Geological Quarterly, 2008, 52 (4): 309-320

Hydrothermal veins linked with the Variscan structure of the Prague Synform

=

(Barrandien, Czech Republic): resolving fluid-wall rock interaction

Michaela HALAVINOVA, Rostislav MELICHAR and Marek SLOBODNI{K

Halavinova M., Melichar R. and Slobodnik M. (2008) — Hydrothermal veins linked with the Variscan structure of the Prague Synform
(Barrandien, Czech Republic): resolving fluid-wall rock interaction. Geol. Quart., 52 (4): 309-320. Warszawa.

Variscan syntectonic hydrothermal veins of the Prague Synform are important traces of small-scale fluid migration in Lower Palaeozoic
sedimentary rocks — a process induced by late Variscan tectogenesis. Two main structural types of Variscan syntectonic calcite veins
were recognised during fieldwork. Veins of Type I have an irregular or sigmoidal shape and are often arranged in en echelon arrays. A
shearing regime during the formation of this type is deduced. Veins of a second structural type (Type II) have a more regular and straight
shape relative to those of Type I and in some places form a dense network. The structural position of the Type II veins is related to struc-
tural elements of Variscan folds. Veins were formed due to interlayer-slip combined with fold-related fracturing that gave rise to the in-
filling of dilational structures. A tensional regime also permits growth of the fibrous veins. Two principal directions were distinguished
within the Type II veins. The first one is NNW—-SSE and the second one shows a perpendicular ENE-WSW orientation. These directions
seem to be parallel and/or perpendicular to the nappe architecture of the Prague Synform. Variscan syntectonic veins crystallised in a rel-
atively closed, rock-buffered system. Extraction of chemical components from surrounding rocks is indicated by a combined
microprobe/cathodoluminescent study and by isotope geochemistry. The carbon isotope values of hydrothermal calcites reflect the car-
bon isotope composition of the host rocks. The 8'*C values of vein calcites and their host Silurian rocks are between —0.29 and —1.98%o
PDB. The same relationships were found between the veins and the host Devonian limestones (from 1.72 to 2.52%0 PDB). Samples close
to the Silurian/Devonian boundary show transition values between 0.25 and + 1.16%o PDB. The Sr-isotopic signature supports a genetic
link between the calcite veins and the host rocks. The *’Sr/*Sr ratio in calcites ranges between 0.708619 and 0.708738 and in wall rocks
between 0.708755 and 0.709355. Aqueous and hydrocarbon-rich fluid systems have been found in fluid inclusions. Liquid hydrocarbons
show mostly a light blue fluorescence suggesting the presence of higher hydrocarbons. They are more abundant in dark Silurian rocks,
which are rich in organic matter. Lower salinities (0.5-8.9 eq. wt.% NaCl) and homogenization temperatures with a maximum around
140°C are typical for the aqueous (H,O-NaCl) system. The oxygen isotopic composition of fluids ranges between —2.80 and +3.33%o
SMOW. This indicates that transformed formation waters interacted with the host rocks and/or deeply circulating isotopically depleted
meteoric waters. Intersections with the isochore specify border trapping temperatures between 127 and 160°C and pressures from 300 to
1070 bars.
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INTRODUCTION Variscan hydrothermal veins of the Prague Synform represent
important traces of fluid migration induced by Variscan

tectogenesis. The carbon, oxygen and strontium isotope compo-

An increasing number of studies focused on syntectonic hy-
drothermal mineralization in sedimentary basins provide impor-
tant evidence concerning the origin and migration pathways of
palacofluids during orogeny (Oliver, 1986; Muchez et al., 1995;
Muchez et al., 2000; Schulz et al., 2002; Slobodnik et al., 2006).
Syntectonic hydrothermal veins are believed to be a product of
mobilisation and crystallisation of hydrothermal solutions dur-
ing deformation processes that affected the rock complexes
(Ramsay and Huber, 1987). Consequently we can consider that

sition of vein-filling calcite and quartz cements and their host
rocks were successfully used for the study of fluid-rock interac-
tion (e.g., Hilgers and Sindern, 2005; Lefticariu et al., 2005). The
nature of syntectonic fluids can have or lack a genetic relation to
the host rock (e.g., Gregory and Criss, 1986). If the solution
composition is completely driven by exchange with the wall
rock, precipitation takes place under rock-buffered conditions
(Gray et al., 1991; Oliver and Bons, 2001).
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Fig. 1. Location of the area studied and simplified geological map of the Prague Synform (based on previous 1:50 000 mapping)

