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FRACTURE NETWORK CHARACTERIZATION USING 1D AND 2D DATA OF THE

MORAGY GRANITE BODY , SOUTHERN HUNGARY

M. Téth, Tivadar
University of Szeged, Department of Mineralogy, Geamistry and Petrology,
mtoth@geo.u-szeged.hu

ABSTRACT

A disposal system for low- and medium-level nucleaste in Hungary is being constructed
inside the fractured rock body of the Lower Carlfenoius Moragy Granite. Previous studies
proved that the granitoid massif is rather hetemeges in terms of lithological composition,
brittle structure and hydrodynamic behaviour. Angigant part of the body consists of
monzogranite, while other portions are more maficomposition and are monzonites. As a
result of at least three significant brittle defatron events, the area is at present crosscut by
wide shear zones that separate intensively frattammnes and poorly deformed domains
among them. Due to late mineralization processawesof these fractured zones are totally
sealed and cannot conduct fluids, while otherseacellent migration pathways. The spatial
distribution of these two types nevertheless damsshow any systematics. Hydrodynamic
behaviour clearly reflects this heterogeneous pegtin some places, hydraulic jumps as great
as 25 m at compartment boundaries can be detected.

In this study, the fracture network of the Moragsafite body is evaluated from a geometric
aspect using datasets measured at a wide rangealess 2D digitized images of a hand
specimen, one large (20 x 60 m) and 12 smallerestibal wall rocks (outcrops) and 120
images from tunnel faces representing the groumel lef the underground repository site
were analysed. Moreover, 1D data from 13 wells #hlapenetrate the granitoid massif were
studied. Based on measured geometric data (spasélon, length, orientation, and aperture)
fracture networks are simulated to study conndgtivelations and for computing the
fractured porosity and permeability at differenélss. The results prove the scale-invariant
geometry of the fracture system. Geostatisticatutations indicate that measurable fracture
geometry parameters behave as regionalized vasiaold so can be extended spatially.

Estimated localities of connected subsystems fity vevell with fault zones mapped
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previously. Moreover, the spatial position of regsrof different hydrodynamic behaviours

can be explained by connectivity relations bothaeglly and within wells.

INTRODUCTION

A disposal system for Hungary's low- and mediunelewclear waste is being constructed
inside the fractured rock body of the Lower Carlfenoius Moéragy Granite. There are only a
few outcrops available for studying the rock on seface; the granite body is essentially
covered by younger Pliocene and Pleistocene setsmAs rock heterogeneity relations as
well as large-scale structures of the area canyhaedexamined by traditional outcrop survey
or using remote-sensing approaches, numerous p&tistrating the granite body reveal the

petrological and structural circumstances. Morepwao access tunnels were excavated

underground.
Fracture systems play an essential role in fluevfand transport processes in hard rock
bodies. Over the last few decades (e.g., Marosl.et2@04, 2010), a detailed structural

geological evaluation of the faults and fault sysiein the Moragy Granite has been
completed; the most important deformation zonesvaleknown and have been published on
high-resolution maps. Nevertheless, fracture ndtsvat micro- and meso-scales, which play
a significant role in hydrodynamic behaviour of teed rock body (Anders et al., 2014), are
basically unknown and are studied in the framevafrthe present project. The most essential
guestions are whether the single fractures forrorancunicating network or not, how large
the communicating subsystems are and where theloea¢éed. To answer these questions,
fracture networks are simulated based on measurgbtametric parameters. Fracture
networks are usually handled as scale invarianingéacal objects (e.g., Korvin, 1992,
Turcotte, 1992, Long, 1996, Weiss, 2001). To teketver the fracture network of the
Méragy Granite can be examined by the correspondirthodology, fracture systems at a
wide spectrum of scales (surface outcrop, tunreddaborehole and hand specimen data) are
evaluated simultaneously using the same set of adsthThat is, data used for simulation
work are received by a combined analysis of 1D 2iDdracture patterns. Modelling requires
geometric data regarding fracture size distribytepatial density and orientation. Simulated
models are afterwards available to understand riegitof the fractured rock body concerning
hydrodynamic behaviour, such as connectivity, pty@sd permeability.
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GEOLOGICAL BACKGROUND

The Bataapati Site is located in the southern partungary (fig. 1); the Carboniferous
Méragy Granite Formation (MGF) was selected asrémmsitory of low- and intermediate-
level radioactive wastes. Petrographically the M@#s described by Kirdly and Koroknai
(2004) as a porphyritic monzogranite intercalateth @ more mafic variety of monzonitic
composition without a sharp contact (fig. 2). Aaiog to the recent models the combination
of the two granitoid rock types developed throughagma-mixing process. The whole rock
body is also crosscut by swarms of aplitic dykevarious widths. Two major deformation
events developed the ductile structure of the M&iFaly, Koroknai, 2004). The magma-
mixing process coincided with formation of a getlgrdlE-SW striking igneous foliation
mostly with a steep NW dip. During the next phadeformation resulted in steeply foliated
mylonitic zones, basically with a NE-SW strike agaihe upper several tens of metres of the
granitoid body are strongly altered and weatheretlaae covered by Miocene, Pliocene and
Quaternary sediments with a thickness of approxetpeiO m on the hilltops and thinning
towards the valleys. As a consequence, only a tevace outcrops exist that are available for
petrological and structural study. Many detailsroheralogical, geochemical and petrological
circumstances of the MGF, not directly concernimg present project, are presented in Kiraly
(2010) and references therein.

