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Abstract:

Structural and petrophysical analysis have been conducted within the
Melechov massif with focus on structures controlling the porosity,
permeability and thermal conductivity of the rock. The structure of
the massif has been constrained based on extensive dataset including
AMS and field structural measurements of ductile and brittle
structures. Maps and stereograms have been constructed to display
the magnetic fabrics and the fracture system of the studied massif.
The fracture system of the massif has been described by two principal
and two supplementary sets of joints and by faults formed mainly
by joint reactivation or less frequently formed as shear fractures.
The measured petrophysical data have been used to characterize the
effect of fracturing and alteration on pore space geometry and in turn
on permeability, thermal conductivity and elastic properties of the
studied granite. Distinct petrophysical properties have been identified
for pristine granite, for fractured fresh granite as well as for fractured
granite altered by Fe-oxide, chlorite and clay minerals. Relations
between the measured petrophysical properties have been explained
in terms of evolution of the rock pore space. A detailed microstructural
study combined with multidirectional P-wave velocity measurements
at high confining pressure and with AMS analysis has been conducted
on a schlieren bearing sample of Lipnice granite. The study has shown
that the granite V, anisotropy at low confining pressure was controlled
by intergranular cracks interconnecting schlieren-subparallel cleavage
cracks in micas and feldspars and by exfoliation fracture-subparallel
intra- or trans-granular cracks in cleavage-free quartz. Major closing
of the crack porosity linked to the schlieren granite below depth of
500 m has been interpreted in terms of crack compliance reflected by
rapid increase in V, with confining pressure.



Abstrakt:

Byla provedena studie stavby a fyzikalnich vlastnosti zulového masivu
se zaméfenim na stavby ovladajici pfenosové vlastnosti horniny.
Stavba masivu byla upfesnéna na zakladé rozsahlého souboru udaju
zahrnujicich AMS a terénni méfeni duktilnich a kiehkych staveb. Za
ucelem zobrazeni magnetickych staveb a systému trhlin byly sestaveny
mapy a stereogramy. Systém fraktur byl popsan dvéma hlavnimi a
dvéma vedlejSimi sety puklin a zlomy tvoricimi se reaktivaci puklin
nebo méné Casto stiiznymi trhlinami. Namétené petrofyzikalni udaje
byly pouzity k charakterizaci vlivu frakturace a alterace na geometrii
porového prostoru stejné tak jako na propustnost, tepelnou vodivost a
elastickeé vlastnosti studované zuly. Odlisné petrofyzikalni vlastnosti
byly rozpoznany pro zdravou zulu, pro frakturovanou cerstvou zulu
a také pro frakturovanou zulu alterovanou oxidy zeleza, chloritem
a jilovymi minerdly. Vztahy mezi méfenymi petrofyzikalnimi
vlastnostmi byly vysvétleny ve smyslu vyvoje pérového prostoru.
Podrobna mikrostrukturni studie kombinovana s métenim rychlosti
P-vln v mnoha smérech za vysokého omezujiciho tlaku a s analyzou
AMS byla provedena na vzorku Lipnické zuly se $liry. Tato studie
ukdazala, Ze za nizkych omezujicich tlaki je anisotropie V, ovladana
intergranularnimi  mikrotrhlinami propojujicich Stépnosti slid a
ziveu subparalelnich se Sliry, a v kiemeni, ktery nema S$tépnost,
mikrotrhlinami subparalelnimi s exfoliac¢ni trhlinou. Zna¢né uzavirani
mikrotrhlin pro zulu se §liry a hloubku mén¢ nez 500 metrti bylo
interpretovano ve smyslu stla¢eni mikrotrhlin odrazejiciho se rychlym
narustem V, s omezujicim tlakem.



1. Introduction

The present study demonstrates the use of data acquired
by structural and petrophysical analysis of a granitic massif for
the purpose of search and characterization of suitable sites for

deep geologic repositories of radioactive waste.

Stocking of high-activity and long-lived radioactive
waste in deep underground facilities is nowadays favored by
countries with massive nuclear power and waste production and
its feasibility is supported by data from subterranean laboratories
run by the research-field leading countries. Several European
countries including Czech Republic have chosen granite as the
repository host rock owing to its abundance and commonly low
inhomogeneity and porosity. For safe and sustainable stocking
the host rock must be highly impermeable, be able to retain
contaminants and be able to extract the radioactive heat of the
waste to prevent thermal cracking of engineer and geologic

barriers.