Sample localities: 1 — LiStice — abandoned quarry near the sewerage plant, SW of village, sigmoidal calcite veins from Lower Silurian basaltic tuff
(Liten Fm.); 2 — Vonoklasy — abandoned quarry near the water-station, W of village, fibrous calcite veins from fine bioclastic limestones and black
shales (Piidoli Fm.); 3 — Velka Chuchle — Zakav Quarry, WNW of village, syntectonic veins within bioclastic limestones and shales (upper
Pridoli/lower Lochkov Fm.); 4 — Srbsko — Berounka River, outcrops along the right bank, NW of village, syntectonic veins within bioclastic limestones
(upper Ptidoli/lower Lochkov Fm.); 5 — Budnany Rock at Karlstejn, international parastratotype of the Silurian/Devonian boundary along the left bank
of the Berounka River, calcite veins parallel with and perpendicular to bedding planes of finely laminated platy limestones (upper Ptidoli/lower Lochkov
Fm.); 6 — Barrande’s Rock in Prague, syntectonic veins within dark grey finely bioclastic limestones (lowermost Lochkov Fm.); 7— Velka Chuchle —
outcrops on the Homolka Hill, sigmoidal calcite veins from bioclastic platy limestones (Lochkov Fm.); 8 — Srbsko — “Na Chlumu” Quarry, N of village,
irregular calcite veins and younger narrow reddish calcite veins from biodetritic limestones (Praha Fm.); 9 — Chynice — Mramorka Quarry, NNE of vil-
lage, sigmoidal calcite vein arranged into en echelon arrays within the micritic limestones termed the “Zbuzany Marble” (Praha Fm.); 10 — Konéprusy —
Homolak Quarry, SE of village, syntectonic veins within reef limestones (Praha Fm.); 11 — Hostim — Alkazar Quarry, SSW of village, irregular calcite
veins within massive bioclastic limestones (Praha Fm.). Abbreviated stratigraphic scheme (Upper Ordovician—-Middle Devonian) adapted from Chlupac
(1993). Numbers on the map correspond to sample localities described above

The principal aim of this study is to determine the composi-
tion and possible origin of mineralizing solutions in the Prague
Synform. Attention is given to the types of veins that make it
possible to distinguish Variscan syntectonic veins and fluid
flow from other events. The characteristics of the preserved
fluids have been determined by a combination of field observa-
tions, petrographic investigation and microthermometric study
of fluid inclusions together with  microprobe/ca-
thodoluminescent study and stable/radiogenic isotope analyses
of the hydrothermal mineralization.

GEOLOGICAL SETTING

The Barrandien is situated in the central part of the Bohe-
mian Massif, within the easternmost part of the Variscan Fold
Belt in central Europe. Regionally viewed, it represents a ter-
rain bound by the Variscan Central Bohemian Pluton in the SE
and diverse metamorphic units in the SW and NW. To the NE,
the Barrandian Proterozoic and Palacozoic continue as the
basement of the Bohemian Cretaceous Basin (Chlupac et al.,

1998). The Barrandian sequence consists of three units marked
by unconformities: the Late Proterozoic and the Lower
Palacozoic (Cambrian unit, Ordovician to Devonian unit).
While the Cadomian processes formed the Proterozoic and
Cambrian unit, the Ordovician to Devonian unit was folded and
fractured during the Variscan Orogeny. All these parts are cov-
ered by postorogenic Upper Carboniferous and Cretaceous de-
posits (Chlupac, 1993). The youngest part of the Barrandian
Palaeozoic consists of Ordovician to Middle Devonian sedi-
mentary and effusive volcanic rocks more than 3500 m thick
(Fig. 1). The rocks form a large synform or synclinorium
(Maska and Zoubek, 1961) sometimes called the Prague Basin
(Havlicek, 1981). The Ordovician rocks of the Prague Synform
unconformably overlie the Cadomian basement. In the central
section, clayey, sandy and pyroclastic rocks dominate. Sedi-
mentary iron ores and lenses of carbonates are common in mar-
ginal segments (Chlupa¢ et al., 1998). Marine sedimentation
persisted without any substantial break from the beginning of
the Silurian to the later part of the Mid Devonian. Two typical
facies were distinguished within the Silurian successions: black
and grey graptolitic shales formed in basinal depressions and
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bioclastic to micritic limestones developed on volcanic eleva-
tions (Boucek, 1934). With the exception of the latest
flysch-like Srbsko Formation, the Devonian strata are charac-
terised by carbonate development. An accessible facies, com-
mon fossils with a high correlative value and instructive expo-
sures support the assertion that the Siluro-Devonian develop-
ment of the area studied is typical of the Lower Palacozoic of
the region. The base of the Ptidoli Series as well as those of
several stages (Lochkovian, Pragian, Zlichovian and Dalejan)
were established here for the first time, the Silurian/Devonian
and Lochkovian/Pragian boundaries have their internationally
accepted boundary stratotypes here, and there is also the
parastratotype of the Lower/Middle Devonian boundary
(Chlupac et al., 1998).

The shape and fabric of the Prague Synform was long con-
sidered to be the result of synsedimentary rifting parallel to the
prolongation of the basin (e.g., Havlicek, 1982). Melichar and
Hladil (1999) and Melichar (2004) recently suggested a nappe
structure for the Prague Synform on the basis: (I) the duplica-
tion of stratigraphic sequences along bedding-parallel thrusts,
(II) flat-and-ramp geometry of the thrusts, (III) uniform
top-to-the south-southeast movement on detachment thrusts
and (IV) tectonic juxtaposition of different facies. The thrust-
ing age with respect to lithology is presumed to be Frasnian,
whereas the post-sedimentary synformal structure was formed
during the Lower Carboniferous (Melichar, 2004).

