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ABSTRACT
The Bedřichov water supply tunnel in the Jizerské Hory Mountains is one of only a limited
number of underground drifts in the Czech Republic, which intersects a granite body – the
Krkonoše-Jizera Composite Massif. The tunnel’s importance in this respect is especially due
to its unusual length (6 km) and the technical attributes of the method of construction (a
combination of the tunnel boring method – TBM – and the drill and blast technology used in
tunnel driving). The tunnel walls are particularly appropriate for the study of granite jointing
and the long-term monitoring of “metabolism” of the rock environment. The results of such
observations allow models to be created of the evolution of both far-field and excavationdamaged zones (EDZ) for follow-up studies of the underground radioactive waste repository
candidate areas and localities as well as to describe and demarcate the geological barrier
assisting to retard or reduce the radionuclides migration from the repository into the
biosphere.
The natural joint (fracture) network which crosscuts the porphyritic medium-to coarsegrained biotite granite (Jizera and Liberec granite) in the Bedřichov tunnel area is
characterized by three distinct trends (two of them are perpendicular to one another): steep
planes in the NW-SE, NE-SW and N-S directions. The steep fractures in the NW-SE and N-S
directions were healed much more frequently and contain filling which is indicative of the
important extensional character of the activity of these structures. The planes running along
the NE-SW direction, on the other hand, were healed only exceptionally; in contrast,
accompanying crushed zones are more common which could point towards an activity
associated with shear movements.
Paleostress analysis shows that the tectonic network in the Jizera granite is heterogeneous
having been formed in more than one stress field orientation. The strain field characterized
by a sub-horizontal or only moderately plunging σ 1 axis oriented in the ENE-WSW direction
and characterized by a sub-horizontal or only moderately plunging σ 3 axis in the NNW-SSE
direction, demonstrated itself in a dominant way.
The sum of the recent displacement rates inside the granite massif in the period of 2004-2007
amounted to 0.22 mm/yr along the NE-SW faults (the Krušné Hory Mts. fault system) and
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0.16 mm/yr along the NW-SE faults (the Sudetic fault system). Displacements with an oblique
reverse-fault character, with southern blocks thrusting over northern blocks, were observed
along the above-mentioned directions. The character of the displacement movement
corresponds to the compression stress model in approximately a N-S direction with northverging over-thrusting.
Electric resistivity tomography of the Jizera granite across the boundary of the TBM and the
drill and blast tunnel driving technology indicates an area of increased ohmic resistance
caused by granite drying along the open fractures, generated during tunnel driving. A 1.5
meter wide zone of high resistance at the TBM section and approximately 3 meters wide zone
at the blasted section of the tunnel have assumed the shape of an asymmetric funnel opening
towards the blasted section and representing the shape and width of the EDZ in this part of
the tunnel.
Carbonates from the fracture fillings in the Bedřichov tunnel reveal substantial differences in
their composition, ranging from calcite (CaCO3) to dolomite (CaMg (CO3)2, ankerite (CaFe
(CO3)2, siderite (FeCO3) and rhodochrosite (MnCO3). Each of these carbonates occupies a
specific position in the vein- fill succession and points towards marked changes in the
composition and temperature of the paleo-fluids from which these minerals crystallized. The
carbon and oxygen isotope composition of calcite from these veins also varies which
indicates several different sources of solutions, partly water of magmatic origin i.e. juvenile
brines or water of meteoric origin.
Obscure whitish films of U-bearing opal and calcite, showing a green luminescence in
ultraviolet light, occur on the surface of fractures formed by blasting in walls of the
Bedřichov tunnel. Mineral schröckingerite (NaCa 3(UO2)(CO3)3(SO4)F x 10 H2O) often
crystallizes on the surface of these films and can easily be mechanically removed. Once the
wall is washed with water and brushed, the above secondary minerals continue to precipitate.
The discovery of deep hydrothermal water circulation along the tectonic zones in the Polish
part of the Krkonoše-Jizera Composite Massif, where water temperature at one locality
reaches 60°C at a depth of only 500 m, may provide important information for the designers
of underground radioactive waste repositories in granitic bodies.
The long-term monitoring of the hydrogeological regime, temperature conductivity and
recent micro-movements of the tectonic network in the Bedřichov tunnel provides input data
for models of granite fracturing, groundwater transport and the evolution of tunnel stability
in a granite massif.
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FOREWORD
The Radioactive Waste Repository Authority (RAWRA) in the Czech Republic is responsible for
activities connected with repositories of radioactive waste materials. It pays attention to all types
of related research in the country and abroad, in the framework of international projects, in
particular in the EU, and also bilateral projects. Results arising from these activities and
investigations are important for progress in the of deep geological repository program in the
Czech Republic. In this program various projects of laboratory research, in-situ studies in
underground laboratories abroad or at a testing locality, and investigations of natural analogues
are implemented. Study of analogues, including natural, anthropogenic, archeological or
industrial systems, which have definable similarities with radioactive waste repositories and their
surroundings, is at present considered a valuable research approach. A long list containing several
dozens analogues, which were recently or are presently studied in various countries of all
continents, provides evidence of these activities.
This report is one of a series of studies prepared by RAWRA to inform the Czech and
international professional community about its activities and results achieved so far. It
summarizes the main results obtained in the course of a six-year program (2003 – 2008) of study
of the Bedřichov water supply tunnel in granitoid rocks of the Krkonoše-Jizera Composite
Massif. The project concentrated on comprehensive characteristics of the geological environment
of the tunnel and on the monitoring of various phenomena, relevant from the viewpoint of
locating a deep repository in a granite massif. The activities also included various aspects of
methodology of underground geological mapping and geophysical measurements. The stage
aimed at the research, documentation and description of the rock environment was completed.
The next stage devoted to the advanced monitoring program of seismological, thermal,
hydrogeological and hydrochemical parameters characterizing the environment started in 2009.
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1 INTRODUCTION
The required long-term safety of a deep geological repository puts high demands on the
repository environment (natural barrier). In order to meet these requirements a range of geoscientific methods and investigations is to be carried out. In this process of investigations, the
geologists are actually forced to resolve non-traditional issues such as insulation or separation of
radioactive wastes from the biosphere for periods of hundreds of thousands to one million years
which deserves to adopt special studies and models aimed at ensuring long-term safety of the
whole system of repository. One of the frequently used methods is the study of analogues. Water
supply tunnels in the Jizerské hory Mts., especially the tunnel connecting the Josefův Důl Dam
with the Bedřichov water treatment plant represents a nearly ideal example of an industrial
analogue.
This tunnel, designated as Bedřichov A tunnel, was during the years 2003 - 2008 the site of the
majority of special studies of which results are presented in this report. The research included
numerous geoscientific disciplines as well as non-geological methods such as microbiology and
mycology. Some of the studies were done simultaneously in B section of the tunnel, connecting
the Bedřichov water treatment plant with the Orion water reservoir near the city of Liberec.
In the course of the first stage of work in 2003, the most important information on water supply
and water management tunnels (e.g. the Souš and Mšeno tunnels), driven in granites of the
Krkonoše-Jizera Composite Massif, was acquired. At the same time, a brief survey of geology
and structural situation in the Bedřichov tunnel and in its environs was obtained. The results
achieved during the first stage of investigation were presented by Klomínský et al. (2003). This
stage was actually the first geological study implemented since the construction of the tunnels in
1980s. A considerable volume of works aimed at detailed description and characteristics of local
geology was undertaken during this stage, and to a lesser extent, also during subsequent stages of
the project implementation.
The second stage of works (2004 to 2005) concentrated on multidisciplinary research in A section
of the Bedřichov tunnel, which proved to be the most suitable object among all the accessible
tunnels. Granite tectonics, recent micro-movements in fault zones, recently formed minerals,
hydrogeology and geophysical survey were the main objects and methods of research applied in
the Bedřichov tunnel. Much attention was paid to data acquisition and preparation works for data
use in models (Klomínský et al. 2005).
The third stage of works (2006-2008) included upgrading of methods of investigation and
monitoring particularly regarding the automated geological documentation of tunnel walls,
application of geophysics to observe the dynamics of tectonic network, mainly in A section of the
Bedřichov tunnel (Klomínský et al. 2008 and Klominsky 2008a). Another subject of investigation
was a detailed study of differences in the degree of mechanical deformation of rocks close to the
tunnel walls resulting from the use different methods and technology of tunnelling (EDZ). A
wide spectrum of instruments was used in monitoring of rocks parameters including
seismometers, microseismic and multielectrode devices for measurements of resistivity and
seismic tomography, thermometers, thermistors and dilatometers. Some of acquired data have
been already used in the frame of participation of the Czech group from the Technical University
of Liberec in the DECOVALEX international project.
The research in A section of the Bedřichov tunnel has continued in 2009 having included all the
monitoring programs, application of more sophisticated methods of data acquisition and their
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transfer. In 2009, the main effort has been devoted to designing and verification of advanced
models based on data acquired during monitoring of the rock environment in the tunnels. Studies
of stress in rock massif and its distribution, the heat flow and heat generation in rock of the
massif and hydrogeological observations will be phenomena which the next year investigation is
intended to be focused on. Because of limits arising from the character and use of the tunnels for
water supply some additional works are planned to validate and verify the designed models. It is
assumed that a maximum of data can be acquired during this stage which the Bedřichov tunnel
offers as nearly an ideal example of industrial analogue.

Fig. 1. Geographic position of the Krkonoše-Jizera Composite Massif (red) within the Bohemian Massif.
Other granitic plutons and orthogneisses are in grey colour. 1 – 5 Major tectonostratigraphic units of the
Bohemian Massif (1 – Bohemicum, 2 – Moldanubicum, 3 – Saxo-Thuringicum, 4 – Lugicum, 5 – MoravoSilesicum and Brunovistulicum).
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2 GEOMORPHOLOGY AND GEOLOGY OF THE STUDY
AREA
The study area is situated in the Lugicum of the Bohemian Massif, in the western part of the
Krkonoše-Jizera Composite Massif (Fig. 1.). In this granite massif several water supply and
water regulation tunnels are located. The most important of them the Bedřichov water supply
tunnel has been studied in detail (Fig. 2.).

Fig. 2. Geological map of the Krkonoše-Jizera Composite Massif with location of water
supply and water regulation tunnels.

2.1 Geomorphology
The Krkonoše-Jizera granite massif with the total area exceeding 1 000 km2 is the largest
intrusive body of Upper Carboniferous age at the border of the Czech Republic and Poland
(Fig. 3.). The land surface is characterized by two highly contrasting geomorphologic
domains. The elevated dome-shaped part forms the Jizera Mts. and the main ridge of the
Krkonoše Mts., whereas extensive basins lie in the Jelenia Góra area in the NE part of the
granite massif and the Liberec basin in the western part of the massif (Fig. 3.). The maximum
altitude differences correspond to nearly 1 300 m (Sněžka Mt. 1602 m a.s.l., the town of
Jelenia Góra 350 m a.s.l. and the city of Liberec 340 m a.s.l.).
The Jelenia Góra basin and Liberec basin are located near the major regional faults, which are
bounding the Krkonoše-Jizera Composite Massif to the east and west (Fig. 3.). The faults are
designated as the Inner Sudetic Fault to the east and the Šimonovice-Machnín Fault to the
west. The latter fault belongs to the Lužice Fault Zone of Sudetic trend (NW-SE). The
Liberec basin is a graben-like geomorphologic structure that was formed at least as early as
during the Cainozoic (Klomínský et al. 2004).
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Both basins function as meteoric water collectors in the drainage pattern draining the elevated
parts of the Krkonoše-Jizera Composite Massif. This situation results in fault-assisted
infiltration of surface waters into the granite massif underlying the two morphological
depressions.

Fig. 3. The main lithologic rock types, tectonic network and geomorphologic structures of the
Krkonoše-Jizera Composite Massif. Open circles are main mineral water springs.

2.2 Geology and lithology
The Krkonoše-Jizera Composite Massif is composed of six main types of granite. Granites of
the Jizera and Liberec type occupy the largest area (Figs 2. and 3.). Coarse-grained
porphyritic biotite granite of the Liberec type is widespread in the Jelenia Góra and Liberec
basins. It passes into porphyritic granite of the Jizera type in the mountainous area of the
Jizera Mts. Smaller units constitute medium-grained granite of the Harrachov type and finegrained Krkonoše type forming the ridge of the Krkonoše Mts. The oldest unit is an alkalifeldspar granite of the Tanvald type, which bound the southern boundary of the KrkonošeJizera Composite Massif (Klomínský et al. 2006).
The western part of the Krkonoše-Jizera Composite Massif is built mostly of the Liberec and
Jizera type granites. These two types of biotite granite show mutual transitions, but in some
places they are also in sharp contact due to faulting. On macroscopic scale, these types differ
in grain-size and in quantity and size of K-feldspar phenocrysts. There are also differences in
their magnetic susceptibility. The Liberec granite shows values of 1.0 – 6.0 × 10-3 SI units,
whereas the Jizera granite is characterized by values 20 times lower, i.e. 0.1 – 0.2 × 10-3 SI
units.
Medium-grained strongly porphyritic biotite granite (Jizera type) is the main rock-type in
the Jizera Mts. (Fig. 4.) in wider surroundings of A section of the Bedřichov tunnel. The
strongly porphyritic biotite granite shows in places linear to planar orientation of K-feldspar
phenocrysts and mafic microgranular enclaves and schlieren. The fresh rock is light grey,
often with slightly pink shade. Groundmass is composed of plagioclase, K-feldspar, biotite,
9

chlorite, minor amphibole and accessory zircon, apatite, titanite, allanite, ilmenite, magnetite,
scheelite and pyrite. Sericite, chlorite, epidote, carbonates and limonite are secondary
minerals. Subhedral K-feldspar of pink to light red colour forms phenocrysts 3–5 cm and
exceptionally 7 cm long. Plagioclase forms smaller phenocrysts. K-feldspar phenocrysts are
often rimmed by white plagioclase resembling the rapakivi texture.
Coarse- to medium-grained porphyritic biotite granite (the Liberec type) constitutes
deeper parts of the Krkonoše-Jizera Composite Massif (Figs 2. and 4.). It crops out on the
surface as the rock underlying the Jizera granite, mainly in deeply eroded parts of the massif
and along its southern boundary. Typical occurrences are in the environs of the city of
Liberec, where it is quarried as a construction material and dimension stone in the Hraničná
and Ruprechtice quarries. It is the main rock-type in B section of the Bedřichov tunnel. Fresh
rock has a pinkish colour caused by phenocrysts of K-feldspar, which occupies nearly half of
the surface. The phenocrysts are usually short prismatic, up to 3 by 2 cm in size. The coarsegrained groundmass (5-10 mm) is composed of plagioclase An 38-30, quartz, some K-feldspar,
biotite, rare amphibole, muscovite, and accessory zircon, apatite, titanite, allanite, ilmenite,
magnetite and pyrite. Sericite, chlorite, epidote, carbonates and limonite are secondary
minerals.

Fig. 4. Main granite types of the western part of the Krkonoše-Jizera Composite Massif. 1 – Jizera
granite, 2 – Liberec granite, 3 – Fojtka granite, 4 – Contact of the Liberec granite marginal facies
(chilled margin) with the Tanvald granite.
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The northern and northwestern parts of the Krkonoše-Jizera Composite Massif contain bodies
of the Fojtka type granitoids in form of enclaves and angular rafts enclosed in the Liberec
granite and in the strongly porphyritic Jizera granite (Figs 3. and 4.). The Fojtka type enclaves
form tabular bodies tens to several hundreds of meters long. The enclaves constitute a
discontinuous nearly linear swarm about 30 km long, running between the village of Fojtka to
NW and the town of Tanvald to the east. The enclave “horizon” trending NW-SE is
moderately dipping (up to 45º) to the NE, beneath the Jizera granite. The two abandoned
quarries west of Bedřichov (e.g. Rudolfov quarry) show examples of all varieties of Fojtka
granitoids. They exhibit sharp contacts with the Liberec granite and locally can also be
observed magmatic breccia with angular fragments of the Fojtka granitoids in the Liberec
granite (Klomínský 1969). All Fojtka granitoids exhibit low magnetic susceptibility (0.2 × 103
SI) contrasting with susceptibility values of the Liberec granite (1 – 6 × 10-3 SI). The Fojtka
granitoids represent products of magma mixing, resulting from mixing and hybridization of
mainly basic rocks by granite magma. The resulting rock suite includes fine-grained
amphibole-biotite quartz diorite, porphyritic amphibole-biotite granodiorite up to biotite
granites (monzogranites). Complex enclaves indicating successive batches of melts document
a time sequence in production of hybrid melts. The general scheme is one of the relatively
more basic enclaves in relatively more felsic granite. Transport of potassium from granite
magma is documented by increasing size and number of K-feldspar phenocrysts. Enclaves
typically contain equidimensional quartz grains rimmed by hornblende and biotite.
According to early studies, the hybrid rocks of the Fojtka type are older magmatic facies
suspended in younger granite (Milch 1899, 1902), or they were derived from mantle aureole
and were affected by granitization of variable intensity (Berg 1923a, 1923b and Klomínský
1969). The planar pattern and large lateral extent of the Fojtka granitoid enclaves possibly
indicate a former presence of mafic magma, either on the bottom of granite magma chamber
or in form of syn-plutonic dykes (Castro et al.1991).
The mafic magma crystallized at higher temperatures and was locally involved in mixing with
the surrounding granite magma under production of mafic and hybrid layers, lenses and
enclave clusters, mainly near the bottom of the Jizera granite. The sequence of layers of the
Fojtka granitoids and granites in structurally overlying and underlying parts can be seen as a
„stratigraphic“ section, representing a record of crystallization, melt filling and mixing in the
magmatic chamber in a similar way as observed in some layered mafic intrusions.
The presence of various enclaves, mainly of melanocratic rocks, is a typical feature of
granitoids in the Krkonoše-Jizera Composite Massif. Other heterogeneities, such as pegmatite
nests, are less abundant. The enclaves of foreign rocks and biotite-rich heterogeneities
(schlieren) are more common near the apical part of the massif in strongly porphyritic,
medium-grained granite (Jizera granite) and near its transition into porphyritic coarse-grained
granite (Liberec granite). The enclaves are largely sharply bound relics of intensively
granitized country-rocks including mafic magmatic rocks. The following types can be
distinguished:
• enclaves of acid, intermediate and mafic rocks;
• xenoliths of country-rocks (migmatites, contact hornfelses, phyllites);
• other heterogeneities – schlieren.
The majority of enclaves have an intermediate to mafic composition. Their dimensions vary
from large, a few hundreds of meters in size, long to small spheroidal or disc-shaped bodies
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50 to 5 cm long and smaller. The mode of occurrence of small enclaves, often flattened due to
pressure under conditions of plastic deformation, is highly irregular in both major types of
granite. The enclaves include a variable series of rocks, often porphyritic, mesocratic and
melanocratic types with varying mineralogical composition, texture and structure, often with
large xenocrysts of quartz and porphyroblasts of K-feldspar. Melanocratic fine-grained
enclaves carrying up to several cm long porphyroblasts of biotite contained in quartzfeldspathic matrix represent a rare variety. Some enclaves carry another enclave of more
mafic composition with dark minerals content up to 60 vol. %. Some small mafic enclaves are
angular and exhibit a hornfels-like structure. In some cases enclaves form small clusters
surrounded by oriented phenocrysts of K-feldspar. The xenoliths of country-rock
metamorphic lithologies, typically smaller than one meter, are represented by rare hornfelses
and amphibole gneisses. Biotite-rich schlieren-like layers, locally combined with aplitic
layers, represent structurally important element in the Krkonoše-Jizera Composite Massif.
These elements are usually rather thin (cm to m) and several meters to tens of meters long,
e.g., the Hraničná quarry near Bedřichov (Fig. 5.). These structures are abundant in walls of
the Souš water supply tunnel (Fig. 2.), where Jizera granite exhibits parting parallel to these
planar structures. In addition to the described structures with generally parallel pattern of
layers, there are examples with discordant patterns, somewhat similar to cross bedding in
sediments, in which one system of parallel fabric cuts off another system. The A section of
the Bedřichov tunnel contains examples of swirled structures of enclaves, indicating probably
a buoyant flow of melt. Short biotite-rich schlieren with pinnate structure similar to a horsetail
are characteristic.
Planar schlieren are often bent and exhibit dome-shaped structure. Several antiformal closures
with amplitude up to thirty meters are disclosed in walls of the Bedřichov tunnel. The
orientation of long axes of these structures shows deviations from the N-S trend in the Souš
water supply tunnel and WNW-ESE trend in the Bedřichov tunnel. Klomínský (1969), similar
to the interpretation by Cloos (1925), considered the regional pattern of schlieren in the
Krkonoše-Jizera Composite Massif to be a system of closed dome-like structures of large
dimensions, present in the western and eastern parts of the massif. The culmination zone of
the eastern elongated dome is located near the southern contact of the massif. The extensive
western dome has an oval shape with culmination in the most elevated part of the Jizera Mts.

Fig. 5. A cross-section of biotite schlieren in granite block from the Hraničná quarry. The length of
the block is 3 m.