In this scope, the main geologic challenge related to waste
repositories is the description of structures controlling the rock
transfer properties. In granites, i.e. rocks highly impermeable in
the majority of the volume, ubiquitous macrofractures represent

localized conductive structures delimiting rather impermeable
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blocks and the fracture walls represent the principal rock-fluid
interaction interface. In domains with low fracture density or
where fractures are healed or sealed, the rock transfer properties
are controlled by the rock matrix microstructures such as grain
boundaries, mineral cleavages and microcracks. In this scope,
macro- and micro-structural analyses coupled with direct
experimental measurements represent a convenient multi-
method approach when evaluating site suitability for radioactive

waste repository.

2. Aims of the study

To demonstrate such an approach in a realm analogous
to the actually intended granitic host rocks, we present an
extensive set of structural and petrophysical data relative to
the testing site of the Czech Radioactive Waste Repository
Authority (RAWRA), the Melechov Massif (MM), Czech
Republic (Fig. 1).

The elementary goals of the structural analysis were to
describe the magmatic fabric and the fracture system of the
massif and to explain their origin and interplay during the

massif deformation history.
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Figure 1. (a) Simplified geological map of the Bohemian Massif showing the
location of the studied Melechov massif, (a — Saxothuringian and Lugian, b —
Tepla-Barrandian, ¢ — Variscan granitoids, d — Central Moldanubian Pluton, e
— Gfohl unit, Varied and Monotonous unit, g — Brunovistulian, h — Cretaceous
sedimentary cover), (b) Geological map of the Melechov massif showing the
extent of the four granite types (modified after Machek 2011).

The elementary goals of the petrophysical measurements

were to characterize various fracturing and alteration facies of the

granite in terms of porosity, permeability, thermal conductivity,

density and elastic properties and to explain relations between

these quantities with focus on the rock pore space geometry.

3. Material and methods

The MM is a late-Variscan two-mica peraluminous

S-type granitic massif representing ca. 110 km? x 15 km of the

northernmost part of the Central Moldanubian Pluton (CMP)



dominantly surrounded by paragneisses of the Varied group
from the west and paragneisses to anatectites of the Monotonous

group from the other sides.

The first step for the structural analysis consisted
of gathering, organisation, formatting and georeferencing
of available structural data. The field work was based on
preliminary evaluation of the map extent of the compiled
structural data and was focused on blank spots in the otherwise
extensive record within the massif and on some proximate or
remote country rock domains where structural data was not
available or spatially discontinuous. Maps and stereograms
have been constructed to display the magnetic fabrics and the

fracture system of the studied massif.

Various granite facies differing in alteration and
fracturing character were sampled and examined by the
petrophysical methods. The collection comprises samples of
two kinds: samples taken from exposures in active or abandoned
quarries and samples of 4.5 cm core of a 140 m deep borehole
MEL-5. The used techniques and the resulting petrophysical

characteristics are briefly described in Tab. 1.



Table 1. Brief decscription of applied petrophysical techniques

Experimental Physical Quantity Sample Experimental
technique quantity type conditions

Borehole core

Optical Thermal D=45cm,Lz6cm

§ ductivit vector ambient
scanning conductivity Sawed block
min. 4 x2x 6 cm
D= LP=Iu1g7 om ambient
Pulse P-wave ’
transmission velocity vector Sph
phere P, <400 MPa
D=5cm
Nitrogen Intrinsic Plug =1 MPa
permeametry permeability vector D=L=17cm Peont
Porosity
Mercury Pore size | .
porosimetry Trapped / Free p. scalar polyhedron V = 3 cm

Skeletal density

4. Results and discussion

Three different structural domains in the massif host rock
have been defined based on the lithology, metamorphic grade
and overall structural pattern. The distribution of orientation
of the foliations within the study area is documented on map
in Fig. 4 by means of discrete structural markers showing
strike and dip directions accompanied by spatially interpolated
values of dip. The foliations and fold structures in the MG
show anticlinal orientations with respect to the massif and dip

steepening towards it suggesting a dome-like structural pattern.
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Figure 4. Map showing orientation of macroscopic foliation in the
metasediments (empty symbols) and of magnetic foliation in the granitic massif
as well as in the metasediments (full symbols). The raster background shows
interpolated dip values with common scale for both the structures. Gray colour
represents no dip data.

The stress field leading to and coeval with the early stages
of the doming is probably related to the primary structural
pattern recorded within the study area in the SE structural

domain.