According to the results of sedimentological studies in the
central part of the Prague Synform, about 2-3 km of Lower
Palaeozoic strata were removed as a result of post-Devonian
erosion (Suchy et al., 1996; Franct et al., 1998). Devonian and
Silurian rocks typically experienced diagenetic burial to the
depth of the oil window (Suchy et al., 1996), whereas the un-
derlying Ordovician rocks were partly affected by
anchimetamorphism with temperatures above 200°C (Franci
et al., 1998). Models of the thermal history of the Barrandian
Lower Palaecozoic based on apatite fission track analysis were
published by Glasmacher et al. (2002), Suchy et al. (2002) and
Filip and Suchy (2004).

PREVIOUS RESEARCH

Not many papers have been focussed on a detailed studies
of the syntectonic fluid systems associated with Variscan struc-
tures of the Prague Synform. Moreover, strictly distinguishing
between diagenetic, syntectonic and post-tectonic mineralizing
phases is still often unclear.

The first investigation of the possible origin of the mineral-
ization solutions was carried out for the widespread
undeformed N-S trending huge calcite veins by Zak et al.
(1987) and Cilek et al. (1994). Suchy and Zeman (1998) and
Zeman et al. (2000) connected the subvertical N-S striking
Barrandian calcite veins to a major fracture zone, 10-20 km
wide, that cuts across the Bohemian Massif. Veins postdating
the Variscan deformation precipitated at 55—-115°C from fluids
with a complex chloride system of variable salinity (up to 23
eq. wt.% NaCl) that originated in a distant reservoir.

Suchy et al. (1996) reported occurrences of epigenetic
dolomites within the upper part of the Piidoli Formation
(Pridoli Series). The dolomites were formed during deeper
burial through recrystallization by hot basinal fluids. The for-
mation of xenotopic dolomite was followed by coarse-grained
saddle dolomite cement, petroleum-bearing quartz crystals, and
minor sulphides.

Based on previous studies, Suchy et al. (2000) described
three successive generations of calcite cements precipitated in
post-Devonian fractures that cut across Lower Palaeozoic lime-
stones of the Prague Synform. The two oldest generations
(Stage 1 and 2) are represented by differently tectonically de-
formed calcites. Fluid inclusion data indicate that precipitation
of these calcites occurred at conditions of up to 70°C from
H,0-NaCl solutions with variable salinity (0-12.4 eq. wt.%
NaCl), which contained an admixture of liquid petroleum hy-
drocarbons. Some Stage 2 calcites contain also highly saline in-
clusions of a complex chloride system. The lower range of the
calculated 8'*O values of the ambient fluids (—3.5%o to +2.7%o
SMOW) indicates precipitation of calcite cements from deeply
circulating meteoric waters. The presence of petroleum hydro-
carbon inclusions in some samples may reflect partial mixing
with deeper basinal fluids. The youngest generation of vein cal-
cite cements (Stage 3) differs from Stages 1 and 2 calcites in its
stable isotope and cathodoluminescence characteristics.

Suchy et al. (2002) described three vein generations associ-
ated with burial, tectonic movement and uplift that were recog-
nised within the Silurian and Devonian limestones and shales in
Kosov Quarry at Beroun. The first vein generation is composed of
“beef” (fibrous) calcites that were formed during deeper burial of
the strata, at ~ 65°C. Structural observations and fluid inclusion
analysis of these cements indicate that the “beef” calcites likely
precipitated in an overpressured system from hydrocarbon-rich
aqueous fluids, derived from adjacent shales. Subsequent genera-
tion of E-W striking veins occurred under deep burial conditions,
at temperatures of up to 80-110°C. The youngest generation of
N-S-striking veins probably represents a regional, uplift-related
fracture set that developed after the Cenomanian.

Volk et al. (2000, 2002) characterise petroleum inclusions
in vein, fossil and vug cements. Petroleum inclusion samples
have been classified into five groups based on the relative dis-
tribution of n-alkanes. They provided specific constraints for
petroleum migration processes in the Prague Synform. The re-
sulting data not only show pristine live oils, gases, residual and
precipitated bitumens and a broad variation of mixtures of the
groups above, but also show that gas migration and fraction-
ation processes played a major role in the Prague Synform.

METHODS

Hydrothermal veins were sampled at large exposures (e.g.,
quarries) in several parts of the Prague Synform (Fig. 1). The sam-
ple set represents different stratigraphic levels and lithologies.

Formal names of formations used in this work were taken
from Chlupa¢ (1993; Fig. 1). With reference to the Interna-
tional Stratigraphic Chart (Gradstein et al., 2004) the Silurian
studied formations belong to the Llandovery and Wenlock Se-
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ries (Liten Fm.) and the Pridoli Series (Ptidoli Fm.) whereas the
Devonian formations correspond to the Lochkovian (Lochkov
Fm.) and Pragian stages (Praha Fm.). Hydrothermal veins were
carefully sampled only at localities where structural/genetic re-
lations between the different vein types and the folded strata are
clearly visible. Silurian samples dominantly came from bitumi-
nous carbonates and black shales of the Ptidoli (Pozary) For-
mation, whereas Devonian samples were taken especially from
the facially variable carbonates of the Praha Formation.

