficient and the delayed yield
effect were taken into account. It was assumed that
porosity of the reservoir is in the range of 0.0111-
0.0108 and the time constant 6 500 days.

The leakage coefficlent in the centre area was taken
to be in the range of 6 x 10" to 9 x 10"? s™" and around
the main production area the value of zero (0) was used
(Figure 6) because almost no influence on temperature
from the cold water recharge from above was observed.

Anisotropy is determined by anisotropy angle and by
the ratio between transmissivity in x (Tw) and y (Ty)
directions equal to 0.0999. Anisotropy angles range
from 50 degrees in the W and S part of Laugarnes area
to 120 degrees in the centre and NE part of the area
(FENDEK, 1992).

For the calibration of the model the measured data
from 16 wells were used. The areal distribution of these

wells is shown in Figure 3. The example of results from
the calibration is shown in Figure 7. The best results
were obtained for observation well RV-07. A good fit
between measured and calculated drawdown values was
obtained with the model for wells which are inside the
main production area (RV-05, RV-34, RV-11, RV-22, H-
25, H-19, RV-03, RV-06 and RV-02). A slightly worse fit
between measured and calculated drawdown values was
obtained with the model for wells which are around this
production area (H-34, H-18, RV-40, H-21, H-32, H-31)
(Fendek, 1992). The depth of these wells ranges from
249 - 770 m (Table 1 refers), they are relatively shallow
and produce geothermal water from the top of the
reservoir. This can be the reason why better results are
not obtained with the two-dimensional AQUA model for
these wells.

Mass transport calculations can be used to estimate
leakage coefficient and aquifer thickness. By fitting the
calculated and measured values of silica concentration,
the above-mentioned parameters can be calculated.
Several measurements of silica concentration exist from
each production well.

The silica content decreased due to the production
(HETTLING, 1984) and the induced leakage from above.
The model parameters used for solving the mass
transport of silica are as follows:

average initial concentration: 160 mg/I

average concentration in the top aquifer: 22 mg/l

ar/a.: 0.16

longitudinal dlspersmty (a)): 80 m

molecular diffusion: 10° m /s

aquifer thickness: 800 m

The concentration calculated with the model shows the
same decreasing trend (Figure 8).

1.200E-11s"
9.000E-125"!
0.0 s-1
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Figure 6: Areal distribution of leakage coefficient (FENDEK, 1992)
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3.2. Future prediction of the reservoir response

After calibration, the model was used to calculate the
drawdown until the end of the year 2012. As a starting point
for future prediction the reservoir state as of 1992 is taken.
The calculations were made with three different production
rates which are shown in Table 2 for each supply well.

Table 2 : Future predictions for the yearly average production [I/s]

Well no. aqua 1 aqua 2 aqua 3
RV-05 53.0 53.0 65.0
RV-09 44 7.0 10.0
RV-10 125 15.0 20.0
RV-11 20.6 25.0 30.0
RV-15 13.2 16.0 20.0
RV-17 10.9 12.0 15.0
RV-19 21.2 25.0 30.0
RV-20 15.6 24.0 333
RV-21 30.8 300 45.0
RV-35 71 7.0 11.0
RV-38 10.0 20.0 30.2
Total: 199.3 234.0 309.5

The production rates under column aqua 1 represent the
average production for the last year (1991), which totals
199.3 Us for all wells. The values under column aqua 2
indicate that the average production is increased by 17.4 %
(total of 234 I/s) when compared to that of the actual values
in the column under aqua 1. Furthermore, the values under
column aqua 3 give the highest values for yearly average
production rate and the total of 309.5 Us is 55.5 % higher
than the values in aqua 1. The calculation results for the
future predictions are shown in Figure 7. All calculated
curves of future drawdown show a lowering trend. The
obtained drawdown is between 110 - 190 m with a
corresponding total yearly average production of 199.3 -
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309.5 l/s respectively. The results mentioned above are
yearly average values and do not take into account the
seasonal changes in production.