2.3 Tectonic network
The Krkonoše-Jizera Composite Massif exhibits certain regularity in tectonic segmentation,
particularly a similarity in orientation of structures. The fundamental network of brittle
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deformation is characterized by systems of Sudetic trend (NW-SE) and Krušné Hory Mts.
trend (NE-SW) (Fig. 3.). The abundance of these structures exhibits a hierarchic pattern from
individual fractures in fresh granite to fracture swarms in hydrothermally altered granite, with
a tendency to intense fracture grouping and coalescence in tectonic zones many meters wide.
In the western part of the massif the Sudetic structures are dominantly older than the Krušné
Hory Mts. structures. The Sudetic structures are dilatation faults with rather variable mineral
filling. The Vratislavice fault may serve as an example (Klomínský et al. 2005).
Hydrothermally altered Liberec granite is affected by brittle deformation of variable intensity
grading to mylonitization. In domains of this type there are dykes of Permian basaltic
andesites several meters wide (the so-called melaphyres, Gräntzer 1901). Due to repeated
movements along these faults the basic dykes were transformed, probably during the
Mesozoic, to tectonic breccias impregnated by several generations of quartz, often with
hematite admixture. Some of these faults later served as conduits for Cainozoic volcanic
rocks, genetically related to later stages of evolution of the Ohře rift NE/SW trending
structure. Faults of this type, trend and regional extent functioned for prolonged periods as
loci for transmission of earthquake waves generated in relatively remote epicentres (Gränzer
1901). Such structures function as collectors of ordinary meteoritic water and mineralised
water (e.g., Vratislavice mineral water spring), including CO 2 and locally also sites for escape
of radon. As indicated by geomorphology of the area between the village of Stráž nad Nisou
and the western periphery of the city of Liberec, the zone of NW-SE trending faults is
disrupted by younger faults trending NE-SW, representing the continuation of the Čertova
zeď (Devil’s Wall) fault zone from the Osečná magmatic centre in the Bohemian Cretaceous
Basin. Faults of the same trend around Liberec are accompanied by small basalt plugs and
short dykes of ultrabasic melilitites (polzenites). The occurrences are localized in a 25 km
wide belt trending SW-NE, across the western part of the Krkonoše-Jizera Composite Massif
and its northern periphery, with mineral springs of carbon dioxide saturated water near the
towns of Libverda, Nové Město pod Smrkem and Świeradow Zdroj (Fig. 3.). Tectonic
structures of the Krušné Hory Mts. trend in the Czech part of the granite massif are of
compressional character having limited mineral filling. Therefore, they are much less waterbearing than faults of the Sudetic trend. The following scenario of magmatic, endogenic and
exogenic events is presented for the Krkonoše-Jizera Composite Massif around the Bedřichov
tunnel:
Intrusion and emplacement of granites of the Krkonoše-Jizera Composite Massif (Pb/Pb
zircon age)
O

Solidification and cooling of granites down to < 300 C (K/Ar biotite)
Intrusion of basalt-andesite and trachyte dyke swarm (K/Ar)
Hydrothermal alteration of granite along fractures

ca. 310 Ma
ca. 295 Ma
280 – 170 Ma*
> 170 Ma

Brittle destruction of basalt-andesite dykes, hydrothermal alteration accompanied by
deposition of several generations of quartz, crystallization of quartz, calcite and other
minerals in open fractures

ca 80 Ma

Intrusion of polzenite dykes along NE-SW trending structures in Liberec (K/Ar whole
rock)

61.9 ± 3.0 Ma*)

Dykes of alkali basalt (K/Ar whole rock) in vicinity of the Bedřichov water supply
tunnel

30 ± 1 Ma*)

Formation of clay minerals and Fe oxi-hydroxides along faults trending NE-SW, in
mylonitized and cataclastic granite

sub recent to recent

Precipitation of newly formed minerals on walls of the tunnel
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< 20 years

*) data according to Pécskay (2008)

3 BEDŘICHOV WATER SUPPLY TUNNEL
The Bedřichov water supply tunnel is located in Bedřichov village ca. 5 km northeast of the
city of Liberec. The localization of the tunnel (section A and B) in relation to hilly terrain of
the area is shown in Fig. 6.
The Bedřichov tunnel (including sections A and B) was constructed during the period 1981 to
1987. The total length of both tunnel sections is ca 6,000 meters. The inner diameter of A
section is 3.6 m, that of B section is 2.6 m. The tunnel is driven in granite of the Jizera and
Liberec type respectively and located up to 200 meters below the land surface in some parts.
Two different technologies were used in construction of A section. About one third (883 m)
of this section was driven using the non-destructive TBM (DEMAG) tunnel boring machine,
the remaining two thirds (over 1,700 m) were driven by the classic mining drill and blast
technology. TBM (DEMAG) machinery was used in whole length of B section. The inner
diameter of the drilled parts is circular. A water supply pipe with a diameter of 80 cm is
installed in the A tunnel section, while a diameter of 60 cm has the pipe in B section. The
tunnels are operated by the North Bohemian Water Supply and Water Management Company,
and the North Bohemian Water Supply and Wastewater Company, a.s., Teplice.
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Fig. 6. Topography and morphology of the area around the Bedřichov tunnel.

The tunnel construction was undertaken by the Mine Construction branch of the Uranium
Mining State Enterprise during the years 1979 – 1981. The A section was driven from the
dam toward the west-southwest at an azimuth of 70o and inclination of 1.56 % toward the
west-southwest (Fig. 7.). The total length of this section is 2,600 m including the part below
water level of the dam. The height of the rock massif above A section is 26 to 141 m with an
average value of 90 to 110 m. The stationing of 800 m in the tunnel has the greatest height of
granite above the tunnel. The B section is also linear in plan, at an azimuth of 87 o and
inclination of 2 % toward the west. The height of the rock massif above B section varies from
69 to 194 m.

Fig. 7. Topographic cross-section along the Bedřichov tunnel showing the depth of the tunnel
beneath the present-day surface. Cross-section through the tunnel perpendicular to its axis. The
tunnel has curved walls and has an inner diameter of 3.6 m.

The A section is suitable for research owing to the use of two different technologies of
tunnelling and the fact that the only small part of tunnel walls was covered with reinforced
wired concrete (Fig. 8. and 11.).
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Fig. 8. Bedřichov tunnel - A section. 1 – boundary of bored and blasted sections, 2 – concrete casing
with no infiltration of groundwater, 3 – concrete casing of tectonic zone with sinters and stalactites of
newly formed calcite, 4 – blasted section with uneven and bare tunnel walls.

3.1 Petrography and geochemistry of granites in the Bedřichov tunnel
A comprehensive review of rock-types encountered in A section of the Bedřichov tunnel is
presented in the classification diagram QAP for plutonic rocks (Fig. 9.). The maximum of
projection points (two thirds of 24 samples) belongs to the Jizera granite.

Fig. 9. QAP classification diagram (quartz : alkali feldspar : plagioclase) (Le Maitre, ed. 2002) of
rocks in A section of the Bedřichov tunnel. Explanation: open circle – monzogranite (Jizera granite),
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(16 samples), triangle – graphic alkali-feldspar dyke granite of aplite-like macroscopic appearance,
diamond – alkali-feldspar (epi)-syenite (1 sample), star – monzogranite autolith related to
syenogranite (1 sample), solid square – mafic enclaves (2 granodiorites, 2 tonalites, 1 quartz diorite).
Numbers in the diagram mark footage in meters from tunnel entrance.

Jizera granite
In the Bedřichov tunnel is developed as a richly porphyritic light pink rock with coarsegrained groundmass. The main components comprise K-feldspar (mainly as phenocrysts),
plagioclase and quartz being present in nearly equal proportions, followed by less abundant
and smaller-size biotite and locally by minor amphibole. Apatite, zircon and allanite present
in euhedral corroded and zoned crystals are the main accessory minerals; xenotime presence
is suspected. Opaque minerals may be represented by magnetite, but they are often completely
absent. Chlorite, sericite, epidote, titanite and rare calcite are secondary minerals. The overall
mineralogical composition of the Jizera granite penetrated by A section of the Bedřichov
tunnel exhibits limited variation. According to the IUGS classification it corresponds on
average nearly to an ideal monzogranite (Fig. 9.).
Although the mafic enclaves make in the studied section much less than 0.5 % by volume,
they represent petrogenetically important rock-types. The set includes five samples (138b,
2032, 2040-50, 2393 and one sample without location) and one sample of dark schlieren.
These rock-types have much smaller grain-size when compared with the Jizera granite. Their
position in the QAP diagram (Fig. 9.) corresponds to significantly decreased content of Kfeldspar; two samples are granodiorites, two tonalites and one quartz diorite. Dark minerals
are biotite and amphibole. These rocks always contain some quartz, often in the form of large
poikilitic grains enclosing smaller crystals of dark minerals. Increased content of apatite in the
form of needle-shaped crystals enclosed in light minerals is a striking feature. The studied
basic enclaves are not derived from sedimentary rocks, but rather represent specific types of
magmatic rocks with uncertain relation to the Jizera granite. Surprisingly, mafic enclaves may
carry internally positioned phenocrysts of K-feldspar, sometimes even with a white rim of
plagioclase of similar character as rapakivi structure in the Liberec granite. The mafic
schlieren in granite indicate by their composition derivation from former mafic enclaves via
assimilation by flowing magma.
Liberec granite
According to the present typology of granitoids of the Krkonoše-Jizera Composite Massif
(Klomínský, ed. 2004) granite encountered in the Bedřichov B tunnel belongs to the
porphyritic Liberec granite. This granite type is different from the Jizera type granite present
in A section of the tunnel. According to IUGS petrographic classification it is a biotite
monzogranite with biotite affected by chloritization. Intensity of this alteration varies
considerably. In its mineralogical composition and structural-textural properties the granite
seems to be uniform along the entire length of the tunnel, and free of differentiation
phenomena. Specific features include the absence of amphibole and muscovite, missing
“rims” of biotite aggregates around feldspar crystals (a feature common in the upper
Bedřichov tunnel), occasional occurrence of allanite, and minimum deformation features in
quartz indicating limited stress effects in this part of the rock massif.
Six samples of granite (Liberec granite) were collected for geochemical study in B section of
the tunnel at footages of 1040, 1590, 1986, 2559, 2870 and 3048 m (distance from the
Bedřichov entrance) and one sample (Jizera granite) in A section at footage of 1100 m from
the tunnel entrance. The samples were analysed in laboratory of the Czech Geological Survey
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for major elements and for some trace elements using RFA/XRF and FAAS methods.
Analytical data are summarized in Tables 1 and 2.
Tab. 1. Chemical analyses of major element s(in %) in six granite samples from the Bedřichov tunnel
(1 –6 section B and 7 section A)
Sample
No.
Footage
(m)
SiO2
TiO2
Al2O3
Fe2O3
FeO
MnO
MgO
CaO
SrO
BaO
Li2O
Na2O
K2O
P2O5
F
CO2
C (other)
S tot.
H2O+
H2OF (eq.)
S (eq.)
Total

1

2

3

4

5

6

7

1040

1590

1986

2559

2870

3048

1100

71.86
0.37
13.81
0.75
1.84
0.057
0.61
1.66
0.013
0.051
0.014
3.41
4.53
0.116
0.126
0.03
<0.005
<0.005
0.60
0.09
-0.053
-0.001
99.93

73.39
0.30
13.4
0.74
1.42
0.050
0.48
1.24
0.009
0.033
0.012
3.25
4.89
0.078
0.124
0.03
0.006
<0.005
0.63
0.08
-0.052
-0.001
100.01

72.85
0.31
13.36
0.72
1.61
0.058
0.51
1.38
0.009
0.036
0.010
3.33
4.64
0.092
0.131
0.03
<0.005
0.033
0.71
0.11
-0055
-0.008
99.93

72.14
0.3
13.66
0.83
1.57
0.058
0.57
1.53
0.011
0.038
0.013
3.38
4.66
0. 37
0.122
0.05
<0.005
<0.005
0.68
0.14
-0.051
0.000
99.93

71.22
0.36
14.22
1.07
1.44
0.058
0.57
1.54
0.011
0.032
0.014
3.54
4.61
0.097
0.142
0.15
0,. 05
0.014
0.71
0.18
-0.060
-0.003
99.98

72.99
0.29
13.50
0.78
1.36
0.057
0.50
1.41
0.010
0.034
0.012
3.38
4.60
0.079
0.134
0.10
<0.005
<0.005
0.61
0.11
-0.056
0.000
99.97

70.53
0.44
14.12
0.73
2.03
0.063
0.85
2.02
–
–
–
3.44
4.17
0.14
–
–
–
–
0.75
–
–
–
99.28

Tab. 2. Trace element contents (in ppm) in six granite samples from B section of the Bedřichov tunnel
(contents of Mo, Ag, Cd and Cs are below detection limit; Be and V were analysed by FAAS method,
other elements by RFA/XRF)
Sample No.
Footage (m)
As
Be
Cr
Cu
Nb
Ni
Pb
Rb
Sn
Sr
U
V

1
1040
4
5.2
12
5
13
13
24
241
10
119
7
28

2
1590
3
4.6
7
3
16
13
25
250
11
86
13
18

3
1986
5
5.7
7
15
15
14
31
249
8
88
10
12

4
2559
4
5.5
11
4
16
12
24
239
7
98
6
25
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5
2870
2
5.1
13
6
18
9
25
257
6
102
10
24

6
3048
3
5.1
14
6
17
12
23
253
4
93
10
23

7
1100
8
–
18
9
–
14
18
219
10
135
8
–

Y
Zn
Zr

37
46
183

36
45
179

36
48
190

42
51
190

41
51
183

33
45
162

38
55
180

Chemical analyses of six granite samples from B section of the Bedřichov tunnel lead to the
following conclusions:
•

Variation in major element and trace element abundances in the analysed samples is
very small;

• Variations in chemical composition in relation to the position of samples in the tunnel
are not significant. There exist limited and irregular indications of such variation
only for some elements;
•

The major element composition in six samples proves their sub-alkali, calc-alkali
character with a weak peraluminosity;

•

The contents of trace elements show similarities with the average composition of the
upper crust;

•

Tectono-magmatic characteristics of studied granites is not sharply defined, there are
similarities with syn-collisional granites.
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Basalt dykes
Several alkaline olivine basalt dykes of Tertiary age occur at footage of 818 meters and 874
meters from the Josefův Důl dam (the dykes are covered at present by concrete casing). Width
of the dykes varied in a range of 75–140 cm. The dykes trending NW-SE exhibit dark grey
greenish colour shades and massive structure. The rock is porphyritic with ophitic texture of
groundmass. It is composed of plagioclase, pyroxene, opaque minerals and pseudomorphs
after olivine composed of a mixture of amphibole, serpentine and chlorite (Němeček, 1982).

3.3 Tectonic network in neighbourhood of the Bedřichov tunnel
Detailed structural mapping at the 1:10,000 scale was carried out on the surface to
characterize magmatic fabrics and brittle fractures in the area surrounding the Bedřichov
tunnel and to provide a basis for correlation of surface structural data with sub-surface data
from the tunnel. The mapped area is mainly made up of the porphyritic Jizera granite (Fig.
10.).

Fig. 10. Structural map of surface area in surroundings of the Bedřichov tunnel (section A) depicting
the orientations of magmatic lineations, magmatic foliations, and brittle fractures. Stereograms
(lower hemisphere, equal area projection) show the orientations of joints at different locations within
the mapped area.

Magmatic fabrics
Planar and linear forms of preferred orientations of K-feldspar phenocrysts (up to 5 cm in size)
define magmatic foliation and lineation in the Jizera granite. Our mapping revealed the
presence of three distinct magmatic foliations based on their orientation and overprinting
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relationships. Two foliations dip steeply and strike either ~NE-SW or WNW- ESE to NWSE. The dominant magmatic foliation, however, dips gently and shows variable strikes.
The fabric ellipsoid is mostly oblate as the magmatic foliation is intensely developed, whereas
magmatic lineation is mostly not macroscopically discernible. In rare cases, the lineations
are equally developed as foliations and define plane-strain fabric ellipsoid. Kinematic
indicators, such as imbrications of K-feldspar phenocrysts (tilling), provide no consistent
regional pattern in the study area. Instead, the local kinematics varies largely and in many
cases an opposite "sense of shear" was observed on a single outcrop at decimetre-scale.
Wherever seen on a single outcrop, relations between the steep and flat-lying foliations are
as follows: (1) either single K-feldspar phenocrysts that define the steep foliation, or
smaller decimetre-scale domains of steep foliation, are scattered (isolated) within the overall
flat-lying foliation. In such cases, the foliation abruptly changes its orientation from one to
another within a few centimetres with individual K-feldspar phenocrysts of the respective
foliation being oriented almost at right angle; (2) steeply oriented microgranular enclaves
remain parallel to one of the relict steep foliations but most of the K-feldspar phenocrysts in
the host granite are reoriented to form a subhorizontal foliation. The relative overprinting
relationships thus seem to indicate that the flat-lying foliation overprints the two steeper
foliations.
Brittle fractures
Fracture network of the Jizera granite in the study area is characterized by the presence of
systematic steep fractures, locally variable non-systematic fractures, and sub-horizontal
fractures. The steep fractures (70-90° dip) form two prominent regional sets that are present
on the majority of outcrops being widespread throughout the plutonic complex. The two sets
are nearly perpendicular, or at high angle to each other; one set strikes NE-SW and the other
NW-SE, both having some minor deviations from the dominant strike. On outcrops, each
set typically consists of multiple individual fractures that are approximately planar and
subparallel to one another with spacing that varies between 1 cm and several meters.
Fractures in a given set predominantly do not interact with one another even at small
spacing. No consistent relative time relationships (e.g. termination of fractures of one set at
fractures of the other set, curvature of one joint set towards the other) between the two sets
were observed. Where fractures of one set meet the other, they provide ambiguous time
relationships. Most commonly, on subhorizontal exposure vertical fractures of the two sets are
straight and intersect at high angles with no changes in orientation. Fractures are barren on
most of outcrops but in places also coated by thin films of chlorite, epidote and hematite,
or quartz and calcite to form veins and veinlets.
Typically, the vertical fractures of both sets crosscut microgranitoid enclaves or aplitic
dykes without offsetting them. Also, at the grain-scale, the fractures consistently crosscut
individual grains without any even very small offset. Majority of steep fractures show no
shear offset of grains parallel to fracture planes. Moreover, where fractures are healed by
quartz or calcite to form veins, the displacement of fracture surfaces occurred in the direction
perpendicular to fracture wall. Only a small number of fractures in the study area bears
slickenlines or slickenfibers on their surfaces and thus may represent minor shear fractures or
reactivated pre-existing opening-mode fractures.
The sub-horizontal fractures could be in many cases interpreted as late sheeting or exfoliation
joints, as they are closely spaced (with even less than cm spacing), follow the present-day
topography, cut across the steep fractures, and are confined to the near-surface level.
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Fig. 11. The fracture network in the Hraničná granite quarry, 3 km south of the Bedřichov tunnel A. The
exfoliation planes in the near-surface zone, which has a limited continuation in the interior of the
granite massif, represent the youngest set of fractures.

In the program of structural study of the land surface near the Bedřichov tunnel we obtained
basic characteristics of magmatic fabrics and fracture network. The structural data show that
there are two dominating sets of fractures trending NE-SW and NW-SE, which strongly
correlate with steep magmatic fabrics. These two orthogonal systems are developed regularly
throughout the area, without any lateral or vertical gradient in distribution and frequency of
fractures. At the later stage horizontal movements reactivated the vertical fractures. The
exfoliation planes in the near-surface zone, which has a limited continuation in the interior of
the granite massif, represent the youngest set of fractures (Fig. 11.). In addition, random
small-scale fractures of uncertain origin were observed. Exclusively the two systems of
vertical fractures have a continuous distribution in the area, both on the surface and in the
tunnel. Their continuation into deeper parts of the massif can be assumed.
The main difference between the surface situation and structures in the tunnel is the absence
of subhorizontal fracture systems and exfoliation in the tunnel. These fracture systems have
probably a limited extension into depth, as they are restricted to a thin near-surface zone.
None of them were observed in any part of the tunnel. Alternatively, there is a mineral filling
typically 1-10 mm wide.
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4 MAIN RESULTS OF THE STUDY
From the very beginning of the investigation, the research was not conducted in a complex
way and proportions of the individual types of work were not balanced. Working teams
focused their efforts on acquisition of data useful for preparation, designing, verification and
validation of advanced models. Nevertheless, during the early stages of works it was
necessary to describe and characterize the rock environment in the tunnel. It is important to
realize that except for the basic documentation prepared during construction and immediately
after completion of the tunnel, no additional geological data were available.
Several technical steps, undertaken prior to the start of the present research program,
significantly contributed to effective work: the NW wall of the drilled part of the tunnel was
washed up to the 2 m height; marks for 1 m intervals, corresponding to the official length
marking in the tunnel, were positioned; the NW wall of the tunnel was photographed at one
metre intervals with overlaps, so that each individual picture documents part of the wall with
dimensions 2.3 x 1.8 m. The single photographs printed on A4 format served as a base map
for structural and geological mapping. A digital photo mosaic was prepared from individual
pictures for other research programs (Fig. 12. and 13.).

Fig. 12. Scheme of the Bedřichov tunnel (A section) showing those parts with photogrammetric record
and geological-structural documentation.
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4.1 Structural analysis of granites in the Bedřichov tunnel
Pioneering studies of Hans Cloos (1925) represent landmarks in structural analysis of
magmatic bodies and have greatly improved our understanding of magmatic processes.
Cloos' concept of "granite tectonics", borrowed and popularised in the U.S. by Balk (1937),
has undoubtedly started up yet vigorous research on jointing, magmatic fabric formation and
emplacement of granite plutons. Indeed, magmatic fabric and emplacement studies have
become popular after the recognition of their significance for evaluation of crustal-scale
processes including granite petrogenesis, metamorphism and regional tectonics.