Analytical techniques were focused on hydrothermal
phases and wall rocks. Thin sections of veins were studied by
conventional optical and cathodoluminescence (CL) micros-
copy. The CL study was carried out using a hot cathode
HC2-LM (Simon Neuser, Bochum) with an accelerating volt-
age of 14 kV and beam density of 10 LA/mm?”. CL microscopy,
with respect to CL-theory (e.g., Frank ef al., 1982; Machel,
2000), was applied to distinguish vein generations and the
possibly zonal nature of the hydrothermal carbonates.

Mineral analyses were performed with the CAMECA
SX100 electron microprobe employing the PAP correction pro-
gram at the Laboratory of Electron Microscopy and
Microanalysis, a joint facility of Masaryk University and the
Czech Geological Survey in Brno. The microprobe was oper-
ated at 15 keV acceleration voltage, 10 nA beam current,
10 um beam diameter and with 10 to 40 seconds counting time.
The following standards and lines were used for the carbonates
analyzed: Ca K, Fe K, (andradite), K K, Al K, (sanidine),
Mg K, (MgALOy), S K, (barite), P K, (apatite), Mn K,
(rhodonite) and Sr L, (SrSO,). Of the nine elements measured
in carbonates, only Ca, Fe, Mg, Mn, Sr were found to be above
their respective detection limits, which were 350 to 700 ppm
(based on the counting statistics).

Double-polished  thin  sections was prepared for
microthermometry of fluid inclusions and fluorescence micros-
copy. The epi-fluorescence microscope Olympus BX60 were
equipped with filter blocks B-2A (Exc.: 450490 nm, mirr.:
500 nm, barr.: 515 nm) and UV-2A (Exc.: 330-380 nm, mirr.:
400 nm, barr.: 420 nm). Microthermometric analyses were ob-
tained by using a Linkam THMSG 600 heating and freezing
stage mounted on the Olympus microscope with x50 and x100
long working distance objectives. Thermometric measurements
were calibrated against phase transitions in synthetic fluid inclu-
sions. The eutectic temperature (T.) and melting temperature
(T) were used for estimation of the ionic nature and salt concen-
tration of the aqueous phase. The salinity of the fluid was calcu-
lated according to Borisenko (1977) and Bodnar (1993). The ho-
mogenization temperature (Ty) corresponds to the minimum
fluid-trapping temperatures (Roedder, 1984). Isochores were
calculated using the FLUIDS computer package programs
(Bakker, 2003) based on the equation of Zhang and Frantz
(1987). The vapour phases of several inclusions were checked
by Raman microspectrometry performed with an IS4 JOBIN
YVON LABRAM apparatus at Montanuniversitit Leoben.

The carbon and oxygen isotopic composition of the calcites
and their carbonate host rocks were performed using a
Finnigan MAT 251 mass spectrometer at the Czech Geological
Survey in Prague. The carbon and oxygen were liberated by re-
action with 100% orthophosphoric acid under high vacuum
(McCrea, 1950). The results are reported in per mil deviation

from the international standards (PDB, SMOW). The precision
of both carbon and oxygen isotope analyses was better than
0.1%o. Isotopic composition 8'°0 (%0 SMOW) of parent fluids
were calculated for calcite-H,O system according to the equa-
tion published by Zheng (1999).

The strontium isotope analyses of a few calcite veins and
their carbonate host rocks were processed at the Czech Geolog-
ical Survey in Prague. Strontium was separated by the Sr-Spec
ion exchanger (Eichrom; Pin e al., 1994) and determined on a
Finnigan MAT 262 thermal ionization mass spectrometer in
dynamic mode. The *’Sr/**Sr standard NBS987 provided a
value of 0.710247 to which all measurements were corrected.
The standard deviation (15) was £0.000013.

RESULTS

STRUCTURAL AND PETROGRAPHIC CHARACTERISTICS

Abundant Variscan syntectonic hydrothermal veins in the
area studied occur within the Silurian and Devonian shales and
limestones. Calcite is a dominant mineral phase in the veins.
Examination under the microscope reveals several features of
deformation such as the plastic deformation of calcite twins or
less commonly, dynamic recrystallization along grain bound-
aries. Calcites are usually medium to fine grained with a gray to
milky colour. Only a few Variscan calcites (e.g., from
Mramorka Quarry) are rose-coloured.