The brittle deformation history of the area and itiiechanisms of different structural
events are discussed in detail by Maros et al. 4pORIost structures exhibit two typical
orientations: NE-SW (the dominant set) and perpaidr to this (NW-SE) (fig. 1). Small-
scale fracture orientations are very similar tosthappearing at large-scale zones (Benedek
and Molnar, 2013). When studying fracture netwdrken a geometric aspect, fracture size
appears to be related to the distance from majdt Zanes; larger fractures appear to cluster
preferentially around them (Benedek and Molnar,30Mevertheless, length exponents were
found varying within a very narrow range (2.15-2.4ddifferent scales (outcrop scale: 0.4—7
m trace length, vertical seismic profile measuretsie6—40 m trace length, seismic line
measurements: 100—400 m trace length, Benedek ankidD2009).

Generally, a fractured reservoir system can beddiviinto two subsystems; more
permeable discontinuities surround a less permaahteix (Neuman, 2005). This theoretical
model is the basis of the hydrostructural concéghe MGF as well (Molnér et al., 2010).
Benedek and Molnar (2013) distinguish two hydradiiecnains inside the fractured granitoid
body; less transmissive blocks and more transnasgbnes (LTBs and MTZs, respectively).

Nevertheless, the definition of the boundaries leetwthese two domains is highly subjective.
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The MTZs follow both NE-SW and NW-SE directions,tlwithe most significant flows
observed along the NE-SW zones. Fractures insideTd) on the other hand, cannot be
represented by any single characteristic oriematAlthough hydraulically active fracture
zones are frequent in the study area, fracturdesisare not entirely interconnected. As a
consequence, there is no hydraulic connectivityvbeh all points of the studied region
(Benedek and Dankd, 2009). According to Benedek.€2009) such a compartmentalization
is not exclusively the result of fracture geometsyf in part the consequence of intensive
secondary mineralization of certain fracture zonsis.a site scale, the resulting strongly
compartmentalized character of the fracture systaoses the high complexity of the flow
pattern as well. Neighbouring compartments usuladlye slightly different heads (1-5 m),
while hydraulic jumps at compartment boundariesngef by sealed faults may be as great as
5-25 m. In general, hydrodynamic behaviour and @alpg the calculated transmissivity is
significantly different for the two differently defmed regions, varying being band 1¢°
m?/s for the fresh granite of the LTBs and 8*18nd 2*10° m?%s for the MTZs (Balla et al.
2004, Rotér-Szalkai et al, 2006).

SAMPLES

In this study of the brittle structures of the Mgyagranite body, 1D and 2D information

collected from diverse localities and scales weralumted. The most detailed 2D fracture
network dataset is represented by a subverticakrapt 20 x 60 m in size, at the SW part of
the study area. From the same outcrop, a handnspedl0 x 30 cm in size) was investigated
as well. In addition to the hand specimen and tielev wall, 12 smaller, equally sized

rectangular portions of the wall have been docustand evaluated.

Additional 2D fracture network data were derivednfr tunnel faces representing the
ground level of the underground repository sitg.(i, inset). Altogether 120 JointMetriX3D
(Gaich et al., 2005, Deak and Molnos, 2007) imagese handled with an equal 20 m lag
between the neighbouring sampling points. At & single fractures were digitized and
evaluated in each JointMetriX3D image.

The series of intersection points between the dracsystem in the real 3D and a line
(usually a borehole) defines a 1D data set. 1Dtdraadata were obtained by evaluating well-
logs (BHTV, acoustic borehole televiewer; Zilahib®es et al. 2003) and core scanner (CS,

Maros and Palotas, 2000) images from 14 wells gsgmting the whole study area (fig. 2).
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METHODS

Fracture networks can be characterized from nunsestuctural geological points of view
and by diverse measurable geometric parametetbeltatter approach, each single fracture
must be represented by an appropriate geometrpesia most approximations a polygon or
a circle is used for this reason (Neuman, 2005)eé&feer, this last approach is followed, and
so the most important geometric parameters to éefifracture are length (diameter), spatial
position of the centre and orientation. To calailpbrosity and permeability data for the
fracture network, the fractures must have positisRime, so instead of pure circles, each
fracture is represented by a flat cylinder georally (parallel plate model, Witherspoon et
al., 1980; Neuzil, Tracy, 1981; Zimmerman, Bodvarss1996). Furthermore, in order to
understand spatial behaviour of fracture netwoakkrge set of discrete fractures should be
studied simultaneously, and distributions of lengtherture, orientation (strike and dip) and
spatial density of fracture midpoints are used. r&blations of the geometric parameters
applied are summarized in Table 1.