4. Results and conclusions

The prime objective of this paper was to create a
model approximating the natural conditions of the
Laugarnes geothermal field, using the field data for the
last 30 years.

Through this model, the reservoir parameters and
features of the field were described and some predictions
of its future behaviour were made. All available geological,
geophysical and geochemical information, along with field
measurement data were collected and carefully studied to
understand how all these factors contributed to the overall
picture of the geothermal reservoir.

The study of the Laugarnes geothermal reservoir,
applying the distributed model, presents results that are
very close to the measured field data. This indicates a
correct approach and that the model is reliable for similar
reservoir modelling and future forecasting. However, as
the methods use only linear functions in their mathemati-
cal models, the effects of turbulence and skin impact are
not taken into account. This means that the drawdown
values in close proximity to the pumping wells cannot
always be considered accurate.

The measurements from the field indicate higher
values of SiO; in 1962. Over the production period of 30
years, the effects of water discharge are observed very
clearly with a lowering of the water level and decline of
the SiO; content.

For the calibration of the model, the measured data
from 16 wells were used. Good fit with the model for
drawdown, using the equation for delayed yield, shows
that the reservoir is controlled by two different storage
mechanisms. At the start of production, storage is
controlled by liquidformation compressibility with
characteristic values for the confined aquifers ranging from
1.6 x 10° to 1.6 x 10 In later production, the storage
coefficient is controlled by the mobility of the free surface
with a value of approximately 0.011, which is near to the
effective porosity. The transmissivity in the area covered
by the model varies from 5.0 x 107 to 6.7 x 10° m%/s. The
leakage coefficient in the centre area was taken to be in
the range of 6.0 x 10" t0 9.0 x 1072 s™ and around the
main production area the value of zero was used.

From the trend of the measured and calculated curves
for the drawdown obtained from distributed groundwater
flow model, it is quite obvious that with present production
no steady-state conditions in the reservoir can be reached
until the year 2012. The obtained drawdown is between
110 - 190 m with a corresponding total yearly average
production of 199.3 - 309.5 I/s respectively. So, the
recharge in the system is much less than production for
the present drawdown.
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(Bratislava), 56, 2, 529 - 640.

Matula M., 1969: Regional engineering geology of Czechoslovak
Carpathians. 1. Ed. Mahel, M., Bratislava, Vyd. Slov. Akad.
Vied, 225 p.

Andrusov D., Bystricky J. & Fusan O., 1973: Outline of the Struc-
ture of the West Carpathians. Guide-book for geol. exc. X.
Congr. CBGA, Geol. Ust. D. Stura, Bratislava, 5 - 44.

Manuscript

»  proceedings should be cited as follows:
family name and initials of author(s)
publication year

title of paper

title of proceedings

editor(s)

place of publishing

publishing house

page range

non published reports should be denoted "manuscript” and
the place of archive should be given.
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Proofs

The translator as well as the author(s) are obliged to correct the
errors which are due to typing and technical arrangements. The first
proofs are sent to author(s) as well as to the translator. The second
proof is provided only to the editorial office. It will be sent to authors
upon request.

The proofs must be marked clearly and intelligibly, to avoid
further errors and doubts. Common typographic symbols are to be
used, the list and meaning of which will be provided by the editorial
office. Each used symbol must also appear on the margin of the text, if
possible on the same line where the error occurred. The deadlines and
conditions for proof-reading shall be stated in the contract.

Final remarks

These instructions are obligatory to all authors. Exceptions may be
permitted by the Editorial Board or the managing editor. Manuscripts not
complying with these instructions shall be retumed to the authors,

1. Editorial Board reserves the right to publish preferentially
invited manuscript and to assemble thematic volumes,

2. Editorial Board sits four times a year and closing dates for
individual volumes will be on every 15" day of March, June,
September and December.

3. To refer to our Magazine please use the following abbreviations:
Slovak Geological Mag. No ........., D. Star Publ. Bratislava.
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