The granitic massif is fractured by two principal and two
subordinate sets of joints, taking into account their size and
spatial extent. The maps of trajectories of the distinct joint sets
in the massif have revealed a sigmoidal pattern of the set 1 and 2

(Fig. 11).
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Figure 11. Map of set 1 joints trajectories. The structural symbols represent
spatially averaged orientation values based on field measurements. The raster
background shows interpolated dip values.

For the two first sets, the central parts of the Lipnice and
Melechov granite represent two domains with stable orientation
of the joints within the frame of the sigmoidal pattern. On the
other hand, the external parts as well as the part of the Kouty
granite between the Lipnice and Melechov granites represent
the kinks of the pattern. We suggest that the sigmoidal
pattern may have resulted from conjugated relative horizontal
displacements of large domains of the massif. The considered
kinematics corresponds to dextral and sinistral movement
along WNW-ESE and NNE-SSW striking discontinuities,

respectively. Taking into account the noted domains with stable
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and with kinked trajectories orientation, the central part of the
granites acted more rigid whereas the strain was accommodated

in the external and in the central transitional parts of the massif.

Based on pore space characteristics evaluated by a
detailed series of porosimetric measurements fracturing and

alteration facies have been defined (Fig. 13).
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Figure 13. Connected (top) and free (bottom) porosity pore size distribution
characteristic for facies sampled in the MEL-5 borehole core. Fract. - fractured,
ox. - oxide, alt. - alteration, chl. - chlorite. *) Porosity values of “Chl. + Fe-ox
alt. + fract.” are represented by the sample 6 not to scale with the other data.

The fracturing and alteration facies defined on the
Lipnice borehole samples and their characteristic petrophysical
properties are displayed in Tab 7. The presented porosimetric
and density values are based on the microporosity range

calculations thus allowing comparison of rather homogeneous
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and facies-representative volumes controlled by the rock matrix
fabric and the microcrack network. To estimate the relations
between the measured petrophysical properties a set of XY

charts has been plotted in Fig. 16.
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Figure 16. Relations between measured petrophysical properties. X-Y
charts showing relation between permeability, P-wave velocity, and thermal
conductivity on vertical axes (from top to bottom, also on the next page)
and microporosity (5 nm - 6 um), median pore throat diameter (volumetric),
trapped-to-total porosity ratio, bulk density and skeletal density on horizontal
axes (from left to right continued to the next page). Symbols represent different
fracturing and alteration facies of the granite (see legend above the charts; full
/ empty symbols for less / more fractured variety within alteration facies; “+”
symbols correspond to macroscopic degree of fracturing (fract.); ox. - oxide.
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5. Conclusions

A granitic massif has been studied by field structural
and laboratory petrophysical methods with the goal to estimate
the distribution and the effect of structures controlling transfer
properties of the granite. A complex structural image of the
study area has been provided based on an extensive dataset
including field structural measurements of ductile and brittle
structures as well as AMS data. Uneven distribution of mean
magnetic susceptibility within the massif showing high values
for the easterly Lipnice granite and low values for the westerly
younger intrusions has been interpreted to reflect a progressive
differentiation from high-susceptibility migmatite protolith
to low susceptibility granite with less biotite. The estimated
spatial distributions of AMS parameters have revealed rather
oblate anisotropy shapes in the older granites and triaxial or
rarely prolate shapes in the younger intrusions and along the
SW granite-host rock contact. The similar folding pattern of
schlieren in the core of the Lipnice granite and of the high-
grade migmatites to the SE has been interpreted to represent
the S-granitic origin of the massif characteristic by diffuse
transition between source rock, granite and host rock. A

change in magmatic evolution coupled with change in stress
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field has been suggested to explain the different structural
pattern within the western part of the massif marked by later
discordant granite intrusion and discordant granite-host rock
contacts. Rotation of the initial migmatite NNE-SSW fabrics
to late-magmatic WNW-ESE striking fabrics has been argued
to be associated with distributed deformation related to relative
horizontal displacements along conjugated sets of shear zones.
These shear zones have been interpreted to be subparallel to the
regional WNW-ESE and NNE-SSW striking discontinuities and
associated with dextral and sinistral kinematics, respectively.
The concentric distribution of foliations and fold axes in the host
rock and particularly NE and SW of the massif has been related
to migmatite-paragneiss dome structure around the studied
massif. The massif-outward vergence of asymmetric folds in
the host rock has been suggested to reflect the unroofing of the
dome. The fracture system of the massif has been described by
two principal and two supplementary sets of joints and by faults
formed mainly by joint reactivation or less frequently as shear
fractures. The recognized fracture sets have been related to the
regional stress field in context of the fracture system evolution.
The largest fractures in the massif have been identified as the
incipient cooling-related set of joints formed perpendicular