Two main structural types of syntectonic vein were recog-
nised during our field study. Both structural types post-date
folded diagenetic veins and are crosscut by straight veins that
are not visibly genetically related in deformed strata. Veins of
Type I are not very long, have an irregular or sigmoidal shape
and are often arranged in en echelon arrays (Fig. 2A-D). The
length of veins is usually 10-50 cm. The thickness is highly
variable but generally does not exceed 10 cm. Selvage-like
microstructures formed by an insoluble residuum are often de-
veloped in the host rocks. The subsequent shearing regime dur-
ing the formation of this type caused the plastic deformation of
calcite cement. It was very difficult to measure vein direction in
many localities. En echelon arranged sigmoidal veins usually
have an oblique orientation to bedding planes.

The second structural type of syntectonic vein (Type II)
shows a genetic relationship to the fold geometry of the host
rocks. These veins have a more regular and straight shape rela-
tive to the Type I veins. The length of veins is variable, but does
not exceed 1 m. They are usually thinner than the Type I veins
and in some places form a dense network. Veins are usually
perpendicular or parallel to the bedding planes and were
formed due to interlayer-slip accompanied by fold-related frac-
turing that gave rise to infilling dilational structures
(Fig. 2E, F). The structural position of the Type II veins is re-
lated to structural elements of the Variscan folds. A tensional
regime permited the growth of the fibrous veins (Fig. 3). The
calcite fibres were oriented perpendicular to the main stress
(Fig. 4). Generally two principal vein directions were distin-
guished within this structural type. The first one is NNW-SSE
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Fig. 2. Main structural types of the syntectonic calcite veins studied

A, B — irregular vein from Srbsko, “Na Chlumu” Quarry; C, D — sigmoidal veins arranged into en echelon arrays from Chynice, Mramorka Quarry; E, F

— veins infilling dilational structures in Chynice, Mramorka Quarry

and the second one seems to be in a perpendicular ENE-WSW
orientation (Fig. 5).

For comparative study we also sampled a sigmoidal calcite
vein from Lower Silurian basaltic tuff from the Listice Quarry
(Fig. 6). These volcano-sedimentary rocks are called
“frogstone” because of their greenish colour. Under the micro-
scope we can see irregular altered fragments of glassy basalt
with calcite cement (around 40 vol.%). Typically, amygdales
filled by chlorite and relicts of albitised plagioclase laths in a

variolitic groundmass are present. Calcites from the vein show
plastic deformation of the narrow calcite twins.

CATHODOLUMINESCENT AND MICROPROBE
CHARACTERISTICS

Syntectonic veins of both structural types show analogous
cathodoluminescent features. Typically, the calcites are of similar
luminescent colour (dull red/brown tones) with barely distinguish-
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Fig. 3. Position of fibrous calcite vein within bituminous limestone
from abandoned quarry at Vonoklasy
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Fig. 4. Orientation of calcite fibres in thin section

able transitions between CL-generations (Fig. 7A). The calcites
show similar colour and intensity in cathodoluminescence as their
host limestones. Equivalent luminescence characteristics are in-
dicative of narrow fluid-rock interaction, which produced
rock-buffered fluids during formation of syntectonic calcite veins.
The low intensity of luminescence and different genetic model of
the syntectonic veins is clearly visible in comparison with

-~ Type | veins
(en-echelon)

/ Type Il veins

P
~~ Bedding planes

Equal area projection, lower hemisphere

Fig. 5. Principal directions of Variscan syntectonic hydrothermal
veins in the Prague Synform

Fig. 6. Example of sigmoidal calcite vein from Lower Silurian
basaltic tuff (LiStice Quarry)

post-Variscan veins from the studied area. These latter veins, char-
acterised by an intensely zoned luminescence pattern (bright red
and non-luminescent zones), were formed by multiple flow events
of a fluid-buffered system (Fig. 7B).

The chemical composition of the dull luminescent
syntectonic calcites is relatively uniform. Backscattered elec-
tron images indicate narrow variations within the calcite com-
position (Fig. 7C). Typically low Mg contents are relatively
higher in the calcites from the outer part of the calcite veins as
well as in the calcites from the wall rock (Table 1). Stylolite
seams have often developed between the host rock and the
syntectonic vein (Fig. 7C). Euhedral crystals of dolomite are
dominant within these 200-600 um wide seams (Fig. 7D).
Dolomites have slightly elevated Fe contents (up to 4.4% an-
kerite component). The highest Sr content (up to 3230 ppm)
was found in the fibrous calcite veins (Table 1). The Mn con-
tent is below the detection limit in both the calcites from the
syntectonic veins and in the calcites from the host rock. In con-
trast, the Mn contents in the post-Variscan calcite samples
(Srbsko, “Na Chlumu” Quarry) are as high as 8570 ppm.
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A — typical dull luminescence of Variscan syntectonic calcites, Budiiany Rock at Karl$tejn; B — intensely zoned luminescence pattern of
post-Variscan calcites, Srbsko, “Na Chlumu” Quarry; C — backscattered electron image of Variscan syntectonic vein rimmed by stylolite
seam, Chynice, Mramorka Quarry; D — backscattered electron image showing euhedral crystals of dolomite within a stylolite seam,
Chynice, Mramorka Quarry