Fig. 13. Photo mosaic of the Bedřichov NW tunnel wall (section A) between 120 to 150 m footage
(from the tunnel entrance) and structural map of tectonic network. Fracture classification: violet –
extensive fractures with no filling, orange – extensive fractures with filling, black – basalt andesite
dyke, green - reactivated fractures, purple – cataclastic fractures, yellow – unclassified fractures.
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Cloos (1925) in his work on the Krkonoše-Jizera Composite Massif, interpreted planar and
linear alignment of magmatic minerals, i.e. magmatic foliations and lineations in the modern
terminology (Paterson et al., 1989; Paterson et al., 1998; Vernon, 2000) to represent magma
flow planes and flow lines in a magma chamber, respectively. He postulated a genetic and
geometric correlation between these "primary flow fabrics" and "primary" joints, i.e. joints
formed "during the time of consolidation" of a pluton (Balk, 1937). Four classes of
"primary" joints were identified on the basis of fabric/joint relationships: (i) cross joints (Q)
that are perpendicular to the foliation and lineation as a result of elongation during drag of
the mobile core against the walls or roof, or as a result of continued expansion of the
intrusion; (ii) longitudinal joints (S) that are parallel to lineation and perpendicular to both
foliation and cross-joints and were interpreted to have formed during cooling and shrinkage of
the intrusion; (iii) flat-lying joints (L) that develop near roof as the intrusion shrinks during
cooling or as a result of relaxation of vertical stress during and after emplacement; (iv)
diagonal joints (D) that form as shear fractures at 45° or less to the foliation as a result of
shear stress during lineation-parallel stretching of the intrusion.
Apparently, the recent views of fabric development and brittle deformation of granite plutons
show (e.g. Žák et al. 2005) significant decoupling from the original Cloos' model and
rise several outstanding questions: (i) If different sub-fabrics or even multiple magmatic
fabrics are present in a pluton, how they are related to the fracture network? (ii) Does the
higher strain and thus higher magmatic fabric intensity localize fracture initiation, i.e., are the
domains with preserved stronger fabric and thus higher mechanical anisotropy prone to
more intense fracturing than domains with weak fabric? (iii) Do the spatial variations and
homogeneity or heterogeneity of magmatic fabrics match the variations in fracture network?
(iv) Does the possible geometric correlation between magmatic fabrics and fractures (as
implied by the Cloos' model) remain constant at different structural levels within a granite
pluton? (v) What are the quantitative aspects of correlation between magmatic fabrics and
brittle fractures?
Detailed structural mapping, image analysis of tunnel walls, and anisotropy of magnetic
susceptibility method (AMS) are used to compare quantitatively the shape preferred
orientation of K-feldspar phenocrysts, orientation of magnetic susceptibility ellipsoid,
and natural brittle fractures. Finally, we challenge the concept of the close genetic
relationship between magmatic fabrics and joints in plutons (the "granite tectonics") in the
light of our observations and discuss broader implications of our research for the interpretation
of structures in plutons.
4.3.1 Database and statistical processing of structural measurements
The registration of geological objects (fractures, dykes, enclaves and schlieren) in the MS
Excel program took place with reference to x, y, z, Gauss co-ordinates defining their position
one metre above the tunnel floor. Data on individual objects include, in addition to strike and
dip, angles of fractures, enclaves, schlieren, mineral veins and rock dykes, dimensions of long
and short axis of enclaves, and also coded data on dimensions, petrographical and
mineralogical composition. The structural data were processed with the use of SFERISTAT 2
program in the form of circular diagrams in the Schmidt equal area projection, radial
frequency diagrams, frequency diagrams, and in the map projection for the purpose of
analysis of trend and 3-D orientation, frequency and density of fracture network and fracture
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filling. Special attention was paid to fractures without filling, formed as destructive effects in
the process of tunnel construction.
The first data set was derived from the original documentation collected during the tunnel
construction (Němeček 1982, 1984). The second data set was compiled in the process of
detailed geological mapping during the present study. The obtained data were stored in a
tabular editor. The data include information on strike and dip of individual structures,
information on their morphology and mineralogical composition, and location of their
projection onto a horizontal plane running through the centre of the tunnel. The data on
position of objects in meters were transformed to geographic co-ordinates to make possible a
comparison with measurements on the surface outcrops. The measured data (strike and dip)
were plotted in the map projection and in the longitudinal profile of the tunnel. Fracture
frequency classification according to fracture fillings –open fractures, fractures filled by clay
minerals and fractures filled by quartz were summarized in ten meters intervals (see Fig. 23.).
For statistical evaluation a unified database was created including all-important data on planar
elements in the Bedřichov tunnel, acquired during the new detailed structural study
(Klomínský et al. 2005).
The structural-geological measurements undertaken during the second stage of structural
mapping in A and B sections of the Bedřichov tunnel (Table 3.) was saved in the form of
Excel tables for structured storage of data on the analyzed brittle fractures in such a way that
the data could be classified and statistically treated and evaluated with the use of a simple
algorithm. After the audit of structural data the Excel table was substantially expanded, to
provide a basic classification and some statistical data processing automatically in the
prepared table (Table 4.).
Fracture classification proceeds automatically in the Excel database. The basic characteristics
of each fracture is classified automatically with a six digit numeric code, recording continuity
or termination of the structure, its size and significance, curvature, surface morphology,
fracture filling or mineralization, opened or healed condition affecting cohesion and friction
on the particular plane (see Table 5.).
Table 3. Table of structural data of fracture network in granitoids of A section of the Bedřichov tunnel
(example).
Gauss coordinates

No.

Footage
( m)

x

y

Azimuth

Dip

Code

Width
(mm)

3511339
3511340
3511340
3511340

z (m
a.s.l.)
670
670
670
670

1
2
3
4

118.00
118.50
118.90
119.00

5628475
5628475
5628476
5628476

80
136
58

40 SW
74 SE
84 SW
75 NW

4
1
4
3

0.1
0.1
0.1
0.1

5
6
7
8
9
10
11

119.20
119.40
119.50
120.25
120.60
120.70
120.70

5628476
5628476
5628476
5628476
5628476
5628476
5628476

3511340
3511340
3511340
3511341
3511342
3511342
3511342

670
670
670
670
670
670
670

188
209
71
134
209
138
232

50 NE
82 W
58 SE
74 NE
72 SW
72 NE
82 NW

1
4
1
1
4
4
3

0.1
0.1
0.1
0.1
0.1
0.1
15

1 – open fracture, 3 – mylonite + graining + chlorite, 4 – chlorite coating + limonite + heamatite .
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Remarks
chloritization
no filling
chlorite coating
kaol. +
chloritization
no filling
chlorite coating
no filling
no filling
chlorite coating
chlorite coating
mylonite

Table 4. A scheme of structured table showing characteristics of brittle deformation structures
recorded in A and B sections of the Bedřichov tunnel.
Column
No.
1
2-4

Column
Symbols
A
B-D

5-21

E-U

22-23
24
25-32
33-34
35-38
39-42
43-47
48-55

V-W
X
Y-AF
AG-AH
AI-AL
AM-AP
AQ-AU
AV-BC

56-57
58-65

BD-BE
BF-BM

66-71
72

BN-BS
BT

73-89
90-112

BU-CK
CL-DH

Content of columns

Use of columns

unique number of structure in database
designation of structure and location of its description in
field documentation
orientation of planes and lineations (measured orientation,
correction factors, recalculated orientations)
notes and verbal description
possible relation to a group of structures
continuity or type of termination, mutual intersection
size of structure
curvature of structure
morphology of the structure surface
type of filling and mineralization
opened or closed character of structure, healing and other
factors, which may relate to cohesion and friction on
respective plane
structure width
genetic, kinematic and other features observed on the
plane
numerical codes of classification
indication of possible duplicity in database

basic database

automatic classification
supplementary
information in database

auxiliary columns for calculations
copies of data from Excel tables of older databases and
control of correct tie-up with respective lines of the new
database

supplementary
information in database

Table 5. Classification of planar structures studied in the Bedřichov tunnel: table of code numbers
attributed to six classified properties of structures A – F (properties without number correspond to
zero).
A – first number of the code; continuity and type of structure termination
1
No
termination
observed on
the outcrop
scale

2

3

4

5

6

7

The plane
is
terminated
by another
structure

The plane dies out

The plane
passes
gradually into
another
structure

The plane dies
out and at the
same time it is
terminated on
another
structure

The plane is
terminated by
another
structure and
at the same
time it passes
into yet
another
structure

The plane dies
out and at the
same time it
passes
gradually into
another
structure

B – second number of the code; size (importance) of structure
2
1
3
Very small plane
(dimension less than 1
meter)

Medium-size plane

Large plane, probably or
certainly exceeding
dimensions of tunnel crosssection

C – third number of the code; curvature of structure
1

4
Particularly large plane,
definitely exceeding
dimensions of tunnel crosssection
2
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Planar plane
1

Curved plane

D – fourth number of the code; surface quality of the structure
2

Smooth surface

Relatively smooth
uneven surface

or

slightly

3
Uneven or very coarse surface

E – fifth number of the code; presence of filling
1
2
No fracture filling or mineralization on the surface
Fracture filling or mineralization are present
F – sixth number of the code; openness, closed state, healing of structure, etc.
1
2
3
4
Not healed, closed
structure (cohesion clearly
different from zero)

Clearly opened
structure

Structure healed by
filling (healed
veins)

5

Not healed (or reactivated) vein
structures

Schlieren

The unified database of planar structures in A section of the tunnel, formed following the
above-characterized rules, contains after revision and completion 3 894 entries. Among them,
195 entries are duplicities resulting from repeated measurement of the same structure. The
total number of individual entries is thus 3 699, including 3 654 (95 %, see Table 6.)
structures with determined orientation (strike and dip). Particular attention was paid to brittle
fractures with striations. The total number of documented fractures with striations is 81.
Table 6. Number of structures of various types in the new unified database of the tectonic network of
A section of the Bedřichov tunnel.
Significance/size of structures
0 – not identified
1 – very small plane, less than 1 meter long
2 – medium-size plane
3 – large plane, dimensions probably or certainly
exceeding dimensions of tunnel cross-section
4 - especially prominent structure with dimensions
definitely exceeding dimensions of tunnel
cross-section
All structures

Number of structures
with known orientation
225
2139
1082
190

Number of all structures of
given significance/size
229
2153
1104
195

18

18

3654

3699

The structures recorded in the database are of various dimensions and significance. The size
(or significance) of individual structures represents information on fundamental importance
during the interpretation or statistical evaluation of data. For this reason, structures in
database are classified according to their dimensions (or significance) into four groups. The
measure 1 marks structures of the least importance, not exceeding 1 m in length. These are the
most abundant structures in the database (Table 5.). Structures of medium size with
dimensions exceeding 1 meter are marked by measure 2. The measure 3 marks large
structures probably or certainly exceeding dimensions of tunnel cross-section. The measure 4
marks particularly prominent structures such as dykes or dislocations accompanied by a wider
zone of crushed rocks. Data in Table 6. show that the number of important structures
(measures 3 and 4) in the database is by order of magnitude lower than the number of less
important structures (measures 1 and 2). In the case of 229 structures it was not possible to
define reliably their importance and they were attributed measure 0. It is likely that all these
structures belong most probably to structures of lesser importance (significance 1 or 2 at
maximum).
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4.3.2 Magmatic structures
Magmatic structures in granite plutons represent record of processes preceding final
solidification of the magma. The analysis of structures of magmatic rocks permits
interpretation of magma ascent, its emplacement and deformation (tectonic) events affecting
the enclosing rocks on regional scale. The information on magmatic, sub-magmatic and subsolids structures is encoded in the Bedřichov tunnel in the preferred orientation of biotite
schlieren, mafic enclaves, K-feldspar phenocrysts and the rock forming mineral biotite.
Detailed macro- and micro-structural mapping of individual elements of magmatic structures
of granite bodies in combination with methods of fabric analysis, e.g. anisotropy of magnetic
susceptibility (AMS) or the preferred orientation of minerals via back-scatter electrons
(Electron Back-Scatter Diffraction; EBSD) permits an objective and comprehensive analysis
of the fabric and structure. Anisotropy can be one of the factors governing formation of the
primary fracture network in rock massif allowing modelling of their preferred orientation. The
study of magmatic structures in granite permits identification of the direction of minimum
residual stress in the massif and consequently optimal 3-D orientation of underground storage
sites from the viewpoint of their long-term stability.
The magmatic structures in the Jizera and Liberec granites preserve field evidence for
localized magmatic differentiation, multiphase laminar flow and other physical processes that
operated in crystal-rich granitic magma after the chamber-scale dynamic mixing and
hybridization. The formation of mafic schlieren presumably involved gravitational settling,
velocity gradient flow sorting, and interstitial melt escape within the crystal mush along flow
rims. The schlieren geometry indicates that the flowing mobile magma utilized a network of
small-scale weaker channel-like domains through the high-strength crystal framework and
that the bulk laminar magma flow in the channels was partitioned into flow lamina to produce
schlieren cross-beds. The vertical schlieren tubes or ladder dikes formed during local thermal
or compositional convection, whereas the flow in subhorizontal tubes or channels was
perhaps driven by lateral gradients in magma pressure. After the cessation or deceleration of
the channel flow, gravity-driven processes (settling of crystals and enclaves, gravitational
differentiation, development of downward dripping instabilities accompanied by filter
pressing and melt segregation) dominated in the crystal mush. Subsequently, magmatic folds
developed during schlieren layer-parallel shortening or upward movement of underlying
magma and the crystal-rich mush recorded complex, late magmatic strains at high magma
crystallinities. Late-stage magma pulsing into submagmatic cracks completed the hypersolid
history of the chamber prior to its final crystallization.
The Bedřichov tunnel exposed a large number of unique magmatic structures, which represent
on the small-scale in homogeneities of granite massif, and can be classified into several major
types (Fig. 14.):
Simple planar schlieren and schlieren channels
Mafic schlieren are largely defined as irregular or planar accumulations of biotite. They often
exhibit sharply bound base and pass upwards gradationally into granite. Schlieren typically
occur along margins of flow channels (Fig. 14.) in magma and they are often similar to
structures in loose sediments of river channels, e.g. “cross-bedding”.
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Fig. 14. Examples of composite magmatic structures – biotite schlieren and microgranular mafic
enclaves.

Magmatic folds
In some cases the original planar schlieren or aplite and pegmatite dykes are folded into
structures of meter scales. Fig. 15. shows mafic schlieren, which were probably intruded and
deformed by the underlying granite. During this process were formed antiformal structures
and parts of the schlieren body were broken off and submerged in the underlying granite.
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Fig. 15. Magmatic folds and schlieren antiforms in A section of the Bedřichov tunnel.

Gravitational structures
Some structures can be interpreted as resulting from gravity differentiation of magma. In Fig.
16. mafic enclave in inhomogenous Jizera granite deformed underlying schlieren.
Magmatic fold exposed in the Bedřichov tunnel 210 m from its western entrance,
resembles a schlieren anticline (heading upwards as inferred from schlieren truncations)
defined by planar, upward-graded schlieren to form fold limbs with cross-cutting schlieren
channels preserved in the summit part of the anticline (Fig. 15.). K-feldspar phenocrysts are
concentrated above the schlieren of one fold limb, with the schlieren being deflected around
the base of the accumulation. A large xenolith of coarse-grained porphyritic granite of
uncertain origin rests on top and deforms the underlying K-feldspar accumulation. The upper
part of this complex structure is formed by leucocratic (pegmatite, aplite) layer, also being
folded roughly parallel to the mafic schlieren. The pegmatite layer is not disrupted by the
xenolith, and thus must represent a feature that postdates the xenolith sinking. The magmatic
fold is discordantly truncated by a submagmatic crack with sharp outer margins delineated by
mafic schlieren and filled with “normal” porphyritic Jizera granite.
Structure shown in Fig. 16. exposed 336 m from the western entrance of the tunnel is hosted
in the Jizera granite and is defined by upward-grading biotite schlieren having a sharp base.
The structure intersects the opposite tunnel walls, establishing its three-dimensional shape and
orientation. The overall shape of the structure resembles an antiform (Fig. 16.) having a
subhorizontal axis trending ~120°. The antiform is overlain by darker, medium-grained,
equigranular to weakly porphyritic granite to granodiorite. The contact between the host
porphyritic Jizera granite and the darker equigranular granite is mostly sharp but drapes round
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the K-feldspar phenocrysts within the Jizera granite. A microgranular enclave rests on the
summit part of the schlieren antiform (within the darker equigranular granite).

Fig. 16. Mafic enclave in the heterogeneous Jizera granite deformed the underlying biotite schlieren.

Accumulation (cumulates) of feldspar phenocrysts and their preferred orientation
Accumulation of feldspar phenocrysts (with significantly higher modal ratio of feldspars) is
common on meter-scale in both types of porphyritic granite in the Bedřichov tunnel. Such
domains form irregular or platy bodies showing gradational or sharp contacts with adjacent
granite. In detail, phenocrysts in these accumulations are very closely packed with minimum
quantity of groundmass between phenocrysts. In some cases the feldspar accumulations pass
gradually upward to leucocratic fine-grained granite formed from the intercumulate melt
segregated in the process of compaction of the cumulate.
Preferred orientation of K-feldspar phenocrysts belongs to magmatic macro-structures in the
Jizera granite. Intensity of preferred orientation of phenocrysts indicates the degree of granite
anisotropy. Relation of orientation of K-feldspar phenocrysts to other magmatic structures
permits determination of the temporal position in processes preceding the final solidification
of the melt.
Submagmatic fractures
Such fractures are likely to have been formed in incompletely solidified rock (magma). They
have sharp boundaries and the fractures are often filled with porphyritic, fine-grained granite
or they contain mafic schlieren.
Composite structures
The most complicated structure documented in A section of the Bedřichov tunnel involves
combination of several types of structures defined above. (see Fig. 18.)

4.3.3 Photogrammetric analysis of K-feldspar phenocrysts and mafic enclaves
orientation
A study of orientation and fabric intensity of K-feldspar phenocrysts was undertaken in
selected parts of the Bedřichov tunnel as a component of research of magmatic fabric and
structures in the Jizera granite of Krkonoše-Jizera Composite Massif. Particular attention was
paid to the relation with brittle structures (Fig. 17.).

32

The two-dimensional analysis of shape-preferred orientation (shape-fabric) of K-feldspar
phenocrysts was carried out along the examined section of tunnel wall (120-220m from the
tunnel entrance; Fig. 18.) in order to reveal changes in orientation, intensity, and homogeneity
of magmatic fabric in the Jizera granite. We are aware that this analysis takes into account
only "apparent fabric" in two-dimensional section through the three-dimensional "true"
magmatic fabric. However, this approach is justified by the fact that any change in the
"apparent fabric" must also represent change in the "true" fabric in three dimensions.
For this analysis, the long axes of sections through K-feldspar phenocrysts were traced from
photo mosaics to construct a map of the tunnel wall (Fig. 18.). Moreover, at 16 sites sampled
for AMS and at one other site, phenocryst outlines were traced from photographs in 1 m2
area around the sampling site to obtain more detailed picture of fabric characteristics. The
crystals' long axes were treated as axial data of unit length and their orientation was
measured using the freeware UTHSCSA ImageTool program (ftp://maxrad6.uthscsa.edu).
The orientations are given as the angle between the long axis and horizontal reference line.
The angle ranges from 0° to 180° and is measured anticlockwise from the reference line. The
circular data are presented as rose diagrams and quantitatively characterized by mean vector
orientation, and mean vector length R which expresses the strength of the alignment (R=1 for
perfect preferred orientation, R=0 for uniform or perfectly bimodal distribution; Borradaile,
2003).
Results of the image analysis, summarized in tunnel wall map in Fig. 18, reveal the
following important characteristics of K-feldspar shape-fabric in the Jizera granite.
Domains of homogeneous strong shape-fabric, characterized by unimodal orientation
distribution and R exceeding 0.8, alternate with domains of weak shape-fabric, characterized
by multimodal orientation distribution and R around 0.6. The K-feldspar shape-fabric also
displays significant gradual or abrupt changes in orientation, as exemplified by domains of
steep phenocryst alignment (and thus also steep "true" fabric) changing into domains of subhorizontal phenocryst alignment. In examined section of the tunnel, these changes in both
orientation and intensity occur over a meter to tens of meters scale. K-feldspar phenocrysts
also in some places follow a "wave-like" pattern marked as undulations of phenocryst traces
with a meter-scale wavelength. Importantly, the K-feldspar shape-fabric variations are
unrelated to the location and orientation of brittle fractures, or their clusters, and also bear no
relations to the intensity of fracturing of the granite (Fig. 18.).
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Fig. 17. Examples of K-feldspar phenocrysts in the Jizera granite of A section of the Bedřichov
tunnel. 1 – parallel orientation of K-feldspar phenocrysts, perpendicular to the margin of aplite dyke.
2 – flesh-red phenocryst of K-feldspar in medium-grained groundmass composed of plagioclase,
quartz and biotite aggregate. 3 – oval K-feldspar phenocryst of the rapakivi type with a prominent rim
of plagioclase. 4 – K-feldspar phenocrysts of various size, colour and origin, 5 – tectonic
disintegration of K-feldspar phenocrysts in an early stage of granite solidification. 6 – segmentation
of a K-feldspar phenocryst by a thin calcite veinlet.
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Fig. 18. Map of preferred orientation in the form of radial frequency diagrams
(frequency/orientation) of K-feldspar phenocrysts and mafic enclaves in respective domains in walls
of the Bedřichov tunnel (footage 120 – 220 m). 1 – K-feldspar phenocrysts, 2 – radial frequency
diagrams of local preferred orientation of K-feldspar across 1 m 2 of the tunnel wall (BT 1–BT 11), 3 –
radial frequency diagrams (frequency/orientation) of K-feldspar phenocrysts across marked domains
(1-9), 4 – radial frequency diagrams (frequency/orientation) of microgranular enclaves across
marked domains (1-9), 5 – BT 1-11 AMS (magnetic susceptibility) sample locality.
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The results of photogrammetric analysis proved in 100 m long interval the existence of
distinct variability in the preferred 2-D orientation of feldspar phenocrysts. It was possible to
quantify relict magmatic structures with steep orientation, which were to variable degree reoriented to subhorizontal directions. Magmatic structures with subhorizontal orientation
exhibit considerable variation in their intensity.

Fig. 19. Examples of microgranular mafic enclaves and xenoliths (right bottom) observed in tunnel
walls of the Bedřichov tunnel A and B.

Mafic enclaves and their preferred orientation
The statistical analysis of frequency, size, flattening and dip of mafic microgranular enclaves
indicates the existence of a discrete swarm of mafic enclaves near the contact between the
Jizera and Liberec granites (near the entrance of A section of the tunnel and near the eastern
entrance of B tunnel). In these places the swarm of mafic enclaves probably substitutes for the
Fojtka granite exposed on the surface. The flattening of mafic enclaves increases from the NE
end of A tunnel to the western end of B tunnel being most pronounced in the Liberec granite
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(right top in Fig. 19.). Dip angles of mafic enclaves in the tunnel A indicate a presence of
magmatic folds with amplitude of several tens of meters large. In A tunnel predominates dip
of enclaves toward the SW, whereas in B tunnel the prevailing dip is to the east (Žák et al.
2007b, 2008)
4.3.4 Magmatic microstructures
In addition to the classic mesoscopic field study and microstructure study, a range of methods
was used to study magmatic structures. They include especially the following: (a) fabric
orientation analysis with optical goniometer, (b) analyses of 3-D orientation of crystal lattice
in back-scattered electrons (Electron Back-Scatter Diffraction – EBSD), (c) the universal
stage microscopic method (d) analysis of magnetic susceptibility (AMS).
The anisotropy of magnetic susceptibility (AMS; see Bouchez, 1997; Borradaile and Henry,
1997; Hrouda, 1982; Tarling and Hrouda, 1993 for reviews and principles of the method) was
carried out in the Jizera granite to reveal its magnetic fabric and to establish quantitatively
magnetic fabric parameters. Altogether 43 oriented samples (cores) were taken using a portable
drilling machine at 11 sampling sites along the wall of the Bedřichov tunnel at footage of 120220 m. (see Fig. 18. for footage of sampling sites). Our sampling strategy was to take
samples at sites covering a wide range of orientations and intensities of the K-feldspar
fabric and variable intensities of brittle fracturing along the examined section of the tunnel
wall. The AMS was measured with the KLY-3S Kappa bridge apparatus (Jelínek and
Pokorný, 1997) in the Laboratory of Rock Magnetism at AGICO Ltd., Brno, Czech Republic.
Statistical analysis of AMS data was carried out using the ANISOFT package of programs
(Jelínek, 1978; Hrouda et al., 1990; www.agico.com).
The AMS data are represented by the km, P, and T parameters defined as follows:
(i) km = (k1 + k2 + k3)/3; (ii) P = k1/k3; (iii) T = 2 ln(k2/k3 )/ln(k1/k3) - 1; where k1 > k2> k3 are
the principal susceptibilities. The k m parameter represents the mean bulk magnetic
susceptibility reflecting the qualitative and quantitative content of magnetic minerals in the
rock. The P parameter (Nagata, 1961), called the degree of AMS, reflects the eccentricity of
the AMS ellipsoid and thus indicates the intensity of the preferred orientation of the magnetic
minerals in the rock. The higher the P parameter, the stronger is the preferred orientation. The
T parameter (Jelínek, 1981) indicates the symmetry of the AMS ellipsoid. It varies from -1
(perfectly linear magnetic fabric) through 0 (transition between linear and planar magnetic
fabric) to +1 (perfectly planar magnetic fabric). The orientations of magnetic foliation poles
and magnetic lineations are presented in stereograms in the geographic (in situ) coordinate
system.
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Fig. 20. Fluctuation of magnetic susceptibility of the Jizera granite in the Bedřichov tunnel A.