to the NNE-SSW direction of minimum regional stress and
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of the granitic body elongation. Structural predisposition and
thermal contraction aspects have been discussed to explain the
perpendicularity of orientation of the second cooling-related set
of joints formed at shallower conditions during further cooling.
The reactivation of the two cooling-related sets of joints
accompanied or followed by formation of discordant shear
fractures has been proposed to accommodate horizontal strike-
slip movements and dip-slip movements in a coherent regime of

N-S oriented maximum principal stress.

Samples related to different fracture setting and alteration
character have been collected and prepared for analyses by a
set of laboratory petrophysical experiments. The measured
petrophysical data have been used to characterize the effect of
fracturing and alteration on pore space geometry and in turn
on permeability, thermal conductivity and elastic properties
of the studied samples. Distinct petrophysical properties have
been identified for pristine granite, for fractured fresh granite
as well as for fractured granite altered by Fe-oxide, chlorite
and clay minerals. The lowest porosity and one of the lowest
permeabilities have been measured on the pristine granite and
its fracturing has been shown to increase the porosity several

times and to be associated with variable permeability including
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values relatively higher by up to two orders of magnitude.
Measurements of porosity and permeability of specimens
containing localized macroscopic fissures have been used
to estimate increase of permeability by one to two orders of
magnitude for ~ 0.2 % of fissure-related pore volume. These
observations have been attributed to increasing interconnectivity
of pore space by cracking at relatively low total porosities
below ~ 1 %. Measured decrease in permeability of at least one
order of magnitude has been attributed to the sealing effect of
pervasive Fe-oxide alteration associated with weak fracturing.
Based on decrease of pore volume and pore throat size of free
porosity measured on specimens of the corresponding samples,
the sealing effect has been suggested to be due to filling of
cracks by the Fe-oxide material. The sealing effect of the Fe-
oxide alteration has been shown to be counteracted by intensive
fracturing which has been associated with increased free porosity
volumes, larger pore throat diameters and higher permeabilities
in a similar manner as observed for the fracturing effect on
the pristine granite. Elevated values of thermal conductivity
have been measured both on weakly fractured Fe-oxide-
altered granite and on densely fractured clay-altered granite
and the effect has been attributed to reduction of pore throat

size and to higher thermal conductivity of associated alteration
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phases in good agreement with measured low permeabilities.
The multidirectional V, measurements on specimens of little
fractured walls of steep fractures have shown that the orientation
of V, anisotropy may be generally unrelated to the orientation
of the fractures thus suggesting dominant role of the magmatic
structure anisotropy. At low confining pressures the mean V,
has been shown to increase with confining pressure at different
rates for different samples which may however show mutually

proximate mean V, values at high confining pressures.

A detailed microstructural study combined with
multidirectional P-wave velocity measurements at high
confining pressure and with analysis of anisotropy of magnetic
susceptibility has been conducted on a specimen of the
schlieren-bearing Lipnice granite prepared from a block limited
by subparallel exfoliation fractures. The study has shown
that the granite V, anisotropy at low confining pressure was
controlled by intergranular cracks interconnecting schlieren-
subparallel cleavages and cleavage cracks in micas and
feldspars and by discordant exfoliation fracture-subparallel
intra- or trans-granular cracks in cleavage-free quartz. Low
confinement permeability measurements of the schlieren

granite have revealed remarkable anisotropy with the lowest
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values measured along directions perpendicular to the schlieren
and to the fractures and with the highest values measured
along the direction of intersection of the two structures. Major
closing of both the sets of cracks below depth of 500 m has
been interpreted in terms of crack compliance reflected by rapid
anisotropic increase in V, with confining pressure featuring
high V increase directions perpendicular to each of the set of
cracks. The role of the magmatic structure as a prediscontinuity
for crack formation as well as its control of the anisotropy at

higher confining pressures has thus been demonstrated.