During the fracture network modelling process thsets of methods are used. 1) The
first of them deals with determination of fracturetwork geometric parameters. 2) Prior to
fracture network simulation using the above paransetthey should be interpolated for the
studied area. 3) Finally, appropriate simulatioftvgare should be applied for 3D fracture

network modelling.

Geometric parameters of fractures

Length distribution

Both concerning conductivity and fluid storage,dgémdistribution is an essential parameter
of fracture networks. According to numerous presiaiudies, fracture lengths follow a
power law distribution (Yielding et al., 1992, Mt al., 2004), that isl(L) = F * LE. Using

an appropriate number of single fractures (at 1€6), on any 2D surface, the two
parameter& (the length exponent) arfd can be determined by image-analysis methods on
digital photos (Healy et al., 2017). First, theguency distribution function of fracture trace
lengths measured on any photo were plotted. Whempuating the histogram, the number of
classesk) was determined so thiat= 2 * INT(logx(N(L)). Length exponent is afterwards the
slope of the best fit line on the Lagflog(N(L)) plot. Because of representativity defects, the
smallest and longest fractures usually do notdfithis line and so must be left out of the

analysis. This approach was followed when evalgatizta of the outcrop, the hand specimen
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and the tunnel faces (fig. 3). Instead of usinghlsogram on doubly logarithmic axes, to
find the best fit line Rizzo et al. (2017) suggesapply maximum likelihood estimator.

To determine the length exponent in the case oflafa sets, the same equatidi(L(
= F * LF) can be utilized as previously presented. The emattical background of how to
obtain theE parameter using 1D point series is too long taltdeere; it is described in detail
in M. Toth (2010). Using this approach, a uniguearameter has been determined for each
studied well (fig. 2).

Spatial density of fracture midpoints

Numerous previous studies proved that fractureegystbehave geometrically in a fractal-like
pattern (Barton and Larsen, 1985, La Pointe, 1%88ta, 1989, Matsumoto et al., 1992,
Kranz, 1994, Tsuchiya and Nakatsuka, 1995, Robefttsal., 1998, among others).
Consequently, the spatial distribution of singlactures can be characterized by the fractal
dimension of the fracture midpoints. Fractal dimends computed using the box-counting
method, applied to fracture network analysis by ergus authors previously (Mandelbrot,
1983, Mandelbrot, 1985, Barton and Larsen, 198%toBa 1995). Here, a non-overlapping
regular grid of square boxes was used during tixecbanting analysis. In the algorithm, the
number of boxes (M)) required to cover the pattern of fracture sesdsounted. Fractal
dimension is calculated by computing how this nhumitfganges in making the grid finer,
afterwards:N(r) ~ r’® (fig. 3). For box-counting calculations, theMoIT 1.0 software was
used Benoit 1.0 (Trusoft, 1997).

To determine fractal dimension in the case of 1BnBoes, a fractional Brownian
motion analysis was followed as described in deataiM. Toth (2010). As R/S (Rescaled
Range) analysis applied in determining fractal disi@n along a scanline needs at least 400
points (single fractures) to reach reasonably lowentainty (Katsev and L'Heureu003),D
parameters were calculated every 25 m as a mininWithin this depth interval each well
crosscuts the desired number of fractures, maRifggging along the wells possible.

Fracture aperture

Most previous studies (de Dreuzy et al., 2002, gartet al., 2006) confirm that, similar to
length, aperture data follow a power law distribati Nevertheless, the two parameters are
not independent of each other; instead, a tiglgalirrelationship is also suggested between
them such thata = A* L + B (Pollard and Segall, 1987, Gudmundsson et al., R@dth

measurements on naturally fractured rock bodiestlaearetical deliberation confirm thatL
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typically varies by an order of magnitude of? 10° for most rock types (Opheim and
Gudmundsson, 1989, Vermilye and Scholz, 1995).him dtudied case, the aperture was
measured exclusively on the hand specimen underin@cldar microscope (50x%

magnification). For each microfracture, aperture @atermined at a minimum of 3 points.

Fracture orientation

In the near-well fracture network modelling procegjworientation data (dip direction and dip
angle) of individual fractures obtained by BHTV artretation were used (Szongoth et al.,
2004). For modelling the underground site, oriéatatiata measured in the closest well (Uh-

2) were used.

I nterpolation of the fracture network parameters
The D values were computed for each well for every 2ftarval making generation of a
series of horizontaD-maps possible. Nevertheless, the reduced numberetté deemed
reliable for mapping did not allow application obphisticated geostatistical methods
(semivariogram analysis and interpolation usingyikd). Therefore, for interpolation and
extrapolation, the minimal curvature method (Diet3ehmidt, 1988 and references therein)
was chosen in a grid net of 100 x 100 x 25 m s, In the case of the underground
repository site, georeferenced photos are avail@bolprecise calculations. To understand the
spatial variability of fracture parameters, semigram and variogram surfaces were
computed using the Variowin 2.2 software (Pannati®®6). Considering the variogram data,
ordinary kriging was applied for parameter integtimin. During the procedure, 30 x 30 x 30
m sized cells were used.