Magnetic mineralogy
The mean bulk magnetic susceptibility is relatively high in the analysed samples and ranges
from 120.2 to 893.5 x 10-6 [SI]. The frequency distribution of the bulk susceptibility of the
Jizera granite (in situ measurements along the tunnel wall) is shown as a histogram in Fig. 20.
In order to determine the contribution of particular minerals to the bulk rock susceptibility,
we analysed bulk susceptibility variations with temperature on powder specimens of
selected samples. Four samples were measured at temperature interval of 25°C -700°C, using
the CS-3 Apparatus and KLY-3S Kappa bridge (Parma and Zapletal, 1991; Hrouda, 1994;
Jelínek and Pokorný, 1997).
Heating thermomagnetic curves of enclaves show hyperbolic courses from their initial parts
up to temperatures of 450-500°C and pronounced peaks close to 560-570°C. Above this
point, bulk susceptibility decreases rapidly. Thermomagnetic curve of quartz diorite sheet
(sample TEL 4/1) shows hyperbolic course in the entire temperature interval (20-700°C).
Thermomagnetic curve of host tonalite is characterized by hyperbolic course at temperature
interval of 20-500°C and pronounced peak close to 560-570°C. Above this point, bulk
susceptibility decreases rapidly.
Approach developed by Hrouda (1994), based on mathematical resolution of the initial
part of the heating curves by the least squares method, enables determination of contribution
of paramagnetic and ferromagnetic components to the rock bulk susceptibility. Using the
above method we estimate that the main AMS carriers in samples of enclaves and host
tonalite are paramagnetic silicates (hornblende, biotite) and magnetite, which contributed to
the bulk susceptibility approximately by 70% and 30%, respectively. In sample from diorite
sheet AMS was carried solely by paramagnetic silicates.
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Magnetic fabric parameters and orientation
The degree of anisotropy (P) varies from 1.007 to 1.239 and is predominantly low with the
majority of measured values being smaller than 1.1. The shape parameter (T) ranges from
-0.827 to 0.958 indicating both prolate and oblate shapes of the AMS ellipsoid. Magnetic
foliations and lineations are homogeneously oriented (Fig. 21.). The orientation of the poles
of magnetic foliations and magnetic lineations is presented as orientation data with the use of
stereograms (lower hemisphere projection, Schmidt-Lambert grid).
Magnetic foliations dip moderately to steeply and strike WNW-ESE to NW-SE; only a few
samples have other orientations (Fig. 21.). Most of magnetic lineations plunge shallowly to
moderately to the NW or SE, defining two prominent maxims at the periphery of stereogram
in Fig. 21. A small number of lineations plunge steeply at variable trends and define a girdlelike pattern between the two maxims. Importantly, in contrast to the K-feldspar fabric, no
significant gradients or changes in magnetic fabric intensity shape of the AMS ellipsoid or
orientation of magnetic foliations and lineations were observed along the examined section of
the Bedřichov tunnel.

Fig. 21. Orientation diagrams of magnetic foliations and lineations for samples from A section of the
tunnel analysed for AMS.

The magnetic fabric of granite (with magnetite as carrier) is different from the fabric of
feldspar phenocrysts. The AMS analysis indicates that the magnetic fabric probably records
the last increments of deformation before the final crystallization of granite.

4.4 Tectonic network in granites of the Bedřichov tunnel
The structural-geological mapping of walls in the Bedřichov tunnel included description and
classification of structural data including 5 500 entries from A and B sections of the tunnel.
They contain information on orientation, fracture filling, kinematics and orientation of stress
fields. The data were gradually complemented with the aim to propose a model of fracture
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network permitting stability assessment of tunnels constructed in granite massif. Visualization
of the main tectonic structures of the fracture network in A and B tunnels serves for basic
structural segmentation of the studied part of granite massif. Special attention was paid to
kinematic indicators on fracture planes.
Characterization of the fracture network
We documented the following main types of ductile to brittle structures in the examined
section of the Bedřichov tunnel:
(i)

Mylonite zones (up to tens of centimetres to meters across) that typically consist
of an anatomised network of narrow bands of very fine-grained, chloritized matrix.
Unlike the cataclastic zones and brittle fractures (described below), the finegrained mylonitic bands do not cut across but instead wrap around the Kfeldspar phenocrysts in granite. The mylonite zones are steep (75-90° dip)
striking NE-SW or NW-SE.

(ii)

Cataclastic zones are up to 20-30 cm wide and are characterized by intense
cataclasis of the granite into fine-grained gouge. Orientation of the cataclastic
zones is more variable than that of the mylonite zones, some are gently dipping to
the SW but others are steep and strike N-S, NE-SW or NW-SE.

(iii)

Rare dykes of aplite and pegmatite are a few centimetres up to ten centimetres
thick and have variable orientations ranging from sub-vertical, N-S strike to
moderately dipping to the NE.

(iv)

Dykes of altered basalts (?Permian age) are steep and strike NW-SE and thus seem
to exploit the NW-SE set of regional fractures.

(v)

Non-systematic and systematic barren joints and veins.

(vi)

Aside from non-systematic joints and veins of variable orientation and
characteristics, two sets of systematic joints and veins that correspond to the
regional joint sets revealed by our surface mapping were recognized in the
Bedřichov tunnel. Joints of one set strike NE-SW and are steep to vertical joints of
the other set strike NW-SE and are also steep to vertical. The joints are chiefly
barren or their walls are coated by chlorite or hematite. Quartz or calcite veins (0.5
-5 cm thick) are steep to vertical and strike predominantly NW-SE. Thus they seem
to utilize the latter joint set. Both joints and veins of the two regional sets crosscut
the large K-feldspar phenocrysts in granite. In most cases, no shear offsets of
phenocrysts were observed across fracture planes even at millimetre-scale. Where
quartz or calcite veins crosscut the phenocrysts, the phenocryst displacement is
perpendicular to the vein plane. Therefore, both joints and veins of the regional
sets formed predominantly as mode I, extension fractures with no shear along
fracture planes. Only in a few cases, we documented striations and slickenfibers at
walls of NE-SW fractures with millimetre-scale phenocryst offsets.

4.4.1 Orientation and density of tectonic network
Among different types of structures in A tunnel statistically predominate brittle extension
fractures without filling and extensional quartz veinlets (Fig. 22.). Extension fractures have
homogeneous orientations, form two sets trending NE-SW and NW-SE, and they are
subvertical. In the two sets of regionally widespread fractures the NW-SE fractures
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statistically predominate over NE-SW fractures. Both the extensional quartz veins and basalt
dykes are homogeneously oriented in the measured section; they are subvertical, trending
NW-SE (and they are probably younger than fractures trending NE-SW). The two regional
sets of fractures are characterized by differences in fracture intervals. Fractures trending NWSE are rather dense with interval of 10-20 cm, fractures trending NE-SW have a typical
interval of 200-210 cm.

Fig. 22. Diagrams of fracture networks in A section of the Bedřichov tunnel with the preferred
orientation and according to their characteristics in the three tunnel sections.

Blasted and TBM tunnel sections are characterized by the contrast in fracture density and
orientation of the fracture network. A number of short irregular fractures without filling
prevails in blasted section of the tunnel. In the part excavated by TBM (DEMAG) machine
such fractures occur only locally; dominant are NW-SE and NE-SW trending steep extension
fractures. In the section excavated by blasting strongly increases frequency of short irregular
fractures making an angle of 10-20°, obliquely to the tunnel wall (see Fig. 22.). These
fractures are without mineral filling, chloritization or hematitization. They are practically
restricted to the section driven by blasting. Their formation probably results from pressure
relaxation due to material removal from the tunnel or directly to granite fracturation caused by
blasting. They can belong directly to EDZ (excavation disturbed zone) phenomena on the
walls of tunnel. It was not possible to verify continuation of these fractures into the massif by
ordinary methods of structural analysis.
Fig. 23. shows classification of fracture network in A section of the tunnel according to the
type of structure filling into structures with quartz (locally with carbonates), structures with
clay filling and structures free of filling (open fractures). The diagram of fracture network
accentuates the contrast in density (frequency) of fractures between sections driven by TBM
(DEMAG) and sections driven by blasting. Particularly dramatic is the increase in the number
of fractures without filling in the section driven by blasting. Hydrothermal veins represented
by fractures filled by quartz form a relatively widely spaced network in both tunnel sections
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with dominating trends NW and NE. Such fractures with filling have tendency to form
preferentially oriented clusters. Fractures with clay filling represent rather dense and regular
network. In both tunnel sections these fractures show tendency to NW or NE trending
clusters.

Fig. 23. Bedřichov tunnel A section fracture diagram (footage in m from western portal – 2570 m to
water dam – 140 m) according to the type of fracture filling: all fractures, alteration along fractures,
fractures filled with clay and accompanied by cataclastic deformation, quartz veins and open
fractures (no filling); red vertical line – boundary between TBM (Demag) excavation and blasting
method.

4.4.2 Statistical classification of fractures and joints
Fresh fractures identified as having been formed by blasting during tunnelling were removed
from the basic data set of the Bedřichov tunnel (A section). These fractures are dominantly of
small to medium sizes with a coarse or moderately coarse surface. They are largely steep and
trending ENE-WSW, parallel with the tunnel wall or NE-SW, i.e. slightly oblique to the
tunnel wall. These fractures were processed separately.
Other fractures were classified to subsets according to their position in the tunnel and
statistically processed. All fractures were sorted into three subsets according to their position
in tunnel wall (Fig. 24.):
1.

Division in three sections – two sections driven by blasting including intervals 400 650m and 850 - 1400 m from the dam and one section excavated by TBM (DEMAG)
in the interval of 1650 - 2500 m from the dam. Diagrams of poles to fractures
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characterizing geometry of fractures according to various characteristics are
presented in Fig. 24. The diagrams of small fractures, fractures with coarse surface
and the dying-out fractures show prominent maxims corresponding to fresh fractures
identified as produced in the process of tunnelling. This information proves that the
analysed data set is significantly affected by the presence of fractures resulting from
tunnel excavation. These are the subsets of small fractures of size 1. The statistical
characteristics of the subsets of small fractures thus do not correspond to true natural
fracture network, as it existed before the tunnel excavation. It corresponds to
characteristics of fracture network significantly modified by human activity.
Fractures belonging to the larger size groups characterize the natural fracture
network more accurately. The statistical evaluation of long tunnel sections indicates
three major fracture sets, which are mutually in perpendicular positions, i.e. steep
fractures trending NW-SE and NE-SW, and subhorizontal fractures. The three main
fracture systems include large fractures, fractures with “feather structure”, or dyingout fractures, which can be interpreted as belonging to f-zones of larger extensional
fractures. It can be assumed that the main fracture trends correspond to the major
primary fractures formed in the stage of contraction of the magmatic mass due to
cooling. The steep fracture set trending NE-SW carries a higher percentage of
fractures with striation. On the other hand, dyke rocks or mineral filling more
frequently accompanies steep fractures trending NW-SE.
2.

Division in regular intervals of 100 meters. In individual intervals were defined
fracture clusters with similar orientation. The clusters were statistically evaluated
with the aim to define the dominant characteristics of fractures in a cluster according
to size, surface morphology, continuity and mineral filling or fracture healing. As the
database contains a large number of small fractures probably produced during tunnel
driving, the statistical processing included not only the entire data set, but also
separate evaluation of large and small fractures, as noted above.

3. Division in regular intervals of 50 metres. Statistical evaluation was done in a similar
way as for the 100 m intervals. In this case, only sets of all fractures were analysed.
A separate analysis of large and small fractures was omitted as the 50 m subsets
contained a small number of fractures.
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Fig. 24. Diagram of dimensions of structures and variable dips in the unified database for A section
of the tunnel
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Fractures and joints spacing
The two regional fracture sets differ also in their spacing characteristics. In general, the
spacing is defined as a distance between points where an adjacent pair of fractures
intersects a straight line through the rock mass (e.g., Hudson and Priest, 1979; Priest and
Hudson, 1976, 1981; Wallis and King, 1980; Sen and Kazi, 1984; Rives et al., 1992). The
measured spacing values thus depend on scan-line orientation and location. Only in case
when all the fractures are perfectly planar and parallel, the spacing values measured along
an arbitrarily oriented scan-line can be corrected (Terzaghi correction) to obtain the "true"
spacing, i.e. the shortest perpendicular distance between the adjacent joint planes parallel to
their normals.
In this study, one-dimensional spacing data were collected along the examined section of the
tunnel wall (120-320 m). The scan-line was thus 200 m long and its azimuth was 64°
(azimuth of the tunnel). We consider only joints or veins attributed to one of the two regional
sets; other non-systematic joints were excluded from this analysis. We present Terzaghiuncorrected data; the "true" joint spacing could not be exactly determined as the adjacent
fractures are not parallel and their orientations vary even within a single set. However, given
that the scan-line is linear and of constraint direction, the obtained data allow comparison of
spacing characteristics of the two regional fracture sets.
The results of our analysis indicate that both sets have irregular spacing ranging from several
centimetres to meters. Most of the spacing values of fractures of the NW-SE set fall in the
range of 10 to 100 cm; spacing greater than 120 cm are much less frequent. Mean spacing is
131 cm; mode is 12 cm. Spacing values of the NW-SE set follow approximately a clustered
distribution (Priest and Hudson, 1976). On the other hand, the NE-SW set is characterized
by more widely spaced fractures with mean spacing 415 cm and mode 490 cm. The frequency
distribution is more or less uniform. The spacing characteristics of the two regional joint sets
thus differ significantly, the NW-SE fractures are more abundant and tend to be more closely
spaced than the NE-SW fractures which are in line with the orientation distribution statistics
shown in the rose diagram in Fig. 22.
4.4.3 Dilatation of granite massif in the Bedřichov tunnel
The extension of granite massif in A section of the Bedřichov tunnel was studied with the aim
to estimate the changes in the volume of the massif at various stages of its evolution at a level
corresponding to the present section 100 m below land surface. Fig. 23. records frequency of
tectonic zones and fracture filling according to their orientation in the A section of the tunnel.
The frequency of fractures and tectonic zones shows two maxims at an azimuth of 40 o and
130o. According to data in Table 7. the extension of the granite massif at a level of 100 m
below the present land surface is in the azimuth sector of 120 o – 150o (ca. 40 m) with a
maximum at 140o (11 m) and in the sector of 10o – 60o (ca. 43 m) with a maximum at 40o (ca.
10 m).
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Table 7. Width of fractures and tectonic zones and their filling in A section of the Bedřichov tunnel
according to their trend (azimuth interval 10o, width in cm).

Filling / azimuth
quartz+crushing+alteration
mylonitization+cataclasis
aplite dykes
basalt dykes
Total width

10o
20
550
2
0
572

Filling / azimuth
100o
quartz+crushing+alteration 0
mylonitization+crushing
42
aplite dykes
1
basalt dykes
0
quartz+crushing+alteration 43

20o
20
609
0
0
629

30o
0
678
3
0
681

110o 120o
18
2
187 937
27
10
0
295
232 1244

40o
60
934
8
0
1002

50o
0
548
3
0
551

60o
5
800
70
0
875

70o
0
87
0
0
87

80o
0
119
455
0
574

90o
0
161
0
0
161

130o 140o
265 325
395 681
25
77
15
0
700 1083

150o
396
548
5
0
949

160o
12
56
70
0
138

170o
110
341
0
0
451

180o
0
5
0
0
5

The sub-totals indicate that the greatest width reach fillings classified as cataclastic zones (ca.
75 meters). At the second place are quartz veins (14.3 m), followed by aplite dykes (7.3 m)
and finally basalts (3.1 m). The total width of filling materials in the tunnel 2.5 km long is ca.
100 metres. This value suggests that this particular part of the granite massif is likely to have
expanded during its postmagmatic history. This finding could be assembled from the
following processes:
•

Contraction of the intrusive body due to cooling,

•

Dilation of granite due to hydraulic fracturing in the process of heat release from heat
production,

•

Drop in hydrostatic pressure due to progressing erosion of the granite massif,

•

Tectonization of the granite massif caused by imposed stress (e.g. dynamics of
episodic earthquakes).

The cataclastic zones belong to the youngest tectonic structures disturbing the coherence of
the granite massif. Their prevalent width indicates intensive tectonization of the massif during
the last stage of its geological evolution (e.g isostatic uplift), approximately during the last
several millions of years.
4.4.4 Paleostress analysis of tectonic network
In the course of geological mapping of the tunnel walls appropriate attention was paid to
brittle fractures with striations. The total documentation contains 81 fractures with striations.
In the case of 26 fractures it was possible to identify the sense of movement, in addition to its
direction. The sense of movement was identified using kinematic indicators such as
superposition of mineral flakes, R-shears, tension structures, or based on relation to other
faults (in the case of fracture systems). These 26 fractures were processed by paleostress
analysis using the software package developed at the Kyóto University (Yamaji et al. 2005),
which is based on the method of multiple inversion (Yamaji 2000).
The paleostress analysis indicates that the fault set is heterogeneous and was formed in more
than a single stress field. Dominating is the paleostress field characterized by a subhorizontal
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or shallow plunging σ1 axis oriented ENE-WSW and subhorizontal or shallow plunging σ3
axis oriented NNW-SSE (Fig. 25.).

Fig. 25. Results of paleostress analysis of fractures with striations in A section of the Bedřichov
tunnel. A - Diagram of 2 603 partial solutions obtained by the method of multiple inversion. B –
contour diagram of σ1 and σ3 orientation for 2603 partial solutions; C – diagram of angular deviations
between theoretical and measured glide vector on fractures (faults) for solution σ 1 = 72/6, σ3 = 163/5,
shape factor σ = 0,6; D – diagram of analysed fractures and their relation to the solution σ 1 = 72/6, σ3
= 163/5, shape factor σ = 0,6, which fits in 20 out of 26 analysed faults.

4.4.5 Position of the Bedřichov tunnel in tectonic network models of granite massif
The correlation of the azimuth of the tunnel sections with tectonic network is an important
step in the evaluation of construction stability of the tunnel sections and in minimizing the
costs of tunnel maintenance. The position of B section of the tunnel is very near to the
proposed orientation with respect to the tectonic network. On the other hand, the azimuth of A
section is at 13o anti-clockwise to the orientation of tectonic network (Fig. 26.). The optimal
azimuth is similar for both tunnel sections at 83o – 88o.
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Fig. 26. Tunnel section A azimuth (red). Proposed azimuth of tunnel section A (yellow) with respect
to the tectonic network of the granite (L joints – yellow, Q joints – blue, S joints – green) in the lower
hemisphere projection.

4.5 Micro displacements on tectonic fractures in granites of the Bedřichov
tunnel
Fracture gauges TM71 were installed in 2004 at footages of 792 m and 881 m (from the
western portal) on tectonic fractures of the Sudetic trend (NW-SE) and the Krušné Hory
Mts.trend (NE-SW). Regular measurement on both instruments started on August 27, 2004.
Other two gauges were installed in November 2005 at footages of 235 m and 278 m.
Measurements started on November 30, 2005 (Figs 27. and 28.).
The instrument used for long-term monitoring of deformation of rock-massif resulting in
micro displacements on fracture planes is the TM71 type (CZ patent No. 131631 and 246454,
author Ing. B. Košťák, CSc., ÚSMH AV ČR Institute). The instrument operates on the
principle of mechanical interference. Its construction permits long-term, highly accurate 3-D
measurements of displacements even under climatically unfavourable conditions. Its
sensitivity is 0.05 to 0.0125 mm in the direction of all three axes. Sensitivity to rotation is 3.2.
10 -4 rad. This type of instrument was used for several decades, mainly for monitoring of slow
slope deformations of block type. Once the interpretation possibilities were tested and verified
the measurements of micro displacements on fracture planes started. At present the
instruments are used for monitoring of micro displacements of various origins at numerous
local and foreign localities (e.g., Peru, Canada, Germany, Italy, Greece, Poland, Slovakia,
Bulgaria, Slovenia or Kyrgyzstan).
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Fig. 27. Position of TM71 gauges (dilatometers) on the NW wall of A section of the Bedřichov tunnel; 1 –
A 235 gauge on tectonic fracture of the Sudetic trend, 2 – A 792 gauge on tectonic fracture of the Krušné
Hory Mts. Trend, 3 – A 278 gauge on tectonic fracture of the Krušné Hory Mts. trend; 4 – A 881 gauge on
tectonic fracture of the Sudetic trend.