The suitability of the applied techniques for measurement
of transfer properties of granite has been demonstrated with
each of them showing different sensitivity on the studied
phenomena. The highest resolution at the scale of the sample
collection has been attained by the mercury porosimetry and
routines for acquisition of high precision porosimetric data
on very low porosity granites have been developed and used.
The effect of experimental setup setting as well as of specimen
shape and dimensions on the measured petrophysical properties
has been examined. The acquired information and experience
imply further research challenges related both to the revealed

effects of structures on petrophysical properties as well as to
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the limitations imposed by the available experimental setups.
Use of different permeametry setup should be envisaged for
reliable measurements of the lowest permeabilities in pristine
granite as well as in the alteration-sealed granite facies. Further
development of the mercury porosimetry techniques should be
attempted to attain better resolution for distribution between the
free and the trapped porosity for different pore throat size ranges
possibly including also the macropores as such information
is not available for actually standard setups and at the same
time is particularly important for the crack-related porosity.
Including the mentioned technological tests, limitations and
suggestions, the present study has demonstrated the application
of complementary structural and petrophysical techniques in the
field of transport properties of granitic rocks. The insight this
study brings may thus be appreciated within geoengeneering
projects based on the knowledge of transport properties of
granite thus including the underground waste stocking and

geothermal and hydrocarbon exploitation of basement rocks.
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1. Uvod

Tato studie ukazuje vyuziti dat ziskanych strukturni a
petrofyzikalni analyzou zulového masivu pro ucel vyhledéani
a charakterizovani lokalit vhodnych pro hluboké geologické
ulozisté radioaktivniho odpadu. Skladovani vysoce aktivniho
a dlouho 7Zijiciho radioaktivniho odpadu v hlubokych
geologickych zafizenich je dnes upfednostiiovano zemémi
s vysokou produkci nuklearni energie a odpadu a jeho
proveditelnost je podpofena tdaji z podzemnich laboratoii zemi
na §picce oboru. Nékolik zemi véetné Ceské republiky vybralo
zulu jako hostitelskou horninu pro ulozisté diky jeji hojnosti
a obecné nizké porovitosti a nehomogenité. Pro udrzitelné
skladovani musi byt hornina vysoce nepropustnd, byt schopna
zadrzet kontaminanty a byt schopna odvadét radioaktivni teplo
odpadu aby se piedeslo tepelnému praskani inzenyrskych a
geologickych bariér. V tomto ramci hlavni geologicka vyzva
spjata s tlozistém odpadu spociva v popisu struktur ovladajicich
vlastnosti prenosu horniny. V zulach, tj. horninach vysoce
nepropustnych ve vétsiné svého objemu, trhliny ptedstavuji
lokalizované vodivé struktury ohraniCujici spiSe nepropustné
bloky a stény trhlin pfedstavuji hlavni rozhrani pro vymeénu

mezi tekutinou a horninou. V doménach s nizkou hustotou
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trhlin nebo s uzdravenymi ¢i zacelenymi trhlinami je pienos
v hornin€ ovladan mikrostrukturami matrix horniny, jako jsou
hranice zrn, mineralni §t€pnosti a mikrotrhliny. V tomto ramci
predstavuji makro- a mikro-strukturni analyza spojené s pfimym
experimentdlnim meéfenim vhodny pfistup pro vyhodnoceni

vhodnosti lokality pro ulozisté radioaktivniho odpadu.
2. Cile studie

Pro demonstraci takového ptistupu v prostiedi podobném
aktudln€é uvazovanym zulovym hostitelskym hornindm
uvadime rozsahlou sadu strukturnich a petrofyzikalnich udaja
vztahujicich se k testovaci lokalité ceské Spravy ulozisté
radioaktivniho odpadu, Melechovskému masivu (MM) v Ceské
republice (Fig. 1). Zakladni cile strukturni analyzy byly popsat
magmatickou stavbu a systém trhlin masivu a vysvétlit jejich
puvod a vzajemny vliv v prubéhu deformacni historie masivu.
Zakladni cile petrofyzikalnich méfeni byly charakterizovat
ruzné facie frakturace a alterace zuly ve smyslu porovitosti,
propustnosti, tepelné vodivosti, hustoty a elastickych vlastnosti
a vysvétlit vztahy mezi témito veli¢inami se zméfenim na

geometrii porového prostoru.
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3. Material a metody

MM je pozdn¢ varisky masiv dvojslidné peraluminické
S-zuly ptedstavujici cca 110 km? x 15 km nejseverngjsi Cast
Centralniho Moldanubického plutonu (CMP) obklopenou
hlavné pararulami Pestré skupiny od zapadu a pararulami az

anatexity Monotonni skupiny z ostatnich stran.