Fig. 7. Compositional features of vein carbonates

Table 1

Representative microprobe analyses of the carbonates studied

Sample [chﬁg/)o] [vva. %] [xtg."/oo ] [xtno/([)) ] [v%tr.%] Total Type of analysed carbonate

MR 4 56.434 0.202 0.102 BDL BDL 56.786 Variscan — Type I, vein centre

MR 4 55.269 | 0.33 0.417 BDL 0.126 56.217 Variscan — Type I, vein rim

MR 4 55.401 0.264 0.422 BDL 0.115 | 56.25 Variscan — Type I, near stylolite seam
MR 4 32.467 1.462 | 18.031 BDL BDL 52.257 | Variscan — Type I, dolimte from stylolite seam
MR 4 32.966 | 1.872 | 18.054 BDL BDL 53.096 | Variscan — Type I, dolimte from stylolite seam
MR 4 55.489 | 0.153 0.411 BDL BDL 56.171 calcite from the host rock

MR 4 55.333 | 0.18 0.553 BDL BDL 56.187 calcite from the host rock

VvV 2 54.447 | 0.379 0.319 BDL 0.225 | 55.43 Variscan — Type Il, vein centre

VvV 2 55.299 | 0.138 0.338 BDL 0.197 | 56.055 Variscan — Type II, vein rim, fibrous calcite
VvV 2 54.681 | 0.182 0.451 BDL 0.4 55.777 Variscan — Type II, vein rim, fibrous calcite
SCH3 53.851 | 0.293 0.137 1.063 BDL | 55.413 post-Variscan

SCH3 55.962 | 0.199 0.115 0.076 BDL 56.432 post-Variscan

SCH3 56.008 | 0.108 0.1 1.107 BDL 57.402 post-Variscan

SCH3 55.506 BDL 0.478 BDL BDL 56.103 calcite from the host rock

BDL — values below the detection limit; sample localities: MR — Chynice, Mramorka Quarry; VV — Vonoklasy; SCH —

Srbsko, “Na Chlumu” Quarry
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ISOTOPE GEOCHEMISTRY

Carbon isotope values of Variscan calcites reflect the car-
bon isotope composition of the host rocks (Fig. 8). Samples
from the Silurian rocks have typically slightly negative §"°C
values whereas samples from the Devonian rocks display posi-
tive 8"°C values, with an overlap field close to the Silurian/De-
vonian boundary (Table 2). The vein calcites and their host Si-
lurian rocks provided §"°C values between —0.29 and —1.74%o
PDB. Syntectonic calcite from Lower Silurian basaltic tuff has
a value of —1.98%0 PDB. The same relationships in positive
values are seen between the veins and host Devonian lime-
stones. Carbon isotope values are between 1.72 and 2.52%o
PDB. Samples close to the Silurian/Devonian boundary (upper
Ptidoli/lower Lochkov Fm.) show transition isotope ratios of
inorganic carbon between 0.25 and +1.16%. PDB.

Oxygen isotope values show a large scatter in composition
with overlap values for syntectonic calcites from the Silurian
localities (from +16.44 to +23.44%0 SMOW) and the Devonian
localities (from +14.99 to +26.66%0 SMOW). Values of the
wall rocks are between +24.65 and +25.93%0 SMOW in the Si-
lurian rocks, but tend to be slightly higher in the Devonian
rocks (+27.12 and +29.09%0 SMOW).

The *'St/*Sr ratio is 0.708619 for a calcite vein within the Silu-
rian bioclastic limestone (Ptidoli Fm.; Piidoli Series) and 0.708755
in the wall rock (Table 2). The *’Sr/*Sr ratios of vein calcite and the
host Devonian micritic limestone (Praha Fm.; Pragian Stage) corre-
spond to 0.708738 and 0.709355, respectively.
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Fig. 8. Carbon and oxygen isotope values of calcite veins
and their host rocks in the Prague Synform. Field for post-Variscan
veins based on unpublished data of the first author

Table 2

Carbon, oxygen and strontium isotope composition of Variscan syntectonic vein calcites and their wall rocks