Fig. 28. Detail of TM71 dilatometer placed on the NW wall of the Bedřichov tunnel A during photographic
documentation of circular gauges.
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All dilatometers are fixed on the NW wall of the tunnel by thick-wall steel tubes 4–6 cm in
diameter inserted into holes drilled along both sides of the selected fracture. The drill holes
for mounting are ca. 30–50 cm deep in hard rock, depending on local situation, The gauge is
then mounted between two steel brackets (consoles) fixed in drilled holes. Measurements are
conducted twice a month manually by taking picture of the interference plates by a digital
camera. If necessary, the measured values can be read visually. In case of exceptional
geodynamic events, such as very strong earthquakes or local earthquake, exceptional
measurement is recorded as soon as possible after such an event.
From the point of view of methodology, the placing of the gauge underground brings
advantage of the absence of climate-dependent temperature fluctuation and its influence on
movements along fractures. For example, on the land surface temperature-dependent
dilatation on fractures can be as large as several mm. In such cases long-term measurements
are necessary to be corrected or adjusted to avoid climate-dependent movements.
Regular measurements with the A881 gauge (on a fault of Sudetic trend 204 o/86o) at the
footage of 881 m started in August 2004. The recorded micro displacements are shown in Fig.
29. During the three-year period of measurements two jump-like events were recorded. The
first one at the turn of 2004/2005 is correlated with the earthquake near Sumatra (M = 9.3)
(Košťák in Klomínský et al. 2005). This reaction represents inverse movements relative to
those registered during the following period. Another change occurred near the turn of
2005/2006 in the form of a jump by ca. 0.2 mm in horizontal direction, which corresponds to
a dextral displacement along the monitored fracture. These movements were terminated at the
end of March 2006 by return to the previous trend of horizontal direction. Since then the
movements in vertical direction died-out completely. The total recorded displacement is ca.
0.2 mm in horizontal direction and ca. 0.04 mm in vertical direction, corresponding to the
uplift of the southwestern block relative to the northeastern block. In 3-D visualization the
displacement corresponds to a dextral lateral overthrust.
Regular measurements with A235 gauge (on a fault of the Sudetic trend 210o/85o), at footage
of 235 m started in November 2005. The registered displacements are demonstrated in Fig.
31. The horizontal component from the early period of 2005/2006 indicates a dextral lateral
displacement, which changes to a trend of sinistral lateral shifting. Approximately since
March 2007, the trend of horizontal movement returns back to dextral lateral movement. The
vertical component during respective period shows no trend. The existing record is similar to
climate-dependent movements with amplitude less than 0.1 mm. A similar situation exists
with the x co-ordinate, corresponding to the width of the fracture. Here, a cyclic character of
movements with amplitude less than 0.1 mm can also be seen. The total recorded
displacements attain a value of ca. 0.4 mm in horizontal direction, parallel with the fracture.
Components of movements along z and x axes show a cyclic character with the amplitude of
relative movement up to 0.1 mm. In 3-D visualization the displacement registered on the
fracture corresponds to dextral horizontal displacement with a very small overthrust
component. A typical feature of displacements recorded by this gauge is the variation in
displacement values seen as “peaks” distinct especially in the horizontal component.
Displacements along x and z-axes are again similar to cyclic variation with possible relation
to climatic factors. Such effects were not observed at other dilatometers.
The micro displacements registered on both fractures of the Sudetic system until the
present can be interpreted as dextral lateral movements accompanied by a minor overthrust of
the SW block on the NE block. The displacements measured by the gauges exhibit
corresponding sense and magnitude. As the distance between the two gauges corresponds to
646 m it is likely that the recorded displacements are of tectonic nature.
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The micro displacements recorded by A792 gauge (fracture of the Krušné Hory Mts. trend,
120o/75o) at the footage of 792 m are shown in Fig. 30. In the course of three-year period three
jump-like changes were recorded. The first one near the turn of 2004/2005 is interpreted as
due to the earthquake near Sumatra (M = 9.3) (Košťák in Klomínský et al. 2005). This
response has an inverse course of movements relative to displacements registered during the
following period. Another abrupt change occurred near the turn of 2005/2006 as a
displacement by 0.08 mm in horizontal direction corresponding to a sinistral displacement on
respective fracture and a distinct displacement in the vertical direction. These movements
were terminated approximately at the end of March 2006. Since then the horizontal
displacements were close to zero and changes took place only along the vertical axis. This
development culminated in April-May 2007 with registration of a displacement in the
opposite sense. The two vertical displacements registered during the period 2005 –2007 show
an opposite sense compared with the observed trend of the vertical movement. They are
associated with a downthrown of the SE block in relation to the NW block. The trend of
micro displacements corresponds to an overthust of the SE block on the NW block. The total
recorded displacement along this fracture is 0.2 mm in horizontal direction and 0.5 mm in
vertical direction. In a 3-D visualization the micro displacement registered on thick fracture
during the observation period corresponds to a sinistral overthrust.

Fig. 29. 3-D displacements registered on fractures of the Sudetic trend at the footages of 235 and 881
m in A section of the Bedřichov tunnel.

Fig. 30. 3-D displacements registered on fractures of the Krušné Hory Mts. trend at the footages of
278 and 792 m in the Bedřichov tunnel.

The micro displacements registered by the later installed A278 gauge (fault of the Krušné
Hory Mts. trend, 120o/83o, footage 278 m) are presented in Fig. 30. During the monitoring
period a distinct trend of horizontal displacement started at the end of 2005 and continued
through the whole year 2006. The movement corresponds to a sinistral displacement. A jumplike change in horizontal direction, by its sense of movement as well as magnitude
corresponds to data from the same period registered by A792 dilatometer on another fracture
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of the same trend. At the turn of 2006/2007 the displacement changes to a dextral lateral
displacement. Along the vertical axis, there is displacement corresponding to an uplift of the
SE block relative to the NW block. The largest part of the vertical displacement took place
during the period May-June 2006. Since then there was nearly no vertical displacement
registered. At the same time, some development along the x-axis was observed, which
corresponds to the width of the fracture and a trend in opening the fracture. The total
displacement on the fracture corresponds to 0.2 mm in horizontal direction, 0.1 in vertical
direction and 0.08 mm in direction of opening of the fracture. In a 3-D visualization the micro
displacement on the fracture corresponds to a sinistral lateral overthrust.
The displacement monitoring on two fractures of the Krušné Hory Mts. trend indicates a
sinistral overthrust to occur. It involves thrusting of the SE block on the NW block. Both
gauges registered a distinct horizontal displacement by 0.1 mm at the turn of 2005/2006. The
distance between the two gauges is 514 m. This indicates, with high probability, that the
simultaneously registered displacements are of tectonic nature.
There are differences in the character of registered displacements notable in comparison of
gauges placed at different footages. Two dilatometers are placed in the front part of the tunnel
at 235 and 278 m footage, other two dilatometers are located in the central section of the
tunnel at footages of 791 and 881 m. Data from instruments placed near the tunnel entrance
show more complicated pattern and the total of registered displacements is grater. The rates of
displacement reach values up to three times higher relative to data from gauges in the central
part of the tunnel, i.e. deeper in the rock massif. Fracture at the footage of 278 m shows an
extensional character. These differences are obviously due to the fact that the granite massif
near the entrance has “looser” structure, which allows larger mutual displacements of blocks
to take place. Data from A235 gauge location indicate that the displacements may reflect
dilatation related to temperature increase.
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Fig. 31. Detail of displacements at footage of 881m and 792m, registered during a period covering
the major earthquake near Sumatra (December 26, 2004; M = 9.3) followed by a catastrophic
earthquake in Kashmir (October 8, 2005; M = 7.7).

It is important that instruments mounted in fractures of the same trend recorded very similar
development of displacements and certain general coincidence with the major impulses or
peaks. With regard to the distance between the gauges, i.e. 646 m for the Sudetic trend and
514 m for the Krušné Hory Mts. trend, it can be assumed that the registered displacements
reflect effect of a deeper-seated geological structure and correlate with strain changes
corresponding to the present tectonic evolution of the region.
In the course of monitoring two prominent impulses or peaks were recorded, associated with
increased rate of micro dislocations. The first impulse (see Fig. 31.) was recorded shortly after
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the monitoring started, near the turn of 2004/2005. It correlates with the earthquake near
Sumatra at the end of December 2004. The recorded peak apparently reflects the stress
changes accompanying this earthquake of global character (MW = 9.3). The record of this
impulse is better documented in detail (Fig. 31.). The character of the impulse is different
from later displacements registered until November 2007. Another important impulse is
linked with the catastrophic Kashmir earthquake (Islamabad, October 8, 2005; M = 7.7). This
event can be seen in the diagram documenting the Sumatra earthquake.
Another peak was recorded in the interval November 2005 – April 2006. During this interval
two earthquakes with macroseismic effects occurred in the Bohemian Massif and its
neighbourhood. These earthquakes were the most intense in this region and respective period.
The first earthquake occurred at the beginning of the recorded impulse and the second one at
the end of the impulse. These events were recorded at numerous locations from the Rhein
Graben in Germany, through the Bohemian Massif as far as the West Carpathians.
To interpret the connection of impulses with earthquakes on global as well as on local scale is
a difficult task. As a matter of fact, the measured impulses occasionally begin evidently prior
to the given earthquake. This suggests that the measured impulse is not purely a simple result
of energy released in the given earthquake. The questions arisen were recently considered and
discussed by Košťák et al. (2007). It is assumed that the displacement impulses are
manifestations of stress changes affecting at the same time rather large region. These changes
are then recorded in the monitored structures, even though with different intensity and
character of displacement. During these changes of wide range some stress accumulation in
domains of lower resistance takes place which results in stress release in form of an
earthquake. It is notable that such impulses are followed by a decline in displacement along
certain direction, e.g., horizontal displacement along axis y at the footage of 792 m and the
vertical displacement at the footage of 881 m. Comparable relations were already observed in
connection with earthquakes.
The results of the present monitoring indicate two main features of micro-displacements to
occur. The first feature is the trend of movements, which persists for prolonged period of
time. The second feature includes short-term changes taking place during periods lasting
several weeks to several months; they may show sense of movement inverse to long time
trend at the given location. An example can be demonstrated by micro-displacements
registered by the gauge placed at the footage of 881 m on fracture of the Sudetic trend. There
is a distinct trend in horizontal component corresponding to sinistral horizontal displacement.
This trend was disrupted at the turn of 2005/2006 by a fast horizontal movement in opposite
direction corresponding to dextral horizontal displacement. Its magnitude exceeds the total
earlier sinistral horizontal movement with the result that the aggregate outcome corresponds
to the dextral horizontal movement. The measurements indicate that displacements along the
monitored fractures correspond to oblique overthrust movements. All gauges registered
displacements of this character. The magnitude of individual registered displacements is of an
order of 0.1 mm along both the horizontal and vertical axes. If the gradual displacements are
considered as cumulative movements of the local blocks in space, the rate of displacements
can be calculated for location in the Krkonoše-Jizera Composite Massif, corresponding to
0.22 mm/year along faults of the Krušné Hory Mts. trend and 0.16 mm/year along faults of
the Sudetic trend.
With regard to possible stress model that would correspond to the measured displacements it
can be concluded that the Krkonoše-Jizera Composite Massif occurs in a compression state or
regime resulting in strike-slip overthrusts. All the gauges indicate overthrust movements of
the southern blocks relative to the northern blocks. In this model, σ1 corresponds
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approximately to the direction S-N to SSE-NNW and σ3 approximately to the E-W to WSWENE strike. This result does not correspond with earlier ideas on the current stress in the
Bohemian Massif published by Peška (1992). It is rather close to new data on stress field in
the upper Earth’s crust, published recently by Czech authors and also close to the results for
Poland located north of the Bohemian Massif (Jarosinski 2005).

4.6 Seismic activity in the environs of the Bedřichov tunnel
Wide-band (0.03-50 Hz) three-component seismic station was installed in May 2006 below
the Josefův důl dam-wall. This station equipped with continuous registration was selected for
reading of local, regional and also remote seismic events. It has a seismic recorder CMG-40T
(GURALP) with registration aperture RUP2004 (ÚSMH AV ČR). The accurate
synchronization is achieved by the signal from satellite GPS navigation system. The station
was put in operation on May 10, 2006 and it is integrated in the regional network PASSEQ.
The main task of seismic measurements is to study mutual interactions between seismic
waves and displacements on fracture network near the station in the Bedřichov tunnel. The
wide-band characteristic of the station permits registration of a wide range of seismic
phenomena:
• Very weak local micro-earthquakes,
• Microseisms (i.e. more or less continuous motion in the Earth),
• Technical seismicity (e.g., blasting in nearby quarries),
• Natural regional and induced earthquakes,
• Remote strong earthquakes
Since 2006 the station registered the following seismic phenomena:
1. Local seismic disturbances (noise) caused by car traffic near the station. Sporadically,
movement of persons near the station is registered.
2. Continuous prolonged (long-period) noise corresponds to microseims within a period
of approximately 6 s, which is common in all stations located in Central Europe.
3.

Blasting in the Krásný Les quarry near Frýdlant. Registration of the blast is
demonstrated in Fig. 32. The seismograms show a prominent surface wave in
addition to the P and S waves. In fact, there were two blasts on August 14, 2007,
separated only by 10.61 seconds. A special monitoring was conducted at the time of
these blasts. One seismograph was located directly near the blast site and recorded
exact time of the blast, another seismograph was placed in the quarry as such, 200 m
from the blast site; it recorded the character of tremors near the source. The time of
P-waves propagation (3.15 s) and S-waves propagation (5.68 s) was calculated from
comparison of data acquired in the quarry with those of the BED station. The
epicentre distance was 17.52 km.
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Fig. 32. Seismogram of the blast in the Krásný Les quarry near Frýdlant, recorded with a portable
station placed 200 m away from the blast site.

By far the largest number of regional earthquakes comes from ore mines near the town of
Lubin in Poland. Table 8. summarizes all events of local magnitude of 3.3 and higher. The
magnitude value was obtained from local network of seismic stations around the Lubin mine.
Fig. 33. shows seismograms of six strongest tremors, including a tremor with the highest local
magnitude of 4.1 dated May 21, 2006, which was recorded by BED station also with the
highest magnitude. Prevailing frequencies in the domain of maximum amplitudes are
approximately 5 Hz. The records of induced earthquakes from Lubin are not only the most
frequent, but they have the highest amplitude among all regional earthquakes to a distance of
500 km. Moreover, earthquakes occurring in the Alps and other seismically active regions
were also recorded.
The station is sufficiently sensitive to record strong earthquakes worldwide. Table 9. presents
earthquakes, which caused in site of the station tremors with vibration velocity exceeding 10
µm/s parallel with the vertical component. As for the vibration velocity, the remote
earthquakes exhibit the highest amplitudes among all seismic events recorded by the BED
station. The highest vibration velocity of 650 µm/s was measured during the Kurile Islands
earthquake (Mw = 8.1) of January 13, 2007. The record of the Kurile Islands earthquake
demonstrates Fig. 35. The remote earthquakes reach the highest amplitudes mainly in the
group of surface waves, for periods of 15 to 20 s.
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Fig. 33. Registration of mine tremors (left) of regional earthquakes generated in ore mines near the
town of Lubin, Poland. The distance from Lubin to the Bedřichov tunnel is ca. 100 km. The record of
the Kurile Islands earthquake (magnitude 6.5) is on the right.
Table 8. List of the strongest induced seismic events in the Lubin mine in Poland.
Date
13.5.2006
17.5.2006
21.5.2006
10.6.2006
4.7.2006
14.7.2006
28.7.2006
3.8.2006
18.8.2006
26.8.2006
31.8.2006
12.9.2006
12.9.2006
25.9.2006
14.10.2006
31.10.2006
15.12.2006
2.3.2007
15.3.2007
5.5.2007
26.5.2007
22.6.2007
5.7.2007
3.8.2007
15.8.2007
24.8.2007

Time of the event in place
Co-ordinates WGS-84
of explosion (UTC)
Hour
Minute Second
N
E
16
4
10
23
16
15
15
3
17
16
11
20
21
16
7
3
16
4
16
14
3
3
15
16
8
15

7
40
58
55
9
56
43
44
45
14
44
11
18
0
41
9
48
46
35
29
40
53
45
54
3
32

7.1
26.0
3.1
57.1
2.7
18.0
56,3
43.2
8.3
33.4
23.9
11.5
1.7
46.7
8.0
40.8
0.0
43.0
36.0
38.2
0.7
14.0
13.0
20.6
29.6
9.3

51.477
51.535
51.504
51.503
51.503
51.470
51.490
51.473
51.492
51.502
51.480
51.473
51.443
51.537
51.457
51.445
51.540
51.460
51.515
51.528
51.478
51.480
51.470
51.484
51.482
51.529
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16.104
16.062
16.091
16.138
16.090
16.100
16.055
16.140
16.094
16.089
16.121
16.139
16.129
16.061
16.100
16.173
16.060
16.100
16.116
16.077
16.112
16.110
16.140
16.095
16.103
16.092

Magnitude
ML
3.3
3.3
4.1
3.6
3.3
3.7
3.5
3.6
3.5
3.4
3.5
3.3
3.4
3.4
3.6
3.3
3.3
3.3
3.4
3.5
3.4
3.3
3.3
3.4
3.8
3.4

During the monitoring period, no safely identified tectonic tremor of local origin was
recorded. The area appears to be seismically quiet, but two years of the station operation is
too short period for any conclusions concerning local seismicity.
Table 9. Review of strong remote earthquakes in the period 2006 - 2007.
Date

Time

Ampl. Z

3.5.2006
16.5.2006
16.5.2006
22.5.2006
8.7.2006
17.7.2006
24.8.2006
28.9.2006
30.9.2006
1.10.2006
26.10.2006
15.11.2006
7.12.2006
26.12.2006
13.1.2007
21.1.2007
12.2.2007
25.3.2007
25.3.2007
1.4.2007
29.6.2007
16.7.2007
16.7.2007
31.7.2007
1.8.2007
2.8.2007
7.8.2007
8.8.2007
15.8.2007
20.8.2007
2.9.2007

15:46:21
10:59:02
15:41:02
11:22:42
20:52:00
08:33:03
22:02:01
06:41:46
18:02:20
09:17:58
14:31:08
11:19:00
19:22:21
12:38:50
04:35:29
11:41:45
10:40:20
00:54:05
14:00:51
20:59:02
18:11:22
01:25:32
14:29:04
15:20:07
17:26:51
02:49:15
00:15:01
17:17:44
23:54:40
22:52:39
01:24:33

(µm/s)
128
39
13
44
12
23
10
37
41
22
13
390
10
46
612
49
10
46
21
146
18
45
10
14
12
17
10
30
147
13
19

Ampl. N Ampl. E Latitude
(µm/s)
38
7
9
52
9
20
8
10
27
15
11
336
9
32
428
29
15
69
14
101
12
24
9
12
10
13
5
17
104
8
13

(µm/s)
51
8
6
67
11
22
9
4
22
11
6
348
12
47
470
41
11
98
20
75
13
31
11
16
9
11
9
21
96
10
11

(°)
20.19S
31.77S
0.09N
60.77N
51.21N
9.25S
51.14N
16.59S
46.35N
46.47N
38.67N
46.59N
46.15N
21.79N
46.24N
1.07N
35.80N
37.50N
38.50N
8.46S
39.27N
37.53N
36.80N
27.30N
15.59S
47.11N
27.29N
5.86S
13.40S
8.03N
11.61S

Longitude

Depth

Mag.

Mag.

Mag.

(°)
174.12W
179.31W
97.05E
165.73E
179.31W
107.41E
157.52E
172.03W
153.16E
153.24E
15.40E
153.27E
154.38E
120.54E
154.52E
126.28E
10.33W
136.40E
20.40E
157.04E
20.26E
138.44E
134.85E
126.80E
167.68E
141.79E
126.83E
107.42E
76.50W
39.24W
165.76E

km
55
151
12
16
22
34
43
28
11
19
217
10
16
10
10
22
10
32
10
10
10
12
350
4
120
5
18
280
30
10
35

mb
7.2
6.8
6.6
6.0
6.2
6.1
5.9
6.5
6.1
6.1
5.8
6.5
6.3
6.4
7.3
6.7
6.2
6.7

MS
7.8

Mw
7.9

6.8
6.7
6.4
7.2
6.2
6.6
6.5
6.4

6.8
6.6
6.6
7.7
6.5
6.9
6.6
6.6
5.8
8.3
6.3
7.1
8.1
7.5
6.0

6.8
5.4
6.5
6.2
5.8
6.2
5.3
5.5
6.5
8.0
6.3
5.9

7.8
6.1
7.3
8.2
7.3
5.8
5.3
7.9
4.9
6.4

8.1
5.4
6.6
6.8

6.2
5.8

7.2
6.2
5.9
7.5

6.4
7.3

6.5
7.2

Epicentre region
West Irian
Kermadec Islands
Northern Sumatra
Eastern Siberia
Andréa of Islands
South of Java
Kamchatka
Samoa Region
Kurile Islands
Kurile Islands
Sicily
Kurile Islands
Kurile Islands
Taiwan Region
Kurile Islands
Moluca Passage
North Atlantic Ocean
Honshu
Greece
Solomon Islands
Greece-Albania Border
Honshu
Sea of Japan
East China Sea
New Hebrides
Sakhalin
East China Sea
Java
Peru
Central Mid-Atlantic
Santa Cruz Islands

A comparison was done of the occurrence of seismic phenomena with the greatest amplitude
of vibration velocity and the time course of micro-displacements on fractures, which were
monitored with TM71 gauges in the Bedřichov tunnel. The greatest amplitude of seismic
waves of January 13, 2007 (Kurile Islands earthquake) correlates well with change in the
trend in x - axis of A792 gauge. Other changes in trend along other axes do not correspond to
any of the registered strong earthquakes and some high amplitude events have no anomalous
response during the time of registration of micro displacements. Consequently, a direct link
between micro displacements and earthquakes remains unclear. Nevertheless, the period from
May 10, 2006 to October 31, 2007 is still relatively short to elucidate the above relationship
which deserves longer observation period.

4.7 Mineralogy
4.7.1 Fracture carbonates in granites of the Bedřichov tunnel
Generally, fault and fracture systems of various age occur in granitoid massifs of diverse
origin and size, which served as channels for ascent of magmas and hydrothermal solutions.
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The events that occurred during the last million of years are particularly important for
considerations about the barrier properties of granitoids. Circulation of paleofluids along
newly opened fractures, in combination with redox processes of rock alteration (water-rock
interaction), usually results in healing of fractures by precipitated carbonate minerals or by
clay fillings. Paleo-hydrological reconstructions and models of the present and future
evolution of fluids circulation in granitic rocks are supported by data on chemistry of vein
carbonates and conditions of their formation (Gehör et al. 2002).
Open fractures in the Krkonoše-Jizera Composite Massif were healed in the early stage of
massif consolidation by aplite dykes, later by lamprophyre dykes and Cainozoic basalts. The
youngest fillings are quartz-carbonate and carbonate veins, often with zoned or brecciaed
structure (Fig. 34. and 35.). The vertical or subvertical veins are 0.5 mm to 15 cm wide. The
fractures are of extensional character (Klomínský et al. 2005). The major minerals of veins
are quartz and calcite, less abundant are chlorite, hematite, ankerite, fluorite and clay
minerals. The veins form an orthogonal network. Prevailing veins are trending NE-SW, being
0.5 to 15 cm wide, carrying quartz and calcite locally crystallized in open vugs. On the other
hand, the veins trending NE-SW are mostly thin, less than 1 cm in size and filled with finegrained minerals. The fracture set of NW-SE strike is thought to be the older one (Klomínský
et al. 2005). The central part of carbonate veins with symmetrically banded structure is often
filled with carbonates of ankerite or siderite chemistry (Fig. 34. and 35.). Calcite belongs
among the youngest carbonates exceptionally forming crystals of in vugs filled with quartz.