Prvni krok strukturni analyzy spocival ve shromazd'ovani,
organizaci, formatovani a georeferencovani dostupnych
strukturnich dat. Terénni prace byla zaloZena na predbézném
vyhodnoceni mapového rozsahu shroméazdénych dat a byla
zaméfena na prazdna mista na jinak rozsahlém souboru dat a
na nékteré domény plasté masivu kde data byla nedostupna
nebo nespojitd. Mapy a stereogramy byly zkonstruovany pro
zobrazeni magnetické stavby a systému trhlin studovaného

masivu.

Petrofyzikdlnimi metodami byly zkoumany rdzné
navzorkované facie frakturace a alterace. Sbirka vzorkt obsahuje
vzorky dvou druhii: vzorky z vychozi v ¢innych ¢i neCinnych
lomech a vzorky 4.5 cm jadra 140 m hlubokého vrtu MEL-5.
Pouzité metody a vysledné petrofyzikalni charakteristiky jsou

struéné popsany v Tab. 1.
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4. Vysledky a diskuse

V plasti masivu byly urCeny tfi domény na zaklad¢
litologie, metamorfniho stupné a celkového strukturniho vzoru.
Rozd¢€leni orientaci foliaci ve studovaném tizemi je dolozeno
na map¢ ve Fig. 4 pomoci diskrétnich strukturnich znacek
doprovozenych interpolovanymi hodnotami sklonu. Foliace
a vrasové struktury v Monoténni skupiné ukazuji antiklinalni
orientace vzhledem k masivu a sklon zestrmujici se k nému coz
ukazuje na domovy strukturni vzor. Napétové pole vedouci k a
soucasné s ranymi fazemi domovani je pravdépodobné spjaté
s primarnim strukturnim vzorem ve studovaném uzemi v JV

strukturni doméné.

Zulovy masiv je frakturovan dvéma hlavnimi a dvéma
podifadnymi sadami puklin berouc v potaz jejich velikost a
prostorovy rozsah. Mapy trajektorii jednotlivych sad puklin
ukazaly sigma vzor sad 1 a 2 (Fig. 11). Pro tyto dvé prvni
sady puklin pfedstavuji centralni ¢asti zul Lipnice a Melechov
domény se stabilni orientaci puklin v rdmci sigma vzoru. Na
druhou stranu, okrajové Casti stejné tak jako casti zuly Kouty
mezi zulami Lipnice a Melechov ptedstavuji zahyby v tomto
vzoru. Domnivame se, ze tento sigma vzor mize byt vysledkem

konjugovanych horizontalnich posunti velkych domén masivu.
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Uvazovana kinematika odpovida dextralnim a sinistralnim
pohybiim podél poruch ZSZ-VIJV respektive SSV-JIZ sméru.
Vzhledem ke zminénym doméndm se stabilni a uhybavou
orientaci trajektorii puklin se centralni ¢ast zul chovala jako
pevnéjsi zatimco deformace byla akomodovana v okrajovych

a centralni ¢asti masivu.

Na zadkladé  charakteristik  pérového  prostoru
vyhodnocenych podrobnou sadou porozimetrickych méfeni
byly urCeny facie frakturace a alterace (Fig. 13). Tyto
facie uréeny na vzorcich z vrtu v Lipnické zule a jejich
charakteristické petrofyzikalni vlastnosti jsou zobrazeny
v Tab. 7. Uvedené porozimetrické a hustotni hodnoty jsou
zaloZzeny na mikroporozit¢ coz dovoluje porovnani spise
homogennich a reprezentativnich objemt ovladanych stavbou
matrix a siti mikrotrhlin. Pro vyhodnoceni vztahti mezi
mefenymi petrofyzikalnimi vlastnostmi byla zhotovena sad XY

graft (Fig. 16).
5. Zavéry

Zulovy masiv byl studovan terénnimi strukturnimi a
laboratornimi petrofyzikdlnimi metodami pro vyhodnoceni
rozdéleni a ucinku struktur ovladajicich pfenosové vlastnosti