Sample Type Locality [%o ;SB] [%051;8}3] [%o SSIIi/IOOW] 87Sr/80Sr
LTI calcite vein LiStice -1.98 —8.32 22.34
VVv2 calcite vein Vonoklasy —-1.74 -9.32 21.30 0.708619
VV2r limestone Vonoklasy —-1.63 —6.08 24.65 0.708755
VV3 calcite vein Vonoklasy -1.61 —8.88 21.75
VVir limestone Vonoklasy -0.29 —4.83 25.93
VCZ1 calcite vein | Velka Chuchle — Zékiv Quarry -1.36 —-7.25 23.44
SB calcite vein Srbsko — Berounka river 0.25 —-14.03 16.44
KB calcite vein Budnany Rock at Karlstejn 0.87 -10.96 19.61
BS1 calcite vein Barrande’s Rock in Prague 0.18 -12.66 17.86
BS Ir limestone Barrande’s Rock in Prague 0.68 -8.56 22.08
VCl1 calcite vein Velka Chuchle 0.66 -7.96 22.71
VClIr limestone Velka Chuchle 1.16 -3.68 27.12
SCH4r limestone Srbsko — “Na Chlumu” Quarry 1.72 -3.35 27.46
SCH1 calcite vein Srbsko — “Na Chlumu” Quarry 1.77 —4.12 26.66
SCHS5 calcite vein Srbsko — “Na Chlumu” Quarry 1.78 —-15.44 14.99
SCH4 calcite vein Srbsko — “Na Chlumu” Quarry 1.81 -5.00 25.76
MR4 calcite vein Chynice — Mramorka Quarry 1.63 -13.92 16.56 0.708738
MR4r limestone Chynice — Mramorka Quarry 2.25 -2.62 28.21 0.709355
MR3 calcite vein Chynice — Mramorka Quarry 2.06 -8.95 21.69
MR2 calcite vein Chynice — Mramorka Quarry 2.12 -13.29 17.21
MRI1 calcite vein Chynice — Mramorka Quarry 2.25 -12.17 18.37
HO1 calcite vein Konéprusy — Homolék Quarry 2.08 -11.74 18.81
HO3 calcite vein Konéprusy — Homolék Quarry 2.29 -12.18 18.35
HOlr limestone Konéprusy — Homolék Quarry 2.45 -3.30 27.51
AK1 calcite vein Hostim — Alkazar Quarry 2.41 —7.98 22.69
AKlr limestone Hostim — Alkazar Quarry 2.52 -1.76 29.09
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Fig. 9. Plot of the homogenization temperatures (Ty) versus melting
temperatures (T,,) of ice in fluid inclusions in syntectonic Variscan
calcites of the Prague Synform

The isotopic composition of two samples from undeformed
calcite veins (Srbsko, “Na Chlumu” Quarry) indicates distinct
isotopic sources for the post-Variscan type of veins genetically
associated with, for example, subsurface brines (Fig. 8). Car-
bon isotope ratios of calcites are from —4.36 to —4.44%o PDB,
whereas the host limestone has a more positive value of
+1.72%0 PDB. The oxygen isotope composition is between
+21.21 and +22.59%0 SMOW for veins and +27.46%0, SMOW
for the surrounding rock. The ¥Sr/**Sr ratio in post-Variscan
calcite corresponds to 0.709232 and is higher than the ratio in
the wall rock (*'St/*Sr = 0.708610).

MICROTHERMOMETRY OF THE FLUID INCLUSIONS

Aqueous and hydrocarbon-rich fluid systems have been
found in the fluid inclusions. Generally, sizes of inclusions are
fairly small (3—15 mm). Most of the inclusions are one-phase
but two-phase fluid inclusions are also present. The homogeni-
zation temperature of primary and/or pseudo-secondary aque-
ous fluid inclusions ranges between 77-179°C with most fre-
quent values around 140°C (Fig. 9). Melting temperatures of
ice are between —0.3 and —5.8°C and after recalculation corre-
spond to salinities between 0.5 to 8.9 eq. wt.% NaCl. Eutectic
temperatures were difficult to observe, but if measurable they
are around —21°C, which indicates a HyO-NaCl fluid system
(Borisenko, 1977).

Liquid hydrocarbon-rich inclusions are easily visible with
the application of fluorescence microscopy. The most common
light bluish to blue fluorescence suggests the presence of
higher liquid hydrocarbons (Stasiuk and Snowdon, 1997).
Fluid inclusions with liquid hydrocarbons are more frequent in
syntectonic calcites from Silurian black shales and bituminous
limestones, which are rich in organic matter. The presence of
methane in the vapour phase of inclusions (sample from
Barrande’s Rock in Prague) has been shown by Raman
microspectrometry (Halavinova, unpubl.).

P-T CONDITIONS DURING VEIN FORMATION

The average value of homogenization temperatures has
been used for the calculation of the isochore. Two thermobaric
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Fig. 10. Pressure-temperature conditions for the precipitation
of the Variscan syntectonic calcite veins

gradients (for lithostatic and hydrostatic pressure and a thermal
gradient of 35°C/km, see Suchy et al., 2002) were applied to
determine P-T conditions (Fig. 10). The pressure may have
changed during development of the Type I and Type II veins.
We assume that the thermobaric gradients represent border
trapping conditions for Variscan hydrothermal veins in the area
studied. It is likely that precipitation of the extensional hydro-
thermal veins (Type II) took place during conditions close to
the hydrostatic gradient. Intersections with the isochore specify
trapping temperatures between 127 and 160°C and pressures
ranging from 300 to 1070 bars. The P-T conditions obtained
correspond to a depth of 1-4 km.