In both studied cases (whole area and undergroiteyl the interpolated fracture

parameters served as input data for the fractuweonke modelling procedure.

Fracture network modelling

During a previous modelling study in a small subaoé the recent study area, Benedek and
Molnar (2013) used the Poisson point process gmtias model for fracture localization. In
that model, fractures represent a random functiospace. Hereafter, for simulating fracture
networks in 3D, the RepSim code was used (M. TA0, M. Toth and Vass, 2011, Bauer
and M. Téth, 2016). In this DFN (discrete fracturetwork) software penny-shaped single
fractures are generated in a stochastic manneravgiven parameter set d),(E, F, a, )

measured in the real fractured rock body. Thankhéostochastic approach in the fracture
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system generation, numerous equally probable nksvoan be simulated and evaluated.
Aperture is calculated for each discrete fractureai deterministic manner assuming the
aforementioned length-aperture relationship (Odliig93). One of the most essential
features of a simulated fracture network is the simd spatial position of its communicating
subsystems. In the applied software, they can bedfaising a properly optimized trial-and-
error algorithm (M. Téth and Vass, 2011).

Fractured porosity can be defined as

V. )

In the case of cubic cell =r?, the total volume of the fractures inside a certaibe )

can be approximated well by the lower Riemann gbat,is,

VF = Z li Gy [
i=1 n )

and the porosity is in the form of

1

n
2
n*r<o

o =

Z li (&
] )

The permeability of a fractured rock mass can Ipeeseented by a 3x3 permeability
tensor. In the RepSim code, it is calculated ushmeg slightly modified algorithm of Oda
(1985). Thus, under Darcy’s law,

vi == [pk, ;LD 4

9
Y7
wherev is the specific flow ratey is the dynamic viscosity, is the density of the fluid, antl

is the hydraulic gradient. On the other hand, aisl ftan percolate only along fractures, over a

given volume,
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Vi _V[j v’ v (5)
whereV' is the flow velocity in a discrete fracture. Tlesapproximated ad libitum by
1 oy
vi==D w' v (6)
A

Under the cubic law, where assuming laminar flowhwi a fracture (parallel plate model,
Witherspoon et al., 1980, Neuzil and Tracy, 19818,specific flow rate is proportional to the

square of the fracture aperture, and

r_ 1 2 f
v -1295’—1119@ o', (7)

where J " is theith component of projected onto théfracture, that is, as

Jf:J_(nD])mand (8)
Jf :Z(dj—ninj)mj
i : ©)

where §j is the Kronecker delta symbol. Thus, finally comwpg (4) and (6) according to
Oda (1985),

ki, =i[(PkkI]SJ -Py)
12 , (10)

and under the discretization solution of Koike dcitikawa (2006), considering that in the

case of cubic celly =3,

Pij =i3EZa3|]]Dhi [y
T (11)
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Finally, using the lower Riemann sum approximation

P = 1 3 D22a3 O Chi Oy
and
Puw = Pu+ P2+ Ps (13)

wheren; andn; are the normal vector projections of the givewtitee on the particular axes.

Using the RepSim code, a fracture network model gesrerated along each well for a
100 x 100 m sized column surrounding the well. Bgirnodelling, orientation data measured
in the given well were used together with thgalue of the well an® values for each 25-m-
long segment. In this way, modelling of real fraetgeometry at any depth interval becomes
possible for each well. Parameter interpolatiomien wells resulted in d&-map as well as
a series oD-maps with a 25-m lag. Using these maps, a spadeiure network model was
generated for the whole studied rock volume (5A@&0 x 400 m in size).

For modelling the underground site, the size ofwhele modelled block is 300 x 300
x 150 m. Both above and below the horizontal rdpogisite a 75 m-thick rock body was
involved. As there are reliable data exclusivelynirthe shafts themselves, input geometric
data were assumed identical vertically. The airmfiodelling a significant volume instead of
only the horizon of the repository site itself i3 et fractures combine communicating
systems in 3D. For simulation, the whole modellextk was divided into 10 x 10 x 15 parts
of cells. Finally, the results of 10 independemswvere evaluated and compared. In each
case, fracture models were evaluated concerning simd spatial position of the
communicating subsystems, and typical values factéire porosity and elements of the

permeability tensor were computed.

RESULTS AND DISCUSSION

Fracture network of the outcrop

By analysing the digital images, altogether mo@ntB500 single fractures were recognized
and digitized on the subvertical granitoid wallg(fi3a), while on the hand specimen, 750

single microfractures were found and digitized gsipictures taken by a binocular
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microscope. Length data (fig. 3b) clearly infer tecepted power law distribution; on the
IN(N(L)) — In(L) plot a straight line with ak = -2.48 fits very well (fig. 3c). On the diagram a
significant misfit can be observed for both therggst and the longest fracture classes. On the
one hand, it is caused by uncertainty in digitmatof short (and thin) fractures; on the other
hand, the studied volume is not large enough tonasgt the number of the longest fractures.
Evaluation of the 12 portions of the wall resulted distribution functions of identical
appearance and numerical resulis< -2.46 + 0.02). The same value for the singledhan
specimen isE = -2.36 (750 single fractures). Calculations oa ttall prove that fracture
lengths in the studied granitoid body follow powaw distribution with length exponent
values that are very similar for a wide range ddles. This result is in agreement with
Benedek and Danké (2009), who did not find any amdntal difference between the trace
lengths of fractures with different orientationslaizes.