zuly. Komplexni strukturni obraz studovaného tzemi byl
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poftizen na zaklade rozsahlého souboru dat zahrnujiciho terénni
strukturni méfeni duktilnich a kiehkych struktur stejné tak
jako dat AMS. Nerovnomeérné rozdéleni stfedni magnetické
susceptibility v masivu ukazujici vysoké hodnoty pro vychodni
Lipnickou zulu a nizké hodnoty pro zapadni mladsi intruze bylo
interpretovano jako odraz progresivni diferenciace od vysoce
susceptibilniho migmatitického protolitu k nizce susceptibilni
zule s mén¢ biotitem. Vyhodnocené prostorové rozdéleni AMS
parametri ukazalo oblatni tvary ve starSich zulach a trojosé
nebo vzacné prolatni tvary v mladSich intruzich a podél JZ
kontaktu zuly a plasté. Podobny vzor vrasnéni §lirt v jadru
Lipnické zuly a v migmatitech na JV byl interpretovan ve
smyslu S-typ ptvodu zuly charakteristického rozptylenym
prechodem mezi zdrojovou horninou, zulou a plastém. Zmeéna
v magmatickém vyvoji spojena se zménou v napetovém
rezimu byla uzita k vysvétleni odlisného strukturniho vzoru v
Z casti masivu poznamenaném pozd¢jsi diskordantni intruzi a
diskordantnimi kontakty mezi zulou a plastém. Rotace ptivodni
migmatitické SSV-JJZ stavby do pozdné magmatické ZSZ-VIV
stavby byla dana do souvislosti s dextralni repsektive sinistralni
kinematikou. Koncentrické rozdéleni foliaci a vrasovych os v
plasti a zvlasté¢ SV a JZ od masivu byla spojena s domovou

strukturou v pararulach-migmatitech obklopujicich masiv.
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Vergence asymetrickych vras v plasti smérem od masivu byla

interpretovana jako odraz odsteseni domu.

Systém trhlin byl popsan dvéma hlavnimi a dvéma
podifadnymi sadami trhlin a zlomy tvoficimi se reaktivaci
puklin nebo mén¢ ¢asto jako nové stiizné trhliny. Rozpoznané
sady puklin byly vztazeny k napétovému poli v kontextu
vyvoje systému trhlin masivu. Nejvétsi trhliny v masivu byly
urceny jako prvotni sada termalnich puklin tvoficich se kolmo
na SSV-JJZ orientovanou osu minimalniho regionalniho napéti
a prodlouzeni zulového télesa. Strukturni predpoklad a tepelné
smr§tovani byly diskutovany k vysvétleni kolmosti druhé
zchlazovaci sady puklin béhem dalSiho ochlazovani. Reaktivace
obou zchlazovacich sad doprovazena nebo nasledovana
diskordantnimi stfiznymi trhlinami akomodovala horizontalni
posuny a poklesové pohyby v koherentnim napétovém rezimu

se S-J orientovanou osou maximalniho napéti.

Vzorky spjaté s riznymi faciemi frakturace a alterace byl
odebrany a pripraveny pro sadu laboratornich experimentalnich
analyz. Naméiena petrofyzikalni data byla pouzita k
charakterizaci uCinku frakturace a alterace na geometrii
pérového prostoru a tak na propustnost, tepelnou vodivost a

elastické vlastnosti studovanych vzorkt. Odlisné petrofyzikalni
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vlastnosti byly uréeny pro zdravou zulu, frakturovanou cerstvou
zulu stejné tak jako pro frakturovanou zulu alterovanou Fe-
oxidy, chlority a jilovymi mineraly. Nejniz$i porozita a jedna
z nejnizSich propustnosti byly naméteny pro zdravou zulu
a jeji frakturace byla spjata s n€kolikanasobnym zvysenim
porozity a proménnou propustnosti véetné¢ hodnot vyssich
az o dva tady. Méfeni porozity a propustnosti na vzorcich
obsahujicich lokalizované makroskopické Stérbiny byla pouZzita
k ukazani zvyseni propustnosti o jeden az dva fady na cca 0.2 %
objemu porozity spjatém se Stérbinami. Tato pozorovani byla
pfifazena zvyseni propojenosti pérového prostoru praskanim za
relativné nizkych celkovych porozit cca 1 %. Méfené snizeni
propustnosti o jeden fad bylo pfifazeno zacelovacimu ucinku
alterace Fe-oxidy spjaté se slabou frakturaci. Na zaklad¢
snizeni objemu porozity a velikosti hrdla pord volné porozity
meéteného v odpovidajicich vzorcich byl zacelovaci ucinek
alterace Fe-oxidy pfifazen zapliiovani mikrotrhlin materidlem s
Fe-oxidy. Tento zacelovaci u¢inek alterace Fe-oxidy byl ukazan
jako protichidny k intenzivni frakturaci, kterd byla spjata se
zvysenym objemem volné porozity, s vétsimi hrdly port a vyssi
propustnosti podobné jako pozorovano pro Gcinek frakturace na
zdravou horninu. Zvysené hodnoty tepelné vodivosti (TV) byly