Fig. 34. A composite quartz-carbonate vein in the SW wall of the Bedřichov tunnel A section, footage
140 m from the entrance. Detail of sampling site in the vein.

58

Fig. 35. Examples of fracture filling in granitoids of the Bedřichov tunnel. 1 – shear fracture 5 cm
wide in the Liberec granite (B section of the tunnel), filled with white calcite, 2 – quartz-carbonate
(calcite) vein with chlorite and contrasting rims of hydrothermally altered Jizera granite, 10 cm wide,
(A section of the tunnel), 3 – tension fracture in the Jizera granite (A section of the tunnel) with clay
and carbonate fill, 2 cm wide, 4 – aplite dyke with central tension fracture filled with quartz and
carbonate, 5 cm wide, 5 – detail of quartz vein with a vug partly filled by quartz crystals and younger
calcite, 3 cm wide, 6 – contact of filled fractures of different age; the thicker vein is 1 cm wide.
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Fig. 36. Thin sections of filling of hydrothermal veinlets (1 – 4). Ankerite, dolomite, calcite, Q –
quartz, KF – K-feldspar.

Samples of the vein filling were collected in A section of the Bedřichov tunnel at footages
140 m (trend NW-SE), 153.5 m (trend E-W), 204 m, 368 m and 1 296 m (NW-SE), from the
Bedřichov tunnel W entrance. In B section there were collected carbonates at footages 207 m
(trend NW-SE), 244 m (trend NW-SE), 2,036 m (trend N-S), and 2,190 m (trend N-S) from
the Bedřichov B tunnel NE entrance (Fig. 36.).
Chemical analyses of minerals were carried out using an electron microprobe Cameca
Camebax SX–100. The analytical results are summarized in Table 10. and the compositional
range of carbonates is plotted in Fe+Mn–Mg–Ca diagrams (Fig. 38).
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Table 10. Chemical composition of carbonates and fluorocarbonate of REE (synchisite) from
hydrothermal veins in the Bedřichov tunnel (sample numbers express their footage in meters from the
Bedřichov entrance and sample number). CO 2 is calculated and adjusted to carbonate total
composition.
sample number
CaO
FeO tot.
MgO
MnO
CO2
Sum
sample number
CaO
FeO tot.
MgO
MnO
CO2
Sum
sample number
CaO
FeO tot.
MgO
MnO
CO2
Sum
sample number
La2O3
Ce2O3
CaO
ThO2
UO2
Y2O3
Dy2O3
Pr2O3
Nd2O3
Gd2O3
Sm2O3
Er2O3
F

tunnel A
140/6
calcite
55.42
0.23
0.05
0.63
40.72
97.05
tunnel B
207/12
ankerite
28.54
17.24
7.19
0.76
43.54
97.27
tunnel B
2036/5
calcite
53.59
0.71
0.39
1.82
42.08
98.59
tunnel B
244/69
synchysite
6.72
14.28
17.68
0.79
0.03
6.43
2.09
1.62
6.55
2.68
2.02
0.47
4.92

153.5/7
calcite
55.56
0.10

204/5
calcite
55.68

0.37
43.80
99.83

0.08
43.91
99.67

296/
calcite
55.35
0.12
0.05
0.06
43.40
98.98

368/9
calcite
55.44
0.17
0.04
0.47
43.87
99.99

1296/5
calcite
55.59
0.01
0.06
0.10
43.71
99.47

244/2
ankerite
44.52
7.52
1.59
1.36
34.88
89.87

244/1
rhodochrosite
6.38
10.67
1.24
40.48
41.58
100.35

207/2
siderite
4.65
4.03
1.00
1.19
39.82
94.69

244/2
calcite
51.12
1.91
1.57
1.26
42.68
98.54

244/6
dolomite
30.45
1.90
20.12
0.54
47.05
100.06

2036/5
dolomite
29.90
11.55
19.88
0.91
41.74
103.98

2190/8
dolomite
32.37
2.96
17.78

2190/1
calcite
55.73
0
0.18
0.03
43.87
99.81

244/70
synchysite
6.16
13.99
20.66
0.57
0.006
5.59
1.21
1.69
6.85
2.73
2.11
0.36
3.63

244/85
synchysite
9.18
20.49
18.09
0
0.02
3.58
1.02
2.54
12.42
3.12
3.04
0.22
3.48

46.98
100.09

Chemical analyses of carbonates reveal substantial differences in their composition from
calcite (CaCO3), dolomite (Ca,Mg)(CO3)2, ankerite (Ca,Fe (CO3)2 to siderite (FeCO3) and
rhodochrosite (MnCO3). Each of the carbonates has a specific position in the vein filling and
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indicates significant differences in composition and temperature of paleofluids, from which
these minerals crystallized.
Carbonate veins frequently contain chlorite, epidote, sometimes fluorite and adularia feldspar.
Accessory minerals of probable secondary origin include monazite, rutile, xenotime and
synchysite – (Ce)Ca(Ce,La)[F](CO3)2, a fluorocarbonate of REE (Table 10., Fig. 37.).
A significant contrast in carbonate composition is documented by samples from individual
sections of the Bedřichov tunnel. Calcite predominates in A section, whereas in B sections the
carbonate composition varies strongly (Table 10., Fig. 38.). These differences may reflect the
effect of host rocks and their types (the Jizera granite in A section, the Liberec granite in B
section), or vertical zoning with more varying mineral composition in hydrothermal system of
B section.

Fig. 37. BSE images of individual minerals from hydrothermal veins of the Bedřichov tunnel (1 – 4).
KA – calcite, Q – quartz, AB – albite, CH – chlorite, EP – epidote, FL – fluorite, RU – rutile, KFpotassium feldspar, SY – synchysite, MO – monazite, DO – dolomite, AP – apatite.
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Fig. 38. Chemical composition of carbonates from hydrothermal veins in the Bedřichov tunnel
expressed in Fe+Mn-Mg-Ca diagrams. A – tunnel section A, B – tunnel section B.

4.7.2 Fluid inclusions and stable isotopes of fracture minerals
The Liberec and Jizera granites in the Bedřichov tunnel contain numerous veins, which can
provide information on the character of fluids flow during early and late stages of
postmagmatic evolution of the massif. The conditions under which fracture mineralization
originated were studied using fluid inclusions and stable isotopes.
Fluid inclusions were studied in 0.3 mm thick slabs polished on both sides using optical micro
thermometry method with the Chaixmeca equipment. The instrument was calibrated for
temperatures ranging between –100 and +400 oC with chemical standards of Merck Company
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and by phase transitions in inclusions containing pure CO2 and H2O. The homogenisation and
cryometric data have reproducibility of ± 0.2 oC at temperatures below 0 oC and ± 3 oC at
temperatures up to 200 oC.
Salinity of aqueous solutions was calculated using a method introduced by Bodnar and Vityk
(1995), composition of brine systems was interpreted according to Borisenko (1977).
The carbon dioxide used for analysis of isotope composition of oxygen and carbon in
carbonates was obtained by their decomposition using 100% phosphoric acid in vacuum using
a method developed by McCrea (1950). Measurements were carried out on Finnigan MAT
251 mass spectrometer.
Samples for study of fluid inclusions and stable isotopes were picked up in pegmatite dykes
and mineral veins in both sections of the Bedřichov tunnel.
Quartz and calcite in all studied veins contain only fluid inclusions with aqueous solutions.
Inclusions carrying CO2 and CH4 gas were not identified. Phase transitions in inclusions were
recorded using the following measured temperatures:
Th – temperature of complete fluid inclusion homogenisation,
Tm – temperature of thawing of the last ice crystal – determination of total salinity of fluid
inclusion,
Te – eutectic temperature – determination of brine composition.
Coarse-grained quartz from pegmatite was found to contain inclusions of aqueous solution
with more or less constant ratio of liquid and gas phases, LVR = 0.6 to 0.7 (liquid and gas
ratio). Homogenisation temperatures vary in the range of 286 to 3380 C, salinity of the
solution is low, from 5.3-to 7.5 wt. % of NaCl equivalent. The first ice thawing was observed
at –220 C, which indicates a system of NaCl – H2O solution.
Quartz-carbonate veins trending NW-SE contain primary and secondary inclusions with
aqueous solutions. Many primary inclusions in quartz and calcite show a varying ratio of
liquid and gas phase (LVR = L/L+V). This ratio is likely to reflect certain temperaturepressure conditions of the hydrothermal system at a time when the inclusions originated
(homogeneous vs. heterogeneous environment, maturing time of inclusions), or it may be
derived secondarily when the inclusions were closed due to processes such as the escape of
liquid, diffusion, expansion and decrepitation and precipitation of phases (Barker and
Goldstein 1990, Meunier 1989). In this case, a prolonged maturing of inclusions at relatively
low-temperature conditions is likely to be responsible for irregular LVR. The Te
measurements were not carried out in case of very varied LVR, but were undertaken when
groups of inclusions showed more or less constant LVR.
Temperatures of homogenisation of fluid inclusions in minerals from veins of NW-SE trend
varied in a range of 107-184 oC (Fig. 39.). Differences in salinity were found to be varying
because inclusions in some samples showed high salinity ranging between 11 and 25 wt. % of
NaCl equivalent and Te varied from –50 to –56 oC, which indicates a significant proportion
of CaCl2 in the solution (Fig. 39.).
The second group of inclusions exhibits lower salinity fluctuation between 0.4 and 7.5 wt. %
of NaCl equivalent. Only one sample with low salinity showed eutectic temperature Te = – 38
o
C, indicating most likely a NaCl-KCl±MgCl2±FeCl2 chemistry of aqueous solution.
High-salinity fluid inclusions H2O-LiCl (Te = -71.2 to –72 oC) with homogenisation
temperatures of 156 to 182 oC and salinity up to 29 wt. % were also identified in both sections
of the Bedřichov tunnel.
64

The primary inclusions in quartz and calcite from veins trending NE-SW exhibit mostly an
irregular liquid/gas ratio, while primary-secondary inclusions have LVR 0.9 to 0.95.
Temperature values vary in the interval of 90-184 oC. All inclusions in this vein system are
characteristic of low salinity ranging from 0.2 to 5.4 wt. % of NaCl equivalent. Eutectic
temperature was observed only in one sample, Te = - 32 oC.
The youngest generation of fracture filling is represented by thin scaly calcite occurring in
fractures with striations indicating late tectonic movements (Klomínský et al. 2005).
Homogenisation temperature of H2O-NaCl inclusions studied in this calcite was found to be
80-110 oC, salinity of aqueous solution is very low, less than 4 wt. % of NaCl equivalent.

Fig. 39. Homogenisation temperature and salinity of solutions in fluid inclusions in minerals of
quartz-carbonate veins and pegmatite dykes from A and B sections of the Bedřichov tunnel.

Considerable scatter of data indicates various sources of carbon and oxygen for crystallization
of vein calcite. The isotope composition of carbon is varying but it is likely that part of the
samples has carbon from deep-seated source, while other samples contain organic carbon
mixed with carbon from another source.
Isotope data of vein calcite and homogenisation temperature of fluid inclusions can be used to
derive isotope composition of oxygen in fluids. Some samples contain +6 to +10 ‰ δ 18O, thus
indicating a possible source of fluids in ascending magmatic solutions. Other samples show
slightly positive δ18O values, +0.6 to +3.5 ‰, corresponding to brines circulating in the
crystalline complex at lower temperatures. Samples from veins trending NW-SE, and
particularly samples from NE-SW trending veins exhibit negative δ18O values up to –5 ‰,
likely indicating late meteoritic waters to have participated in formation of fluid inclusions.
These meteoritic waters seem to have not interacted with hot rocks for sufficiently long time
in order to adjust their δ18O to that of the country-rocks.
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Fig. 40. Isotope composition of carbon and oxygen in fracture calcites from the A and B
sections of the Bedřichov tunnel.
Cathelineau et al. (1988) described the main stages of production of fluids and their
circulation both outside and inside a granite massif and formation of a fracture system. Based
on study of stable isotopes and fluid inclusions they defined three types of fluids: 1. magmatic
fluids, unmixed during the late stage of melt, 2. early post-magmatic (juvenile or
metamorphogenic) fluids generated in the country-rocks, which penetrated into granite during
early stages of granite emplacement, and 3. late, externally derived fluids dominantly of
meteoritic origin.
Pegmatite dykes can be classified as late-magmatic rocks. Homogenisation temperatures in
pegmatitic quartz were found to be as high as 390 OC. Obviously; these temperatures do not
correspond to temperature of pegmatite crystallization but the lowest possible temperatures of
inclusions catchments or formation (Bodnar et al. 1985).
The other studied veins belong to a late, post-magmatic stage of evolution of the KrkonošeJizera Composite Massif. The veins form an orthogonal network with predominating veins of
the NW-SE trend. Their isotopic and fluid inclusion characteristics are varying.
Homogenisation temperatures (Th) range from 100 to 200 oC, δ18O values of solution also
vary without any notable dependence on fluid temperature or salinity (Figs. 39. and 40.).
Considerable range of salinity and varied composition of enclosed solutions (Fig. 39.) indicate
local manifestations of probable deep circulation of fluids and water-rock interaction.
The veins trending NE-SW are less abundant. Homogenisation temperatures do not exceed
200 oC and δ18O values of solution are variable. In contrast to veins trending NW-SE the
inclusions show low salinity (Fig. 39.). Some of the fractures reveal striations. Preliminary
structural analysis indicates dextral horizontal displacements (Klomínský et al. 2005). Calcite
from these fractures has low homogenisation temperatures near 100 oC, very low salinity and
negative δ18O of fluids (-5 to 0 ‰ SMOW, Fig. 40.). The parent fluids are thought to be likely
of meteoritic nature. These veins represent probably the youngest observed products of
circulation of paleofluids in the rocks studied.
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4.5.3 Recent minerals and the processes of their precipitation on walls of the
Bedřichov tunnel
Frequent occurrence of newly formed minerals in the form of thin coatings, powdery
aggregates and tiny crystals was noted during the first stage of investigation (Klomínský et al.
2004). Mineralogical study resulted in identification of opal and schröckingerite (Veselovský
in Klomínský et al. 2004). These minerals show light green luminescence in short-wave
ultraviolet light. The newly formed minerals occur mainly in the lower half of the tunnel
profile, predominantly on new fracture planes in blasted part of the tunnel. In section of the
tunnel driven by drilling the newly formed minerals occur on the surface of walls covered by
dust in the lower part of tunnel profile and on irregular surface of small craters originated by
blasting and on small cuts in walls of drilled section of the tunnel (Fig. 41.).

Fig. 41. Coatings of recently formed minerals on the wall of A section excavated by blasting. 1, 3, 6 –
coatings of opal and calcite (surface dimensions 30 x 40 cm). 2 and 4 – detail of opal and calcite
coatings with schröckingerite crystals (surface dimensions 10 x 15 cm). 5 – opal and calcite coatings
with schröckingerite crystals (surface dimensions 30 × 40 cm).

At the footage of 1 350 m some samples of the Jizera granite were collected on the NW wall
of the Bedřichov tunnel. These samples showed coatings and aggregates of minerals
exhibiting yellow-green and green fluorescence. The coatings are composed of mineral phases
among which schröckingerite (NaCa3 (UO2)(CO3) 3(SO4) F × 10 H2O), a hydrated uranyl
carbonate and sulphate were identified (Fig. 42.). The former water-soluble mineral contains,
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according to stoichiometry, 28.33 wt. % of uranium. The formation and distribution of these
minerals is governed by penetration of atmospheric O2 and CO2 along fractures and capillary
discontinuities into granite, resulting in equilibrium disturbance between rock and pore- and
fracture-contained water. This process leads to re-mobilization of elements via solution of Ca,
Mg and U and transport of U and Fe. Uranyl carbonate is formed on the tunnel walls through
the reaction of “fertile” pore water enriched with CO 2. The equilibrium between
schröckingerite crystallization and solution is controlled mainly by variation in air humidity in
the tunnel. Consequently, the occurrence or absence of schröckingerite depends on the
intensity of tunnel ventilation.
A sample with coatings and aggregates of 105 cm 2 total area, showing yellow-green and green
fluorescence, was dissolved in diluted HNO3. The obtained solution contained 30.5 mg/l
uranium. Additional calculation indicates that the examined sample with total surface of 105
cm2 contained 7.6 mg uranium, i.e., 723.8 mg U/m2.
The coatings and aggregates of minerals with yellow-green and green fluorescence occur only
on granite in the part excavated by blasting, typically on both walls up to a height of 1 meter
from the floor. In this section of the tunnel, the granite is exposed at a total length of 500 m.
When taking into consideration the total length of both walls to be 1 000 m, then the total
surface (2 x 500 m) to a height of one meter contains 0.7 kg uranium. Assuming uranium
content of 28.33 wt. % in schröckingerite this results in 2.5 kg of this mineral to be contained
in this tunnel section. This is the first preliminary estimate of the total content of recently
formed U-carbonate.
Judging from the occurrence of coatings confined mostly to fracture cones resulting from
blasting it becomes evident that the amount of these recently formed minerals depends
exclusively on the intensity of fracturing of rocks, while the volume of circulating water plays
rather negligible role.

Fig. 42. Bedřichov tunnel – section A. 1 – Hand specimen of the Jizera granite with schröckingerite
crystals and opal coatings. 2 – Electron photomicrograph of schröckingerite crystals.

Re-mobilized uranium was necessary for the formation of recent uranyl-sulphate-carbonates
schröckingerite crystallized in an environment of increased Eh potential by decomposition of
accessory minerals containing U, e.g., thorite, uraninite, allanite, brockite and monazite contained
in granites without any mineralization. Uranium in these minerals is in an immobile form of U IV
so that an increased redox potential of at least E o (UVI/UIV) = 0.221 V is needed for its oxidation
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and transformation in mobile (UO22+) uranyl complexes. Such conditions exist at the presence of
atmospheric oxygen. Carbon dioxide necessary for formation of carbonates is present both in air
and water. Solutions containing increased concentrations of the mobile uranyl-carbonate
complexes indicate neutral or slightly acid environment. Other elements, including K (or Na, Ca,
and P), are released by decomposition (leaching) of some minerals in local granites, such as
apatite and feldspars. Sulphate ions are likely to be derived from decomposed accessory sulphides
(mainly pyrite) occurring in mineralised fractures or in granite as such. Alternatively, they could
have been brought in by ascending aqueous solutions. Fluorine necessary for crystallization of
schröckingerite was released from decomposed micas or apatite.
The sites with schröckingerite in the Bedřichov tunnel correspond with places with intense
evaporation, e.g. in places with abundant micro- fractures. These are sites in EDZ closely tied to
holes drilled for blasting. The formation of uranyl-sulphate-carbonates proceeds rather quickly
depending on evaporation and drying of solutions via capillary elevation along tunnel walls.
Changes in tunnel ventilation regime result in re-distribution of these carbonate efflorescence and
in their larger or smaller area of occurrence.
The formation and occurrences of uranium mineral coatings in mine workings other than uranium
mines is rare, but exists. During the Grimsel tunnel construction in the Aar Massif in Switzerland
a new mineral described under the name grimselite was discovered. It is an alkali hydrated uranyl
tricarbonate - K3Na(UO2)(CO3)3 . H2O, which formed near a mineralised fracture. The mineral is
water-soluble so that its occurrence is restricted depending on water circulation and redox
potential.
On the surface of fractures formed by blasting in the Bedřichov tunnel, there are white coatings
exhibiting light green luminescence in short-wave ultraviolet light. Such coatings persist even
after washing the tunnel wall. The coatings are XRD amorphous and according to qualitative spot
analyses by ED electron microanalyzer on a sample from the footage 567 m the coatings are
composed of opal with an admixture of CaCO3 polymorph, probably calcite.
The behaviour of recently formed mineral precipitates or florescence was studied at the footage
of 567 m from SW tunnel entrance (Fig. 43.). A triangular area with coatings of opal and calcite,
showing light green luminescence in UV light was observed in the right lower segment of an
explosion crater (Fig. 43/1. and 43/2.). Photographs were taken in UV light prior to mechanical
washing by water, immediately after washing and 24 months after the treatment of the selected
area (Fig. 43/5. and 43/6.). As emerges from comparison of Figs 43/3. and 43/4. no clear
distribution of coatings vs. mineralogy of host granite in the wall was found to exist. Mechanical
washing of the area by water resulted only in a slight change of the colour shade of the coating in
UV light. The comparison of Fig. 43/5. and 43/6. shows that during the 24 month period the
coating re-generated and precipitation of newly formed minerals continued.
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Fig. 43. Evolution of recently formed coatings of opal and calcite on fractures generated by blasting in
the NW wall of A section of the Bedřichov tunnel, footage 597 m from the SW tunnel entrance: 1 – a view
of an explosion crater at artificial illumination, 2 – a view of the explosion crater in UV light, 3 – detail of
an area in lower right segment in artificial light, 4 – detail of the area in artificial and UV light prior to
washing, 5 – detail of the area in UV light after washing by water, 6 – detail of the area in UV light after
24 months.

Formation of secondary carbonate materials on concrete walls in the Bedřichov tunnel
During weathering (degradation) of artificial materials of various composition and structure, in
particular concretes, a variety of chemical processes obviously takes place. Corrosion of these
materials results in phenomena similar to those of natural karstification, with typical
accumulations of recently formed minerals on the surface of concrete (Fig. 44.). These recently
formed accumulations of secondary minerals are usually characterized by forms similar to
ordinary karst forms. Some experts call these phenomena as techno-karst (Nezvalová 2003).
The studied secondary carbonates from the Bedřichov tunnel formed by reaction of calcium
hydroxide leached from the concrete by atmospheric CO2 in the tunnel.
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Fig. 44. Bedřichov tunnel (A section) – reinforced concrete lining in the tunnel with recently formed
accumulations of secondary carbonates.