Concerning spatial density, the fractal dimensibithe fracture seeds calculated for
the 12 portions of the wall B = 1.56 £ 0.07 with a maximal value Bf= 1.64 (fig. 3d, e).
The same value for the whole wallls= 1.56, while in the case of the hand specimen, a
slightly smaller number was obtaindd;= 1.45. Detailed microscopic measurements suggest
a linear relationship between fracture length guettare values wita/L ~ 2.7*10% D andE

values determined at different scales in the c&figeowvall are plotted in fig. 4.

Near-well fracture networks

Using the approach detailed by M. Téth (2010),mglsiE value has been computed for each
well, using BHTV and CS data. The values vary imather wide range, between 1.09 and
2.64, suggesting significantly different lengthtdizutions in different parts of the study area.
As D values, computed at every 25 m, show smooth tretaisg each well without any
unexpected jump between neighbouring depth interffag. 5), spatial continuity of fracture
density is suggested. The averdyevalues in the wells change in the range of 1.183;1.
pointing to very differently dense networks forfdient wells.E and averag® values for
each well are plotted in fig. 4. Using an esselytidifferent methodology, Benedek and
Danko (2009) found that fractal dimensions of thecture networks are very close to 1.0
along boreholes, suggesting a random fracture rpaite space without any significant
change. A definite advantage of the present approampared to that used previously is the
ability to sensitively follow variation in fracturgeometry parameters along wells and so

simulate fracture networks much more reliably.
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358 The fracture network models generated exhibit ysiimore and less fractured
359 segments along each well (for a typical example,fige 6). Studying connectivity relations,
360 these networks usually can be subdivided into comecating and not communicating
361 intervals depending basically on the variatiorDirvalue along the well (fig. 6a-c). In fact,
362 these patterns clearly infer that the fracture esystof the granitoid body is far from
363 homogeneous. Instead, there are wide zones in tiBaok well with a fracture system below
364 the percolation threshold. Studying the hydrodymabehaviour of the fractured granitoid
365 body, Benedek and Dankd (2009) indicated the ctaxig of small-scale hydraulic head-
366 scattering and large hydraulic head jumps alongviddal boreholes. They also published
367 hydraulic head profiles for a few wells, such asit-22 (fig. 6d). Comparing the near-well
368 fracture network model (fig. 6b) and especially gusition of the communicating subsystem
369 of the modelled fracture network (fig. 6¢) to theald profile suggests a clear coincidence.
370 That is, hydraulic head tends to jump at the ddpmthzon, where a connected fracture
371 network could have developed. Balla et al. (200dictude that abrupt head jumps are
372 Dbasically caused by highly altered fault core zoraber than a sparse fracture network.
373 Although this interpretation cannot be proved héne, results of all modelled wells suggest
374 that head jumps can definitely be linked to thedeorof intensively and barely fractured
375 domains. More exactly, the head tends to jump pthdmtervals where a connected fractured
376 zone and the host rock with an unconnected netwugkt. Nevertheless, significant head
377 jump is typical neither in these wells, where mioattures are connected, nor in these cases,
378 where the whole fracture system is below the patani threshold.

379

380 Whole-area fracture model

381 All previous studies noted that the fracture netwof the MGF is highly heterogeneous
382 consisting of intensively and barely fractured dorsa Moreover, alteration of the host
383 granite and the fault rocks following brittle defmation events resulted in open and closed
384 fractures without any spatial consistency. Benedet Danké (2009) prove that, basically
385 because of late mineralization processes, a netabdingle fractures larger than ~10 m in
386 diameter form the hydrodynamically active systemthe area, while the role of minor
387 fractures is subordinate. For this reason, whenpetimg the communicating subsystems
388 based on the RepSim fracture model of the wholdystwea, short fractures were left out of
389 the calculation.

390 The map in fig. 7a shows the fracture centresIddiagle fractures (longer than 10 m)

391 of the largest connected subsystem projected ti@surface. This picture suggests a rather
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dense network in the SE, while to the north, a nepdrser but still communicating system is
typical. These two major domains are separated Wwida zone in the middle with a non- or

hardly communicating (in the western end of theapeet of fractures. This area coincides
exactly with the zone defined as the “main seafegjure” by Benedek et al. (2009), which

separates two hydrodynamic regimes. While all wetlath of this zone communicate with

each other hydrodynamically as do those north,ah& northern and southern regimes are
unconnected. The present model suggests the opposihe previous interpretations; the

main reason for existence of the two realms is ith#hhe middle zone the fracture network is

below the percolation threshold.