meéfteny jak na slabé frakturované zule slabé alterované Fe-oxidy
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tak na siln¢ frakturované zule alterované jilovymi mineraly a
tento Gcinek byl pfifazen snizeni velikosti hrdel port a vyssi
TV fazi spjatych s alteraci v dobré shodé s nizkymi mérenymi
propustnostmi. Mnohosmérnd méfeni rychlosti P-vin (V)
na slabé frakturovanych vzorcich od svislych fraktur ukéazal,
Ze orientace anisotropie V, mize byt bez vztahu k orientaci
fraktur, coz ukazuje na hlavni roli anisotropie magmatické
struktury. Bylo ukézéno, Ze za nizkych omezujicich napéti
primérné V, rostou riznymi rychlostmi v riiznych vzorcich a
ze za vysokych omezujicich napéti se tyto hodnoty mohou mezi

vzorky podobat.

Podrobna mikrostrukturni = studie kombinovana s
mnohosmérnym V, méfenim za vysokych omezujicich tlaki a s
analyzou AMS byla provedena na vzorku $lirové Lipnické zuly
ptipraveném z bloku omezeného subparalelnimi exfolia¢nimi
frakturami. Tato studie ukazala, ze za nizkych omezujicich tlaka
je anisotropie V, ovladana intergranularnimi mikrotrhlinami
propojujicich Stépnosti slid a zivcl subparalelnich se Sliry, a v
kiemeni, ktery nema Stépnost, mikrotrhlinami subparalelnimi
s exfoliacni trhlinou. Méfeni propustnosti na Slirové zule
za nizkych omezujicich tlakti ukézala znac¢nou anisotropii

V7

s nejniz§Simi hodnotami podlé smérti kolmych ke Slirim a
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frakturam a s nejvys$imi hodnotami podél sméru priseciku
obou struktur. Zna¢né uzavirdni mikrotrhlin pro zulu se
Sliry a hloubku méné nez 500 metrti bylo interpretovano ve
smyslu stlaceni mikrotrhlin odrazejiciho se rychlym narustem
V., s omezujicim. Byla ukazana role magmatické struktury
jako prediskontinuity pro tvorbu mikrotrhlin a pro ovladani

anisotropie za vyssich omezujicich tlakd.

Vhodnost pouzitych metod pro méfeni pienosovych
vlastnosti zuly byla ukazana s odlisnou citlivosti kazdé metody
na studované jevy. Nejvyssi rozliSeni na métitku sbirky vzorkt
bylo dosazeno rtutovou porozimetrii a postup pro ziskani
vysoce piesnych porozimetrickych dat na nizce poréznich
zulach byl ukazan. Vliv pouzitého nacini stejné¢ tak jako
velikosti a tvaru vzorku na méfené petrofyzikdlni vlastnosti
byl zkouman. Ziskané informace a zkuSenosti poukazuji na
vyzvy spjaté jak s ukdzanymi Uc¢inky struktur na petrofyzikalni
vlastnosti tak s omezenimi kvili dostupnym experimentalnim
ve zdravé zule stejné tak jako v zule zacelené alteraci by mélo
byt zvazeno pouziti jiného ptistroje. Dalsi vyvoj metody rtut’ové
porozimetrie by mél byt vyzkouSen pro dosazeni vyssiho

rozliSeni mezi volnou a zachycenou porozitou véetné makropor
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jelikoz tato informace neni dostupna s aktualné standartnimi
pristroji a zaroven je zvlast¢ zajimava z hlediska porozity v
mikrotrhlinach. Vcetné zminénych technologickych zkousek,
omezeni a navrhi, tato studie ukazala pouziti petrofyzikalnich
metod v oboru pienosovych vlastnosti zulovych hornin. Vhled,
ktery tato studie pfinesla tak mtize byt ocenén v geoinzenyrskych
projektech zalozenych na znalosti pfenosovych vlastnosti zuly
vcetné podzemniho skladovani odpadu a tézby zemského tepla

a uhlovodikti z hornin podkladu.
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