All obtained data on isotope composition of carbon and oxygen in secondary carbonates from the
Bedřichov tunnel are shown in Fig. 45. The plotted data form a curved trend. The majority of
points are concentrated in negative section of the trend (the lowest values of δ 13C and δ18O),
including nearly all analyses of various types of secondary calcite taken on the tunnel ceiling. The
other end of the data trend is occupied by data on calcite formed in stagnant water pools on the
tunnel floor (a sample of water was collected at this place). For comparison, Fig. 45. shows data
on secondary calcite formed on the surface of concrete constructions in open air ( exposed to
ordinary atmosphere). A field of common secondary karst carbonates formed in caves by natural
processes is also shown for comparison. It is evident that the secondary cave carbonates and
secondary carbonates derived from concrete show contrasting isotopic characteristics.
The reason for these differences is in different mechanisms of carbonate formation. While the
carbonates in caves originate by gradual and slow decomposition of HCO3–, escape of CO2 from
the solution and by oversaturation of solution by CO 32– ions resulting in crystallization of
carbonates, completely different processes obviously take place in a tunnel. Stalactites and other
secondary decorations form in the tunnel only in places with slow percolation of water through
the concrete. During this percolation or infiltration the water becomes alkaline (high pH)
containing calcium hydroxide released by leaching. Drops of this water actively absorb CO 2 from
the air in the tunnel under conditions of considerable isotopic effect during which an immediate
crystallization of carbonate takes place.
A broader spectrum of secondary calcite types was studied in 2004 including thin hollow
stalactites and calcites formed in small pools on the tunnel floor. Calcite varieties characterized
by slow crystallization below water table are closer to ordinary karst carbonates regarding their
isotopic composition possibly due to isotope equilibrium which could have been reached in
stagnant water. However, the isotope composition of carbon is different from that of common
karst carbonates because there is no source of material with heavy carbon isotope available in the
tunnel which is in caves represented by limestone. Data in the diagram δ 13C vs. δ18O for calcite
from A section of the tunnel show a curved trend due to gradual change in conditions from
kinetic isotopic effects to equilibrium isotope exchange reactions.
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The content of CO2 in air from the tunnel and its isotopic composition were also analysed. Air
samples were collected on May 27, 2004 using mechanical pump and plastic bags Linde
Plastigas. The content of CO2 was established by gas chromatography and weighing of CO 2 as
BaCO3 precipitate. The content of CO2 in air in section A of the tunnel was found to be very low
(ca. 350 ± 30 ppm), corresponding to its common contents in atmosphere or even slightly lower,
taking into consideration analytical error. It seems to be likely that the reaction between
atmosphere and calcium hydroxide leached from the concrete slightly reduces the CO 2 content
below its common level in atmosphere. More accurate data could be obtained by using a portable
instrument and measurements undertaken at varying conditions and during a quiet period, without
any activity in the tunnel. The isotope composition of carbon in CO 2 contained in air (δ13C value)
was -19.4 ‰ (PDB), corresponding rather to a mixture of CO 2 from the atmosphere and CO2
released by decomposition of organic matter or by combustion processes or exhaled by breathing.

Fig. 45. Data on isotope composition of carbon and oxygen in secondary carbonates from the Bedřichov
tunnel (black circles). Data in fields plotted for comparison are from concrete constructions in Scotland
and USA..

The CO2 contained in soil is first dissolved in infiltrating atmospheric water during a common
karstification of natural limestones. It is notable that the partial pressure of CO 2 in soil is
approximately by two orders of magnitude higher relative to that in the atmosphere. Under
existing climatic conditions in the Czech Republic the soil air contains approximately 1 to 4 %
CO2. Similarly (at the same climatic conditions), the secondary cave carbonate originates at
isotope equilibrium with values δ13C in the range -4 to -11 ‰ PDB and δ18O in the range -5 and
-10 ‰ PDB (i.e. approximately +21 to +26 ‰ SMOW). If water evaporation takes place, then the
values increase up to positive δ13C values.
In the case of weathering of the concrete, the mechanism of secondary calcite formation is
quite different. In the environment of excessive Portland cement inside concrete construction, the
pH value is so high that precipitation of carbonate takes place spontaneously at the contact of
CO2 (or of water containing dissolved CO2) with Portland cement. However, the transport of
dissolved bicarbonate (HCO3-) and stalagmite or stalactite growth by the same mechanism as
taking place in caves is impossible in environment with such high pH values. If secondary
carbonate accumulations originate at places away from the concrete construction, their formation
then proceeds through a different mechanism. Portland cement is leached out from the concrete
and calcium hydroxide is transported under very high pH to places away from the concrete
construction where it comes in contact with local atmosphere. Atmospheric CO 2 swiftly reacts
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with hydroxide giving rise to calcite precipitation. In all the studied examples of recently formed
calcite on concrete constructions very low values of δ13C and δ18O were observed. Macleod et al.
(1990, 1991) found in calcite from various concrete constructions in Scotland the δ 13C values to
range from -28,9 to -18,8 ‰ PDB and δ 18O values from +8,5 to +16,5 ‰ SMOW. Krishnamurthy
et al. (2003) determined in calcite from bridge constructions in USA the δ 13C values fluctuating
from -21,6 to -31,4 ‰ PDB and δ18O values from +11.8 to +15.7 ‰ SMOW. The critical step
controlling isotopic fractionation is the diffusion of atmospheric CO 2 from atmosphere across the
phase boundary into the calcium hydroxide solution. During this diffusion a significant kinetic
isotope fractionation takes place because diffusion of CO2 containing higher proportion of lighter
isotopes 12C and 16O proceeds in shorter period of time. The recently formed calcite originates so
quickly that no isotope equilibrium either with CO 2 in air or oxygen in water can take place. The
values observed in calcite from the Bedřichov tunnel belong to the lowest ever found for
secondary calcite formed in the process of concrete weathering. The reason for that appears to be
the fact that the process does not proceed in common atmosphere, but in a tunnel with different
isotopic composition of CO2. The atmosphere has an average δ13C CO2 value near -7.5 ‰; the
tunnel atmosphere shows δ13C -19.4 ‰ for CO2.

4.8 Composition of ground- and mineral waters in the study area
Various types of water, including natural mineralised waters characterized by certain amount of
dissolved components occur in broader environs of Bedřichov. Among mineralised waters the
following springs can be quoted: Vratislavice, Libverda and to a certain extent also the water
from Nové Město pod Smrkem. The highest mineralization was found in the Vratislavice mineral
water containing a total of 2288 mg/l-dissolved substances (TDS). This mineral water is
classified as being of Na-K-HCO3 type, with pH 6.28 due to enhanced amount of dissolved
hydrogen-carbonates and CO2. The mineral water from the Libverda spa belongs to Ca-HCO 3
type, containing 1070 mg/l of total dissolved substances (TDS). Similar to the Vratislavice
mineral water, it shows relatively low value of pH (6.58). The mineral water from the town of
Nové Město pod Smrkem is weakly mineralised with 967 mg/l of TDS, but exhibiting interesting
chemical composition corresponding to Mg-HCO3 type. The Ca/Mg ratio is equal to 1.31, which
is the lowest value among all the studied waters. The pH value of 6.72 measured in the water
from Nové Město pod Smrkem indicates its slight acidity. The water from Bedřichov with 516
mg/l TDS is moderately mineralised and of Ca-Na-SO 4 type. The enhanced content of SO 4
indicates relatively shallow circulation in oxidation zone, with a prolonged period of retention in
the massif. The Bedřichov water has 7.51 pH value and 0.97 Na+K/Ca ratio. The chemistry of
water from Hašler Hut is similar to that from Bedřichov, but exhibits low mineralization with 143
mg/l TDS value. It is also of Ca-Na-SO 4 type and the Na+K/Ca ratio corresponds to 1.08. Water
from Bedřichov and Hašler Hut seem to be closely related, but water from Hašler Hut is believed
to have shallower circulation. The strikingly low pH value of 4.72 is most likely due to
decomposition of organic matter with subsequent infiltration into near-surface zone.
The water from Karlov exhibits low mineralization of 141 mg/l and its chemistry corresponds to
Ca-SO4 type. Its parameters are close to common water of near-surface zone. Its pH is 6.14. The
above data indicate occurrence of waters in the Bedřichov area which seem to be genetically
closely related and also waters of different types. The differences in chemical composition appear
to reflect variations in rock environment and dissimilarities in chemical processes taking place
during formation and evolution of the given waters. Figs. 46. to 49. present the Durov’s and
Piper’s diagrams with plots of chemical composition of the discussed water springs.
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Fig. 46. Composition of springs and mineral waters from the study area plotted in the Durov
diagram.
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Fig. 47. Composition of springs and mineral waters from the study area plotted in the Piper diagram.

The hydrological and hydrochemical conditions in A section of the tunnel were investigated
shortly after the tunnel was put into operation (Němeček, 1982 in Klomínský et al., 2005) and
also in the frame of the present study. Samples of groundwater were collected at outflows from
selected fractures with mineral filling in the tunnel walls.
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Composition of ground waters in the Bedřichov tunnel
Waters from the Bedřichov tunnel are weakly mineralised up to 250 mg/l TDS. Their chemical
composition exhibits transitions from Ca-HCO3 to Ca-HCO3-SO4 type. Two samples differ from
the average values and correspond to Na-Ca-HCO3 and Ca-Na-HCO3 types. It seems to be likely
that these samples were affected by concrete casing of the tunnel. This idea is supported by high
pH corresponding to 8.0 in sample BA-V6 collected in section with concrete casing. The other
samples with 7.2 to 7.8 pH, are neutral to slightly alkaline. The generally low mineralization of
waters indicates their origin in near-surface zone with their short circulation. Data in Fig. 48.
indicate two different groups of TDS values to exist. The first group has mineralization up to 140
mg/l; the second group exhibits mineralization exceeding 160 mg/l. Samples with higher
mineralization show nearly uniform chemical composition of Ca-HCO 3 type (Fig. 49.). The group
with low mineralization has a variable chemical composition with gradual transition to Ca-HCO3SO4 type. The content of SO4 component is likely to depend not only on the concentration of
sulphides in granite in a certain part of the tunnel, but also on the extent and time of water-rock
interaction or presence and interaction of water in oxidation zone. Interesting seem to be relations
between HCO3 and SiO2 ions. Waters with mineralization up to TDS < 140 mg/l have the ratio
HCO3/SiO2 in the interval of 1.96 to 2.36. The second group with TDS > 160 mg/l shows the
ratio between 3.0 and 5.35. The SO4/SiO2 ratio in all samples ranges between 0.97 and 1.65. This
low ratio shows that the contents of SO4 and SiO2 are close to one another. The waters in the
Bedřichov tunnel represent a mixture of water of with shallow circulation and waters of
moderately deep circulation. No relation between the chemistry of collected water and the
distance of sampling sites from tunnel entrance was observed. Because of relatively small number
of measurements it is difficult to establish any trends in chemistry of ground waters which could
be determined if long-term sampling and measurements would be undertaken.

Fig. 48. Chemistry of ground waters from the Bedřichov tunnel presented in the Durov diagram. 1 –
tunnel A, 2 – tunnel B.

Fig. 49. Chemistry of ground waters from the Bedřichov tunnel depicted in the Piper diagram. 1 –
tunnel A, 2 – tunnel B.

Data on groundwater samples collected in A section of the Bedřichov tunnel have limited
information value particularly as concerns their origin and evolution within the KrkonošeJizera Composite Massif. The natural hydrochemical regime was disturbed due to several
factors:
•

The tunnel construction resulted in change of redox potential, change in partial
pressure of gases, which have significant impact on water chemistry. This led to the
occurrence of recently formed mineral schröckingerite. The formation and
distribution of this mineral depends on penetration or infiltration of atmospheric O 2
and CO2 along fractures and capillary discontinuities into the interior of granite
body. This results in breaking the equilibrium between the rock and its pore or
fracture water and dissolution mainly of Ca, Mg and U. The source of uranium for
schröckingerite was not any U-mineralization in the rock, but accessory minerals
containing uranium, e.g., allanite. The increased redox potential of at least
E0(UVI/UIV) = 0.221 V (Klomínský et al. 2005) is believed to be necessary for
transformation of immobile uranium into mobile uranyl complexes. These
observations prove the significance of oxygen infiltration and penetration along open
fractures into granite body.

•

Another factor playing role in disturbance of natural hydrochemical regime is the
existence of the Josefův Důl dam. The section within the reach of raised water level
(caused by the dam) is ca. 120 m long, at hydraulic gradient of I = 1 (Bělohradský
and Burda in Klomínský et al. 2005).

•

Concrete casing covered and obscured the places with increased leakage or inflow of
water derived from the dam.

With regard to the above-mentioned data it is difficult or even impossible to use the results of
hydrochemistry in the Bedřichov tunnel for general considerations about water-rock
interactions or about environmental issues concerning the role of ground waters in them

Nature in the interior of the Krkonoše-Jizera Composite Massif
Several springs with mineral water and thermal water are known in the Krkonoše Mts. and the
Jizera Mts. The localities occur in the Krkonoše-Jizera Composite Massif and its periphery
(Fig. 50.). The springs include mineral waters and radon-bearing waters (e.g. Libverda Spa,
Vratislavice, Bílý Potok, Swieradów Zdrój and Czerniawa Zdrój), and also thermal springs in
the Janské Lázně Spa with a temperature of ca. 29OC and particularly Cieplice near Jelenia
Góra in Poland. In the latter locality the surface temperature of thermal water is 44 OC, the
yield of all springs corresponds to 5 m3/hr. Boreholes drilled during the period 1971–1997 to a
depth of 2 000 m proved in the Polish part of the Krkonoše-Jizera Composite Massif
considerable quantities of hot water with temperatures close to 100 OC. Relatively high values
of heat flow (79 µWm2) measured at several locations of the Jelenia Góra Basin in the
Krkonoše-Jizera Composite Massif can be considered an indicator of the presence of thermal
water (Dowgiałło 2002). These data indicate a possible presence of sources of geothermal
energy also in other parts of the granite massif. The increased temperature of the granite massif
may have negative effects on the safety and stability of repository at a depth of ca. 500 m
below the land surface. The study of thermal regime in granite massifs is important to be
carried out in the very early pilot stages of work as it provides information on limiting
geometry and extent of a future repository.
Temperatures in domains near the lower limits of subsurface water circulation can be estimated
by the use of some empirically defined thermometers (Tab. 11.). The “chalcedony
thermometer” seems to be applicable for relatively cold waters of the Krkonoše-Jizera
Composite Massif. Mineral water in Czerniawa Zdroj containing 30-70 ppm Si can reach in
lower part of the circulation system (lower than 1 000 m below land surface) temperature as
high as 90 OC, and with near-surface temperatures of water near 4-16 OC. A similar situation is
likely to exist in case of the Vratislavice mineral water at the SE periphery of the city of
Liberec, where mineral water with temperature of 13.5 OC and containing 35 ppm Si is tapped
at a depth of 200 m.

Fig. 50. A – the main granite types in the Jizera massif;(1 – Fojtka granite, 2 – Jizera granite, 3 –
Liberec granite, 4 – Harrachov granite, 5 – Krkonoše granite, 6 – Tanvald granite).
B – location of thermal and mineral springs and other water resources in relation to tectonic network
of the Krkonoše-Jizera Composite Massif; (1 – thermal springs over 400 C, 2 – mineral waters to 150 C,
3 – water springs under 150 C, 4 – tectonic faults).
C – relations of mineral springs and plain waters to the main morphological structures of the
Krkonoše-Jizera Composite Massif. (1 – mountain elevations, 2 – basin depressions).

Thermal production of the Krkonoše-Jizera Granite Massif
Thermal production of granite is considered the main source of thermal energy,
which significantly prolongs the activity of thermal energy and hydrothermal
processes in igneous rocks (Klomínský et al. 1998, 1969). The dry heat is
generated by decay of radioactive isotopes of uranium, thorium and potassium
present in granites in accessory minerals and in K- feldspar. According Rybach
(1976) it is possible to identify thermal production „A“ from the contents of the
above elements in the rock by substituting them into the following equation:
A = 0.133 O*(0.718 QU + 0.193 QTh + 0.262 QK) or
A = 0.081 (K2O) + 0.261 (U) + 0.072 (Th)
The result is in μWm3 (after Vigneresse 1988).

Where:

QU (U) is uranium content in ppm,
QTh (Th) is thorium content in ppm,
QK (K2O) is potassium content in weight per cent
O* is density of the rock

Numerous granites in the Bohemian Massif belong to the group with increased (near 4 μWm 3)
to anomalous (6 μWm3) thermal production (Vaňková et al. 1979, Ostřihanský 1992). The
majority of these granite intrusions are classified as uranium-bearing. In this group belong
granites of the Krkonoše-Jizera Composite Massif with thermal production near 5.6 μWm 3 at
an average uranium content of U 12.7 ppm, 25 ppm Th and 4.5 wt. % K 2O (Jeliński 1965).
The Krkonoše-Jizera Composite Massif exceeds average thermal production of granites (2.5
μWm3) more than twice. If one unit of thermal production (HGU) corresponds to 0.417 μWm 3
= 3.16 cal/m3 per year, then one cubic meter of the Krkonoše-Jizera granite will produce 14
HGU or 45 cal/m3 per year. As the volume of the whole massif corresponds to several
thousands of cubic kilometres it represents or may produce a gigantic quantity of thermal
energy (ca. 90 Gcal/year).
The possibility of use of geothermal heat from dry rocks has already been studied in
the Czech Republic during the last century (Pačes et al. 1983). Special attention was paid to
the Krušné Hory Mts. area and the North Bohemian Cretaceous Basin. The high thermal
production of granites, in particular the late-Variscan granites of the Krušné Hory Mts.
Batholith, (Tischendorf 1989, Ostřihanský 1992), reaches or exceeds 15 μWm 3. In this
context, thermal waters of mineral springs in Karlovy Vary, with temperature above 70 O C,
can be considered products of radiothermal heat of the Krušné Hory Mts. Batholith
(Klomínský 1994). Houzar and Novák (1998) assumed an alternative that the thermal
metamorphism of country rocks around the Třebíč Massif was in part induced by decay of the
radioactive elements. Gerdes et al. (2000) supposed that thermal production in the interior of
the Moldanubian crust was sufficient for production of granite magma.
The heat released from rocks can be measured on the land surface as the terrestrial
heat flow. According to Čermák (1979) the average heat flow in the Bohemian Massif attains
values of 68 ± 24 µWm2. The highest values of heat flow recorded in the northern part of the
Bohemian Massif (80 – 100 µWm2) correspond to high radioactivity of the late-Variscan
granites of the Krušné Hory Mts. Batholith and the Krkonoše-Jizera Composite Massif.
According to Rybach (1976) the total radiogenic heat generated by average granite
contributes to the terrestrial heat flow of the Earth mantle by 2.5 μWm 2 per 1 km of thickness
of the granite body. In the case of the Krkonoše-Jizera Composite Massif with a total
thickness of several km the heat contribution represents a significant value.
Mineral and thermal springs in the Krkonoše-Jizera Composite Massif
Various types of springs, some of them belonging to the category of natural mineral springs
with regard to the content of dissolved substances, occur in the wider area around the
Bedřichov tunnel.
Cieplice Spa is located ca 5 km southwest of the town of Jelenia Góra at an altitude of ca. 350
m a.s.l. at the confluence of the Kamienna and Wrzosóvka rivers in Poland. Local thermal
springs rise from the Krkonoše-Jizera granite at a site 5 km away from the Marginal Sudetic
Fault (Fig. 54). Local thermal waters were utilized as early as between the 17th and 19th century.
The mineral water at the surface has a temperature of 44 OC. It is dominantly of sulphatebicarbonate type with an enhanced content of sodium, fluorine and silica. The total
mineralization does not exceed 650 ppm (Dowgiałło (2000).

Boreholes C1 and C2 drilled in 1971–1972 tapped considerable quantities of hot water at a
depth below 700 m. Outflow from C2 borehole yielded 40 m 3/hr (at a pressure of 2.5 Pa) and
exceeded significantly the yield of common natural springs. The highest temperature of rising
water was 68 OC. During the year 1997, the C1 borehole was extended to a depth of 2 002.5 m.
The country-rock around the borehole is porphyritic medium- to coarse-grained granite, often
cut by numerous lamprophyre dykes. Hydrothermally altered (kaolinized) granite is at places
penetrated by numerous fractures and tectonic zones. Strong inflow of thermal water was
recorded at a depth of 731 to 873 m and 943 to 1050 m from tectonic zones of the Sudetic
trend (NW-SE), whereas in the interval from 1 600 m to 2 002.5 m the borehole was
penetrating a tectonic zone of the Krušné Hory Mts. trend (NE-SW). At a depth of 1 601 m a
strong inflow of thermal water with temperature of 76.4 OC was also recorded and the
temperature increased up to 87.8 OC at the bottom of the borehole. The yield of artesian water
attained 110 m3/hr at a pressure of 3.4 Pa. The temperature at the borehole collar was 86.7 OC.
Chemical type of water derived from the level of mineralization corresponds to mineral waters
in the majority of local springs.
Logging of C1 borehole revealed a maximum temperature of 97.7 OC. Dowgiałło (2000) is of
the opinion that this is not the maximum temperature as the circulation system reaches deeper
than 2 000 m. This author suggested that at a depth of 2 500 m the water may attain a
temperature of 115 to 120 OC and the circulation zone of thermal water may reach a depth of 3
000 m or even more.
At the south-eastern edge of the Liberec Basin near the village of Vratislavice nad Nisou there
occurs a mineral spring of carbon dioxide saturated water known as Vratislavice mineral water.
This commercially exploited water is tapped by boreholes at two sites at depths of 92 to 216 m
showing a yield of 20 and 30 litres per minute. Its temperature varies between 12.8 and 13.5 OC
and it must be cooled for common use. The total mineralization of the Vratislavice mineral
water is 240 to 340 ppm, including 35 ppm Si. Sources of this mineral water are in the strongly
altered Liberec granite in tectonic zone of the Sudetic trend (NW-SE).
Temperature of mineral water in lower part of the circulation system can be measured or
estimated by using several chemical geothermometers based on chemical composition of
water and the assumption of equilibrium with the country-rocks. According to Dowgiałło
(2002), thermal waters with low enthalpy in the area of the Krkonoše-Jizera Composite
Massif are affected by dilution with meteoritic waters. For this reason, the chemical
thermometers can provide only an approximate estimate of lower parts of the circulation
system. According to Dowgiałło (2002) only the chalcedony thermometer can provide reliable
estimate of abyssal temperatures of relatively cold waters. Temperature estimates for
Vratislavice mineral water in the lower part of its circulation system based on several
geothermometers (Tab. 11.) confirm this observation. The chalcedony geothermometer for the
Vratislavice mineral water indicates temperatures from 64 to 105 OC in lower part of its
circulation system. Similar data were presented by Dowgiałło (1985) for waters saturated with
carbon dioxide from Świeradów Zdrój and Ciernawa Zdrój (Fig. 54. B), for which Si contents
(30–70 ppm) indicate temperatures up to 90 OC in the lower part of the circulation system.
However, the Na-K-Ca geothermometer after Pačes (1975), including correction for CO 2
content, gives temperature estimate for the Vratislavice water as low as 15 OC, i.e. value
corresponding approximately to the temperature at surface outflow.