Comparing the most intensely fractured zones appgean the horizontal section of
the model at 0 m a.s.l. to those mapped previoashght agreement becomes clear (fig. 2,
7b). Both direction (NE-SW) and locality of all g zones fit well on the two maps
suggesting that even map-scale shear zones canollmveld based exclusively on
microfracture geometrical data. In the N-S strikimgrtical section (fig. 7c¢), a swarm of
parallel fault zones can be sketched in the saukile north of the hardly fractured middle
realm, a single fault zone appears in good agreem the structural map. In agreement
with the current interpretations, all these zonessteeply dipping. Nevertheless, the gently
dipping character of the zone in the middle of¢hatral area does not fit the previous models
and needs further study.

In the monzogranite-dominated area (fig. 2), tigitvariation between fractal
dimension and th& parameter is evident, so for most wells, laEgealues characteristically
coincide with the smallest average D values, and versa (fig. 4). That is, in this rock type
sparse fracture networks are characterized by dhactures (small D, large E values).
Moreover, as the fracture network becomes dengeref@sing D), single fractures become
longer (decreasing E). The two wells that do nbthis trend, Uh-27 and 28, both penetrate
the granitoid massif at the border of the monzeddminated realm in the north (fig. 2, fig.
7b, c). Here, smalD values coincide with smal values, that is, a sparse network of long
fractures is typical at all scales. As the two oegi of the study area with different fracture
geometry values coincide well with those charazeatiby different lithologies, one can
assume that monzonite and monzogranite have ditfeheological behaviours. Dependence
of the geometry of scale invariant fracture netvgook the structure and composition of rock
type has been proven by many authors previoudly, @ean, 1996, Marsan and Bean, 1999).

Concerning the study area, Benedek and Molnar (2pidved that large fractures

tend to appear clustered preferentially around mslear zones. Recent results show that
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beyond that, microfractures crosscut by wells canubed in predicting large-scale shear

zones underground.

Fracture network of the underground site

E and D data detected in the tunnel faces vary in a ravfgé.03—-2.27 and 1.50-1.86,
respectively (fig. 4). Variography, fulfilled forpatial interpretation of these data around the
underground site, proves that both variabed)) are continuous in space. Nevertheless, the
two semivariograms differ significantly from eachiher. For the length exponent, the
theoretical semivariogram shows a large nuggetceffapproximately 70% of the total
variance); after reaching the sill, the variograatiues do not change significantly (fig. 8a).
This variogram can be best approximated by a coatioim of a nugget effect (0.102) and a
spherical model (range: 73.5 m, sill: 0.05). The ldegree of spatial dependence, indicated
by the large nugget effect, can also be postulatsegtd on the variogram surface in the case
of theE parameter (fig. 9a).

Spatial behaviour of the other key parame®ri¢ much different (fig. 8b). Here, the
nugget effect does not reach even one-third oftaked variance. The best fitted theoretical
variogram consists of two Gaussian models (rang@sind 160 m, respectively) in addition
to the nugget. Remarkable anisotropy, suggestddeoglirectional variograms (NE-SW; NW-
SE, fig. 8c, d), is also confirmed by the variograunface, which clearly indicates the NE-SW
orientation of the studied structure (fig. 9b).dtgh the nugget effect is much smaller than
is typical for the E parameter, it is still rather high, calling atient to the role of
measurement uncertainty or spatial sources of tamiaat distances less than the sampling
interval or both (Clark, 2010). On the other hamds clear that both the spatial density and
the length exponent are regionalized variablessanare able to be extended spatially.

Based on the nested structure of the variogrBi iq the studied case, a complex
fracture network can be assumed what is a combmadf two anisotropic systems with
remarkably different ranges (30 and 160 m, respelgli. Coexistence of these two systems
clearly reflects the known structure of the Moéra@yanite, namely, the presence of less
transmissive blocks surrounded by the most trarmweiszones. Therefore, for interpolation
of the D parameter at the first step, the nested semivamogwas used with NE-SW
anisotropy of 1.5. Afterwards, the two structuresrev modelled independently. On the
parameter map of the large-scale structure, a defregetured zone becomes evident on the
NW part of the area with a clear NE-SW orientatiajle on the SE part a network with

much smaller density appears. Interpolation usinky the small-scale structure results in a



460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

15

much more detailed map. The final map of Ih@arameter (each cell is 30 x 30 m in size)
was reliable for fracture network simulation andsveamputed using the nested variogram is
shown in fig. 10a, b. While the presence of the Sli-oriented zone in the NW corner is still
obvious, another intensely fractured region becomisikble in the SE. Nevertheless, it is
worth mentioning the appearance of a hardly fractuplock in the middle of the studied
underground site. Based on the map of the lengblorent, largeE values are typical in the
western part of the area (fig. 10c, d).