DISSCUSION

Based on this study, we can distinguish two completely dif-
ferent genetic groups of hydrothermal veins associated with the
post-diagenetic development of the Prague Synform: Variscan
syntectonic veins and post-Variscan veins (Figs. 8 and 11).
Variscan syntectonic veins characterized in this paper are rep-
resented by at least two main structural types (Type I and
Type II). Both Type I and Type II veins show genetic associa-
tion with deformation and structural development of their host
rocks (Fig. 11). With respect to the age of formation of the
Prague Synform they could be considered as late Variscan. De-
formation of the Palacozoic rocks initiated fluid migration
through the rock sequences. Variscan syntectonic veins seem to
be parallel to or perpendicular with the nappe architecture of
the Prague Synform. This may provide another supporting ar-
gument for the tectonic concept of the Prague Synform pro-
posed by Melichar and Hladil (1999) or Melichar (2004).

Microstructures preserved in the veins studied provide im-
portant indications regarding the mechanism of their origin.
Dilational veins show a fibrous microstructure (Fig. 4) which is
typical for crack-seal origin (Ramsay, 1980). Developed sel-
vage-like microstructures (Fig. 7C, D) support the key role of
diffusion as a mass transport mechanism from the surrounding
rock (Oliver and Bons, 2001).
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Fig. 11. Schematic sketch showing spatial position of observed vein generations
in the Prague Synform and their relation to Variscan fold structures

The mineral and isotope compositions indicate small-scale
migration under rock-buffered conditions during formation of
the syntectonic veins. Extraction of some chemical compo-
nents from host rocks is also shown by CL study. Carbon iso-
tope values of Variscan calcites clearly reflect the carbon iso-
tope composition of the wall rocks (Fig. 8; Table 2). This fact
may suggest that carbon from the veins was derived from the
surrounding rocks. A gradual shift in 8"°C from negative to
positive values was observed in Pfidoli and Lochkovian lime-
stones by Hladikova et al. (1997). This shift is inferred to have
been related to a combination of higher productivity, increased
deposition of organic matter and shallowing of the basin.

Oxygen isotope values show a large scatter in composition
what can indicate various interactions and/or sources of aque-
ous fluids. §"™O isotope values together with results of
microthermometric study were used for calculation of isotopic
composition of parent aqueous solutions. Fractionation equa-
tions for the calcite—H,O system (Zheng, 1999) give values be-
tween —2.80 and +3.33%0 SMOW. This indicates that trans-
formed formation waters interacted with the host rocks and/or
deeply circulating meteoric waters. Strontium isotope ratios
support a direct genetic link between the Variscan syntectonic
calcite veins and their surrounding rocks. Our results point to
precipitation in a relatively closed system. This may indicate a
relatively restricted volume of fluids connected with a
rock-buffered system (e.g., Richards ef al., 2002). Similar limi-
tation during fluid flow in terrains with thrust faults was de-
scribed by Kirschner and Kennedy (2001).

Across the entire Prague Synform we can also find
undeformed veins without geochemical (Fig. 7B; Table 1) or
isotopic connection (Fig. 8) to surrounding rocks. This type
could be considered as a post-Variscan with respect to wide-
spread analogues in different sedimentary successions of

Variscan Europe (e.g., Muchez et al., 1995; Jochum, 2000;
Heijlen et al., 2003).

Based on previous research the late Variscan hydrothermal
veins belong to Stage 1 and partly to Stage 2 according the dis-
tinguishing factors presented by Suchy et al. (2000). Calcites
with highly saline inclusions of Stage 2 and calcites with in-
tensely zoned luminescence patterns of Stage 3 demonstrate
characteristic features typical of post-Variscan hydrothermal
veins.

Our data also support previous studies (e.g., Suchy et al.,
1996) that Variscan veins crystallised during P—T conditions of
the oil window.

CONCLUSIONS

Variscan syntectonic hydrothermal veins in the area studied
occur in Lower Palaeozoic sedimentary rocks. Two main struc-
tural types of Variscan syntectonic veins are described.

Veins of Type I are not very long, have an irregular or
sigmoidal shape and are often arranged in en echelon arrays.
Veins of Type Il have a more regular and straight shape relative
to Type I and show common orientations parallel to and per-
pendicular with the nappe architecture of the Prague Synform.
Plastically deformed calcite crystals are the dominant mineral
phase. The veins crystallised in a predominantly closed,
rock-buffered system. Extraction of chemical components
from surrounding rocks is documented through mineral and
isotope geochemistry. The 8"°C values of Variscan syntectonic
calcites reflect the carbon isotope composition of the host rocks
(Fig. 8). The veins were predominantly formed from relatively
low-salinity aqueous systems. The oxygen isotope composition
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of parent aqueous solutions is indicative for transformed for-
mation waters that interacted with the host rocks and/or deeply
circulating meteoric waters. The strontium isotope signature
supports a close genetic link between the calcites and their host
rocks. Fluid inclusions with liquid hydrocarbons are frequent
in syntectonic calcites from Silurian black shales and bitumi-
nous limestones, which are rich in organic matter. Variscan
syntectonic veins crystallised at P-T conditions of the oil win-
dow. Intersections with the isochore specify trapping tempera-
tures between 127 and 160°C and pressures of 300 and 1070
bars. Folded strata of the Prague Synform are also crosscut by
undeformed hydrothermal veins without direct geochemical

and isotopic connection to surrounding rocks. This type is con-
sidered as post-Variscan.
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