Tab. 11. Water temperature estimates in subsurface reservoir of the Vratislavice mineral water
according to various geothermometers

temperature °C
64
105
93
92
94
15

reference
Fournier, Rowe 1966
Mazzor et al. 1980
Arnorsson et al. 1983
Arnorsson et al. 1983
D'Amore, Panichi, 1987
Pačes 1975

temperature range geothermometer
chalcedony
chalcedony
O
25 - 180 C
chalcedony
25 - 180 OC
chalcedony
O
0 - 250 C
chalcedony
t < 75 OC
Na-K-Ca

Thermal potential of the Krkonoše-Jizera Composite Massif
• The deepest borehole (C-1) in granite pluton in the Bohemian Massif at Cieplice near
Jelenia Góra tapped at a depth of 2 km thermal water exhibiting high temperature
(97.7 0 C) and 15 l/s yield. The circulation domain of this mineral water probably
extends to a depth of 3 000 m, with water temperature exceeding 100 0C.
•

The borehole C–1 is located in porphyritic granite of the Krkonoše-Jizera Composite
Massif. The main inflow of thermal water comes from tectonic zones of the Sudetic
(NW-SE) and Krušné Hory Mts. (NE-SW) trends.

•

The high value of thermal production of the Krkonoše-Jizera Composite Massif (5.6
μWm3) can be considered the main source of heat for high temperatures measured in
thermal waters.

•

The discovery of deep circulation of thermal waters along tectonic zones of the
Krkonoše-Jizera Composite Massif, with temperatures attaining 60 OC at depth of
500 m, can be essential information for designers of deep repository of radioactive
material in granite massifs.

5 METHODOLOGY
A broad spectrum of works was carried out in the frame of the Bedřichov tunnel project,
which cannot be qualified as research sensu stricto, but which brought valuable information
on the character of the rock environment and other useful data. They included application of
some new methods or documentation and visualization procedures adopted from other fields
or from other activities. Some of these methods and studies will also provide data in future.
However, monitoring is not only an integral part of the investigation but also an essential tool
for acquisition of a range of data for subsequent geological and technical considerations.

5.1

Geophysical survey

Resistivity properties of the rock massif hosting the tunnel were measured in the NW wall
using multielectrode readings (resistivity tomography) along horizontal profiles. The first
profile was placed at the NW wall on the tunnel floor, additional four profiles were laid 0.5 m,
1 m, 1.5 m and 2 m above the tunnel floor. The profile starts at the footage of 877.5 m (1) and
ends at footage of 908.5 m (31) from the SW tunnel entrance.
The resistivity tomography is based on measurements with numerous electrodes that are
successively interconnected at various combinations. The final output of this survey is a
resistivity section in the form of resistivity isolines. The measurements along the section can

provide information on tectonic pattern or change in the character and properties of rocks.
Field measurements were carried out with ARS-200E instrument manufactured by the GF
Instruments Company (Czech Republic). The boundary between the drilled and blasted part of
the tunnel lies in the centre of measured profiles. The distance between individual
measurements on single profiles was 0.5 m. An example of mounting the electrodes on
individual profiles is shown in Fig. 51.

Fig. 51. A set of electrodes mounted in the rock massif.

With regard to the fact that the measurements undertaken in 2004 turned out to be sufficiently
reliable (the mean error of measured data was low), the method of using multielectrode
measurements (resistivity tomography) was also applied at the same conditions in 2006 and
2007. The measured data were processed with the Res2Dinv (Locke) program. However, basic
data, i.e. specific resistance values acquired by measurements at the given electrodes distance
and adjusted to representative depth were used for comparative statistical analysis.
Nevertheless, the acquired data in form of specific resistance values may be affected by
interpretation procedure. The resulting data on resistivity were processed and presented in
graphic form using the Surfer 8 program.
The boundary between the drilled and blasted part of A section of the Bedřichov tunnel lies at
the footage of 893 m (Fig. 52.) from the entrance. The 30 m long section along the NW wall,
15 m on both sides of technological boundary (drilled vs. blasted part), can be used as an
etalon locality for detailed geophysical survey in order to establish parameters and behaviour
of granite disturbed by tunnelling (EDZ). The rock type in this part of the tunnel is the
strongly porphyritic Jizera granite that is very fresh without any sign of macroscopic
alteration. Only three fractures filled with clay and trending 355o – 358 o with a dip of 45o –
60o were observed in drilled part of the section measured. Completely different appears to be
the wall in section excavated by blasting. Here, the granite is strongly fractured by a network
of curved fractures without any filling, which obviously resulted from blasting. Traces of blast
holes and explosions are clearly seen on the tunnel wall. Only in the first two meters of the
blasted part can be seen blast holes indicating the method used in tunnelling. These blast holes
were likely to have been drilled in connection with excavation of a cavern in the ceiling and in
SE wall about 2 m beyond the boundary of drilled part of the tunnel. The number of
explosions in blasted part of the tunnel resulted in higher frequency of recently formed
fracture swarms extending behind the tunnel wall. Similar pattern of fracture network can also
be expected on the other side of the tunnel. The model of recently formed fractures in

monitored part of the tunnel resembles shape of a funnel open towards the blast holes in
blasted section of the tunnel.
Fig. 52. Resistivity tomography in NW wall of the Bedřichov tunnel (C – measurements done in 2007)

at the boundary between the drilled and blasted parts (footage 885-905 m from the SW tunnel
entrance). Horizontal sections – profiles: 0 M – footpath level, 1M – 0.5 m above footpath, 2M – 1m
above footpath, 3M – 1.5m above footpath, 4M – 2m above footpath.. Yellow colour shades - areas of
increased conductivity, brown and green colour shades (above 15,000[ohm]) – areas of very high
resistivity.

The prevalence of green and brown areas in the resistivity sections indicates an increased
resistivity, i.e. the rock becomes dry in these areas. On the other hand, yellow areas
correspond to lower resistivity and wet areas. These values are particularly typical of
measurements done at the tunnel floor.

Statistical analysis of fracture network around the boundary between the blasted and drilled
part of the tunnel is shown in Fig. 53. Rose and contour diagram of 55 registered open
fractures indicate a preferred orientation in NE direction with northward deviation of 20 o from
the tunnel axis.

Fig. 53. Rose and contour diagrams (Lambert projection, lower hemisphere) of open fracture network
around the boundary between drilled and blasted sections of the tunnel (footage 885– 905 m from the
SW tunnel entrance). The orientation of the Bedřichov tunnel is indicated by black line.

The method of resistivity tomography permits collection of data carrying detailed information
on resistivity properties to a depth of ca. 3 m inward the massif (alternative arrangement of
electrodes would permit measurement penetrating deeper in the massif). The boundary
between the drilled and blasted sections has a transient character. The zone strongly disturbed
by blasting is characterized by high resistivity measured on the tunnel wall. The domain of
increased resistivity is governed by drying of granite along fresh fractures opened by blasting.
The zone of open fractures in disturbed granite represents the Excavation Disturbed Zone
(EDZ). The repeated resistivity measurements along the boundary between the drilled and
blasted tunnel sections during the years 2004, 2006 and 2007 confirmed changes of the
resistivity pattern in time depending on fluctuation of the water inflow into the tunnel. The
cumulative number of explosions used during the tunnelling (blasting method) probably
results in wedge-like extension of the disturbed zone in granite (EDZ), both laterally along the
tunnel wall and vertically upwards from the tunnel ceiling. A transitional boundary between
the drilled and blasted parts of the tunnel was observed in all resistivity measurements (2004,
2006 and 2007) and in individual sections at the floor level. The zone with resistivity > 5 000
ohm at the boundary of the drilled and blasted section is approximately 4 m wide at 2 m level,
ca 3 m wide at 1.5 m level, 2.5 m wide at 1.5 m level and 1.5 m wide at 0.5 m level above the
floor. Considerable difference in resistivity section at the floor level and sections placed
higher above the floor was established. This variation apparently indicates extension of EDZ
towards the ceiling. The resistivity sections at the floor level document seepage of
groundwater from the tunnel walls indicated by the lowest resistivity values, irrespectively of
the boundary between the drilled and blasted part of the tunnel.
The resistivity measurements established the existence of wedge-like extension of the zone
with increased resistivity (EDZ) from a width of ca. 1.5 m at the boundary between the drilled
and blasted tunnelling up to a width of ca. 3 m at the end of measured profiles in the blasted
part of the tunnel. This zone has a shape of asymmetric funnel open towards the blasted
section of the tunnel.

5.3 3-D visualization of the Bedřichov tunnel wall
5.3.1 3-D visualization of the tunnel wall shape
The available digital technology of panoramatic scanning permits transformation of surface
irregularities and unevenness on tunnel walls. The 3-D visualization of the section of the
Bedřichov water supply tunnel demonstrates this method or techniques that were applied to
study the tunnel walls surface. Models of the tunnel walls surface represent application of this
method to underground constructions. The model depicts 27 meters long boundary zone
between the drilled and blasted parts of the tunnel (12 m and 15 m).
The principle of the laser scanning method is based on contactless measurements with laser
beam. The registered data include distance and horizontal and vertical angular position of the
laser beam. The polar coordinates are converted into Carthesian system of X, Y and Z
coordinates.
The procedure of 3-D visualization of the tunnel walls surface included the following steps:
•

Panoramatic scanning of the tunnel walls with the RIEGL LMS-Z360i scanner in
bands 11.5 m wide with 50% overlap (Fig. 54.). The laser instrument records spot
model and images of the scanned object with a digital camera with high resolution.
The accuracy of linear measurements is ± 6 mm with measurement rate of 812 000
points/s. The total number of points in the laser cloud in measured part of the tunnel
corresponds to 1,865 694. The point density is 0.005 m. The dimension of the laser
beam mark on tunnel wall is ca. 4 x 3.5 mm.

•

Calibration of projection centre of digital camera and colour coding of laser marks.

• Conversion of “laser clouds” into a spot model (876 039 points between footages 880
and 892 m in the part driven by drilling and 989 655 points between footages 892
and 907 m in the part driven by blasting.
•

Unrolling of the “laser clouds” into a plane with (hypsometric) isoline visualization
of 3-D surface in the drilled and blasted parts of the tunnel, with isoline step of 3 cm
or alternatively 10 cm.

•

Distance between the individual spots and the tunnel axis was calculated from the
laser data.

•

A coloured isoline map of the unrolled surface of tunnel with hypsometric
visualization from cylindrical reference surface was projected on the surface of a
rotational cylinder. The resulting 3-D models were derived with the use of the phong
method.

•

2.5-D models of the tunnel wall morphology. Data were loaded separately for the
blasted and drilled parts of the tunnel into the Voxler program (Golden Software
Company) and visualized at various scales for both parts of the tunnel.

Fig. 54. Isoline presentation of uneven surface of the tunnel wall in blasted section of the Bedřichov
tunnel (top) and the drilled part (bottom). Hypsometric data document uneven surface in the range of
-0.60 m to +0.80 m with isoline distance of 3 to 10 cm. (the absolute height exaggeration in tunnel
morphology is 1.75 m).

Fig. 55. Contour map layout on the tunnel model of the blasted section (right) and TBM section (left).
Hypsometry represents the tunnel wall morphology in range from +0.99 m to –0.73 m with contour
space of 10 cm (maximum drop in the tunnel wall morphology is 1.75 m).

Fig. 56. 3-D model of the Bedřichov tunnel wall morphology. A view from the west ( right) and from
the north ( left). Colours express differences in tunnel walls morphology. Blue colour shows rock
ledges into the tunnel and red colour represents excavations out of the tunnel or asymmetric tunnel
profile extension.

The 3-D model of the tunnel wall morphology produced from results of laser measurements is
presented in Fig . 56.
A comparison of hypsometric maps of the drilled and blasted tunnel parts shows a similar
asymmetry in orientation of the ceiling axis in relation to the general tunnel axis (Fig. 54.)
This deviation toward the east is ca. 57o and it can correspond to orientation of the magmatic
fabric of granite (e.g. orientation of the longer axis of K-feldspar phenocrysts). The
transversal ridges in the ceiling morphology of the blasted part of the tunnel are caused
mainly by location of individual sets of drill holes.
The 3-D models of the Bedřichov tunnel morphology were employed for mapping surface
morphology resulting from various methods of tunnelling and anisotropy of rock massif. It is
assumed that in future stage of work the laser measurement of selected section will be
repeated with the aim to evaluate possible changes in tunnel morphology.

Fig. 57. Diagram of the sequence of steps in 3-D visualization of geological situation of the
wall of the Bedřichov tunnel.
5.3.2 3-D visualization of the tunnel wall geological scene
The present digital technology permits transformation (projection) of geological picture of
tunnel walls on its exterior surface. The 3-D visualization of a section of the Bedřichov tunnel
wall is presented as an example of this method. Projection of lithological boundaries, ductile
structures, brittle deformation or hydrothermal alteration phenomena represents a new kind of
information on structure and state of the granite massif penetrated by the tunnel. This kind of
model of the tunnel represents the first application of this geological-structural technology of
mapping in the Czech Republic. The sequence of visualization is presented in Fig. 57.
The 3-D visualization of geological situation on the tunnel walls includes the following steps:
• Covering the tunnel wall by a square network of reference points with steps of 1 x 1
m,
•

Taking pictures of individual squares by digital camera with resolution of 2,560 x
1,920 pixels,

•

Integration of individual pictures into bands oriented perpendicular to the tunnel axis,
representing bands 6.5 m long and 1 m wide,

•

Adjustment or smoothing of colours and contrasts within photo bands,

•

Integration of individual bands into a “seamless” photo mosaic with a total surface of
6.5 x 11 m of the tunnel surface,

•

Creation of unrolled image of the inner surface of the tunnel wall in the Corel PhotoPaint program (Fig. 58),

•

Creation of unrolled geological-structural map of the inner surface of the tunnel wall
on the background of “seamless” photo mosaic,

•

Inversion of the photo mosaic and the digital image of geological-structural map of
the tunnel wall in the Corel Photo-Paint program on the exterior side of the tunnel
wall,

•

Construction of 2.5-D models of the tunnel in the Microstation program as an
orthogonal projection of the exterior image of the tunnel ceiling, left and right wall,

•

Transfer of the photo mosaic and the digital image of geological-structural map onto
the surface of 3-D body of the tunnel in the JPEG true colour format with 5,000 ×
2,270 pixels. The resulting 2.5-D pictures were formed via rendering by the phong
method (Fig. 59.).

The “seamless” photo mosaic of the inner side of the tunnel (Fig. 58.), comprising ca. 72
pictures, has a size ca. 6.5 x 11 meters and represents ca. 60 % of its segment from the curb of
the concrete pathway along the NW tunnel wall up to the upper margin of the water pipeline
along its SE wall.

Fig. 58. A “seamless” photo mosaic of the tunnel wall unrolled into a plane of 11 × 6.5 m size and
with projection of geological structures as viewed from outside, at footage of 203 to 215 meters from
the SW tunnel entrance (the upper edge of the image depicts the water pipeline, the lower edge
corresponds to the tunnel floor). Orientation of the photo mosaic: NE at the left, SW at the right.

The tunnel walls expose porphyritic biotite granite of the Jizera type (dark grey background)
with abundant lithological inhomogeneities of magmatic origin. Swarms of biotite-rich
schlieren (dark red areas and light blue lines) and abundant nests of enclaves (blue and green)
accompanied by hybrid granitoids (violet and brick-red areas) are arranged in two fold

structures of rather complex shape. The youngest members are sills and nests of pink aplite
grading into aplopegmatite (yellow areas).
Numerous nearly vertical fractures, rimmed by zones of hydrothermal alteration, are locally
filled with vein quartz and calcite. They show the same trend as the axes of magmatic
antiforms (black lines). Red marks indicate one meter interval on the tunnel wall.

Fig. 59. 2.5-D models of geological image of the tunnel wall. 2.5-D model of the tunnel wall (left
picture) and projection of the digital internal surface image of the tunnel on its outer surface in true
colours (right) projected on surface of rotational cylinders. The tunnel walls consist of porphyritic
biotite granite of Jizera type with abundant lithological heterogeneities of magmatic origin. The
swarms of biotite-rich schlieren and nests of numerous enclaves accompanied by hybrid granitoids
are arranged in two fold structures of rather complex shape. The youngest members are sills and
nests of pink aplite to aplopegmatite. Numerous nearly vertical fractures rimmed by alteration zone
are locally filled with hydrothermal quartz and calcite. Light grey area is the pathway on the tunnel
floor (the footage in meters corresponds to the distance from the Josefův Důl dam).

5.3.3

Analysis of the tunnel wall geological scene – classification of the intensity of
granite alteration

The methods of remote sensing of the Earth and recent technology of digital photography of
geological objects permit automated processing and interpretation of pictures of geological
objects down to microscopic scales (thin sections and polished sections of rocks and
minerals). According to differences in absorption and reflection of light (electromagnetic
spectrum) of variable wavelength it is possible to distinguish in digital pictures of geological
objects various rock types and their minerals. The automated analysis of images can be used
for visualization and qualitative classification of the intensity of secondary alteration of a rock
massif.
The walls of the Bedřichov tunnel consist of the Jizera granite with abundant lithological
inhomogeneities. Swarms of biotite-rich schlieren and nests of enclaves (xenoliths)
accompanied by hybrid types of granite reflect processes of magma movement, mixing and

plastic deformation. This magmatic structure in images of tunnel walls is disturbed by a
fracture network, which served for transport of hydrothermal fluids, CO 2 and groundwater
during the whole geological period since solidification of granite massif until the Recent.
Veins and veinlets of quartz and carbonates document the activity of fluids.
The movement of fluids with variable composition and temperature results in alteration or
destruction of primary minerals along fractures in granite in their closer or broader
neighbourhoods. The changes in mineralogical and chemical composition of the original
granite result in changes of physical-mechanical properties such as strength, permeability,
porosity and volume. The visual manifestation of granite alteration includes chiefly changes
in colour. Shades of red colour indicate gradual alteration of biotite to chlorite. Red pigment
of Fe2O3, which originates as a by-product of biotite alteration, penetrates the altered granite
via diffusion preferentially impregnating K-feldspar phenocrysts.
We used the method of unconducted picture classification employing mathematical
operations with defined algorithms. This procedure examines the ability of picture pixels to
form clusters. Pixels of one class are close to one another in multidimensional space, whereas
pixels belonging to other surfaces exhibit different spectral properties allowing to be easily
separated. With the use of uniformly selected parameters this approach enables identification
of subtle differences in spectral properties and recognition of different surfaces. Numerous
minerals, e.g., biotite, chlorite, K-feldspar, amphibole, plagioclase, can be identified in digital
photographs consisting of RGB bands (red, green and blue components) in visible part of the
electromagnetic spectrum (EMS).
The procedure of analysis of geological picture of the tunnel walls is as follows:
•

Covering the tunnel wall by reference horizontal planes parallel to the tunnel axis,
with 1 m step,

•

Digital photography of the tunnel wall in direction perpendicular to the tunnel axis
with 1 m step from a distance of 3 m, using digital camera with resolution HQ 2 560
× 1 920 pixels,

•

Taking seamless pictures at 5 m intervals, oriented parallel to the tunnel axis (Zoner
Panorama Maker),

•

Inserting 3-D co-ordinates of the tunnel axis in the metric system x, y (rectification,
ArcGIS environment; ArcEditor),

•

Making mosaic out of individual 5 m long bands (ad 3), creation of seamless “photo
mosaic” in the Erdas Imagine environment, unification of colour shades of single
bands, correction of exposure – calculation of new RGB values for pixels located in
photographic shadow resulting from artificial illumination,

•

Automated processing of digital picture of the tunnel wall (statistical classification of
digital picture),

•

Qualitative evaluation of the picture and application of artificial colours (expert
classification) - Fig. 60.,

•

Conversion to vector data,

•

Transfer into GIS database,

•

Geostatistical analysis (construction of lithological boundaries and isolines of the
content of individual minerals (intensity of granite alteration) – Fig 61.

Fig. 60. Qualitative (lithological) classification of digital photograph of the wall of the Bedřichov
tunnel (stationing 203 to 215 meters from the tunnel entrance). 1 – photo mosaic of unrolled tunnel
wall into a plane represents picture of lithological heterogeneities in the Jizera granite. 2 –
classification of lithological elements in artificial colours: blue – biotite schlieren and mafic enclaves,
yellow – aplite, deep red – fine-grained hybrid granodiorite.

Fig. 61. Qualitative classification of the picture of alteration intensity in the NW wall of the Bedřichov
tunnel (stationing 120 to 123 m from the SW tunnel entrance). A – digital photograph of the tunnel
wall, B – digital photograph of the tunnel wall with chlorite occurrence, C – automated classification
of the digital picture of alteration in the tunnel wall in artificial colours, D – qualitative classification
of granite alteration intensity based on abundance and distribution of chlorite (see explanation).

6 CONCLUSIONS
This report presents the main results of research obtained during investigation of granitoid
rocks penetrated by the Bedřichov water supply tunnel, especially those in its A section. The
study was divided on administrative grounds in three stages, which took place during the
years 2003 – 2008. Detailed description and characteristics of geological conditions in tunnels
as well as on the land surface above them were an integral part of investigation. The
Krkonoše-Jizera Composite Massif is not considered a potential locality for geological
repository of radioactive wastes and spent nuclear fuel in the Czech Republic based
exclusively on other than geological aspects (National Park, tapping of drinking water,
proximity of the state border). Its geological (s.l.) characteristics is very similar to other
Variscan granitoid bodies which were selected to host five out of six localities at which site
characterization stage began short time ago. The water supply tunnels, particularly both parts

of the Bedřichov tunnel, makes this body a unique model locality essential for the Czech
program of research devoted to selection and designing a deep repository of radioactive
wastes. It is notable that Hans Cloos in the 1920s carried out in this massif an important
pioneering research on granite tectonics.
Currently, parts of the study including detailed characteristics of the rock massif and
collection of all data relevant for creation and verification of advanced models are now in
progress. Development and practical verification of various methods and procedures, which
will be applied in future stages of site selection to host a geological repository are a
significant by-product of this activity.
The next stage of works, which began in 2009, is chiefly devoted, as mentioned above, to
creation and verification of models of fracturing, stress and its distribution, heat production
and transmission, hydrogeological and hydrochemical aspects of granite massif. Apart from
continued monitoring that started in the past, and data acquisition, appropriate attention will
be paid to optimisation of data collection intervals and to efficient data transfer.
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