Using these maps, 10 independent fracture netweeks simulated using the RepSim
code. When evaluating all realizations, conspicudiiferences appear in addition to the
obvious similarities (fig. 11). A mutual, communticey fracture system with a NE-SW strike
appears in each model in the SE part of the afeaNFS oriented network in the western end
also becomes rather stable. Each model agreethdsa two large fracture subsystems do not
communicate with each other. Evaluation of the aflthe third-largest system in the north is,
nevertheless, much less obvious. Some models suipgést communicates with that in the
SE, while other realizations find connection immble (fig. 11). The reason for the virtual
controversy of these models must be that the northebsystem is close to the percolation
threshold. In the case of this class of fractut@vneks connectivity cannot be predicted; there
is a possibility to develop both communicating amah-communicating fracture systems
within the given geometrical circumstances. An tde situation appears in the SW part of
the area, where the role of numerous small subsgsteecomes obscure. There is no way to
decide whether they are linked with the neighbausgstems or not. It is essential that, in
harmony with the suggestions of the parameter mapsyrdly fractured block appears in the
middle of the studied underground site. It is adsggested that the fracture system in this
middle zone represents a network well below theglation threshold, that is, the fracture
network remains unconnected evenDifvalue is significantly underestimated, whieis
overestimated. This image is very well in agreenvétit the general structural concept of the
presence of a “less transmissive block” surrounoedNE-SW- and NW-SE-oriented, more
transmissive zones, characteristic of the Méraggnide body. This connectivity pattern does
not change at all if each fracture shorter thar?2 Iyr even 5 m is deleted in the model.
Deletion of the shortest and thinnest fractures ic8rtheir closure and so simulates the role
of vein cementation. Such pattern stability argioesghe results of Benedek et al. (2009) and
suggests that the compartmentalized appearande dfacture system is rather the result of

geometryersus vein cementation.
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Fractured porosity maps have been computed forwidtsgrid cells of 10, 20, 30, 40,
50 and 60 m in side length. To do so, the apert@®given using/L = 3*107 determined by
detailed analysis of the hand specimen. This retiavithin the typical range given by
numerous authors for Mode Il fracturesL~3*10°-3*10?) in numerous previous studies
(Opheim and Gudmundsson, 1989, Vermilye and Scid®i@5). Average porosity values are
presented in Table 2. With increasing cell sizes, Hariation coefficient of the calculated
porosities decreases monotonously, proving thabgiyr values calculated for small cells
should not be accepted. The representative elenyerdbume (REV, Bear, 1972) concerning
porosity for the studied granite body can be defibg the cell size, where the variation
coefficient becomes stable (M. Téth and Vass, 200h) this basis, the aforementioned
calculations suggest a REV of ~50 m. For this gedtl the average porosity is 1.62% with a
maximum of ~6%. Porosity values do not change 8aamtly even if each fracture with an
aperture < 0.5 cm is closed in the model simulativegrole of fracture cementation.

Using the same cell size (50-m), the minimal valireghe diagonal of the 3x3
permeability tensor are 2.34*1€) 1.89*10™ and 1.22*10* m?. Here, in the most intensely
fractured zones, these values are three ordersighitude greater, being 1.71*1) 1.62*10
1 and 1.28*10" m*. These values are in the same order of magnitsdease measured by
Balla et al. (2004). Average permeability tensduga are listed in Table 3, while the xy, yz
and xz sections of the average ellipsoid are showiig. 12. In good agreement with the
fracture network geometry, the permeability suggaspronounced NE-SW anisotropy of the
structure. Of course, these permeabilities coneaciusively the fracture system itself and
are based on the assumption that fluid moves oluggafractures. Provided percolation
occurs also along the near-vein zones, permealidityes may be slightly greater, while vein
cementation may decrease it significantly. Thiss@ffnevertheless does not modify the

orientation of the permeaubility field at all.

CONCLUSIONS — FRACTURE NETWORK OF THE M ORAGY GRANITE

Multiscale evaluation of the fracture network oktMdragy Granite body clearly proved
some essential features can be utilized for unaiedstg the hydraulic behaviour of this
system. On th&-D plot of the whole study area (fig. 4), parametaesasured at different
scales of the large outcrop occur rather closeath ®ther. This plot, first of all, proves scale-
invariant geometry of the fracture system studiedcerning both key parameters. Second,

the results of variography at the underground sti@wved that measurable fracture geometry
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parameters behave as regionalized variables arslcduu be extended spatially. While this
second feature makes interpolation and extrapolatiothe parameters valid even for the
unknown parts of the study area, the first featwegrants the possibility of upscaling the
pattern when simulating the fracture network. Thamge can assume that models generated by
the fractal geometry based on RepSim code arébleland mimic the real fracture geometry
accurately.

The results of the simulation clearly show thattuae network characteristics vary
remarkably with lithology. While in the monzonitexdinated realm a sparse network of long
fractures is typical, in the more felsic monzogtramovariation oE andD is characteristic.

Modelling also shed light on the main directionslod anisotropic fracture system of
the granitoid body. The well-defined NE-SW orierdatof the system is proved both at the
scale of the whole study area and at the undergrsite. These zones coincide fairly well
with the most essential structural lines of theaangroving that seismic lines should be
surrounded by intensely deformed aureoles. It isttwemphasizing that in these models,
zones of high fracture density at the map scaleewedelineated exclusively using
microfracture data. Good agreement between the eshppajor faults and simulated
communicating fracture zones is also evident atrépository site. Moreover, the spatial
position of the communicating fracture subsysteaggested by the model fits very well with
the results of the local hydraulic measurementsti@nother hand, the excellent fit between
the patterns defined by the main structural zomesthe simulated fracture network proves
that even large fracture zones can be mapped bgepfracture system modelling process
and a microfracture dataset. Modelling nevertheleasst be based on geometric data
precisely measured on the real fractured rock body.
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Figures, tables

Fig. 1 Location of the study area in Hungary. In§&tological sketch map of the study area.

Rectangle denotes position of fig. 2, black dotvehthe locality of the studied wall.

Fig. 2 Simplified geological map of the study afafter Balla, 2004). Pink: monzogranite-
dominated realm, green: monzonite-dominated reBlofd lines denote proven major shear

zones. Red dots show wells. Inset: sketch mapeofitiderground site.

Fig. 3 The subvertical wall and the derived fraetmetwork geometric data. A) Digitized
fracture network of the granite wall. The 12 segtaeari the wall evaluated independently are
shown. B) Length distribution of the representafiraeture trace segment of the wall. C) log-
log transformed distribution function of length @afrrows denote misfit at the two ends. D)
Fracture network of the representative segmenthef wall. E) Result of the box-plot

calculation.

Fig. 4D andE values measured at different scales in the Mogagyite body.

Fig. 5D-log along the studied wells (well numbers are giaé the upper side of the graph).

Dimension values in each box vary between 1 and 2.

Fig. 6 Near-well fracture model of a representatiigd! (Uh-22). A) Vertical variation of the
D parameter. B) Total fracture network model ofwedl. C) Connected subsystems along the
well. D) Hydraulic head profile (after Benedek dbanko, 2009).

Fig. 7 Pseudo-3D fracture network model for the Mhstudy area. A) Midpoints of the
connected fracture subsystem projected to the urfd) Horizontal fracture network at 0 m
a.s.l.; red dots denote wells. C) Vertical AA’ sentof the fracture network model. Red lines
denote known fault zones (after Balla, 2004), dm&l green line shows the border between

monzonite- and monzogranite-dominated areas.

Fig. 8 Semivariograms of the main geometric paramebased on underground data. A)

Omnidirectional semivariogram d. b) Omnidirectional semivariogram @f. c) SW-NE
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730 directional semivariogram db. d) NW-SE directional semivariogram B In each ploth
731 indicates distance between points (Matheron, 1963)

732

733 Fig. 9 Variogram surfaces calculated for the undmmgd site for ap and b)E. For details
734 see text.

735

736 Fig. 10 Spatial distribution of the fracture netigarameters at the underground site. a) Map
737 of D. b) Discretized map dd used for RepSim simulation. c) Map f d) Discretized map
738 of E used for RepSim simulation. Red dots show samgiaigts.

739

740 Fig. 11 Alternative fracture network models simathfor the underground site. Figures show
741 results of different runs. Colours denote interamted subsystems. a) Total fracture network
742 of a selected run. b) Communicating subsystemshef game run. c-f) Communicating
743  subsystems resulting from different runs. f) Freetgroups denoted by Roman numerals
744  show the most stable topology based on 10 indepemdes.

745

746 Fig. 12 Sections of the average intrinsic perméghtiénsor calculated for the underground
747  site (all data in /). a) xy section; anisotropy: 1.35, max: 40°. b)sgztion; anisotropy: 1.28,
748 max: 167°. ¢) xz section; anisotropy 1.40, max:°164

749

750

751 Table 1 Abbreviations used in fracture network niloatg
Abbreviation Meaning
L length of a fracture in 3D

trace length of a fracture in 2D

aperture of a fracture

dip direction of a fracture

dip angle of a fracture

number of fractures

fractal dimension in general

parameters of the length distribution funeidl(L) = F * L)

W T

parameters of the aperture function (a = 1A+ B)

8| > M O Z & Q| 9

fractured porosity




752

753

754

755

756

757

758 Table 2 Calculated fractured porosity values feranderground repository site

Cell size ®min ®dmax daverage Standard Variation

(m) (%) (%) (%) deviation coefficient
10 0.00 29.57 2.15 2.84 1.32
20 0.05 17.25 2.22 2.24 1.01
30 0.01 11.57 1.91 1.72 0.90
40 0.25 7.76 1.81 1.50 0.83
50 0.29 571 1.70 1.20 0.71
60 0.18 5.17 1.35 1.17 0.87

759

760

761 Table 3 Values of the average permeability tenatoutated for the repository site
3.20E-12 4.56E-13 -2.49E-13
4.56E-13 3.01E-12 -1.52E-13
-2.49E-13 -1.52E-13 2.41E-12

762

24
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Highlights

- Complex study of the fracture system of afractured granitoid body

- Fracture network characterization in outcrop, wells and underground tunnel ends

- Fractal geometry based DFN model at map scale and in a radioactive waste depository
- Evaluation of hydrodynamic consequences of the fracture network models
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