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Well-logging methods to investigate a granitic site for 
radioactive waste deposition

László ZILAHI-SEBESS*

In this study the facilities of well logging methods will be presented in a geological investiga
tion of a possible site for the deposition of low and intermediate level nuclear waste. The well log
ging measurements were accomplished in sedimentary cover in granite, in the weathered crust of 
granite, and in fresh granite. Apart from the conventional well logging methods two new measure
ment methods in Hungary (outside the oil sector) — Acoustic Borehole Televiewer (BHTV) and 
Heat Pulse Flowmeter (HPF) — are introduced. In the sedimentary cover of the granite the cyclic 
variation of electrical resistivity in the Pleistocene loess sequences are linked with paleoclimatic 
changes. Within the loess sequences, identification of paleosoil horizons is based on magnetic sus
ceptibility. In granite the grade of consolidation may be described by the depth trends of geophysical 
parameters such as Vr and Г, which depend on the elastic parameters and resistivity. Characteriza
tion of fractured zones and the lower part of the weathered crust of granite is based on the statistical 
and spatial distribution of physical parameters and the fracture indications (dips and azimuths) of 
the BHTV. The heat pulse How measurement may indicate small inflows not susceptible to the sensi
tivity of conventional flowmeters (under l/min). The geological correlation between the wells was 
demonstrated within the Quaternary sequence and in the weathered crust of granite. In the weathered 
part of the granite the correlation is less characteristic for the thickness of the correlation units be
tween the wells than it is in sediments, because the zones of it are not really defined layers: they do 
not have sharp and slowly changing boundaries in space, and their thickness may fluctuate to a con
siderable extent between any given two wells.

Keywords: well-logging, radioactive waste, granites, fracture zones

1. Introduction

The deposition of hazardous wastes, especially of radioactive waste is 
a worldwide problem. To prevent environmental contamination dangerous 
waste must be isolated by means of natural and artificial barriers — a so 
called multibarrier system. First of all, natural barrier means the geologi
cal environment, in which the main task is to investigate the hydrogeologi
cal properties'of the chosen radioactive waste disposal site. With the aid of
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Fig. I. Location of the investigated area for low and intermediate nuclear waste repository 
/. ábra. A kis és közepes radioaktivitású erőművi hulladék elhelyezésére irányuló földtani

kutatás területe
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Fig. 2. Average lithological column with four characteristic logs 

2. ábra. Átlagos rétegsor négy jellemző mérésgörbével
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well logging methods information can be gained on the in situ fracturiza- 
tion and on the elastic parameters of the local rock.

Hungary’s only nuclear power plant (situated at Paks) provides a sig
nificant part of the country’s energy production. In addition to the plant’s 
safe operation there is the problem of the safe disposal of the radioactive 
waste. After completing a regional screening survey for suitable disposal 
sites the southern part of the country was chosen for further investigations.

According to the technical literature four types of geological forma
tions may be suitable for the deposition of radioactive waste: salt rocks, 
crystalline rocks, volcanic tuffs and clays. Most of Hungary’s territory is 
covered by Tertiary and Quaternary sediments. The basement outcrops are 
mainly carbonates, which are not suitable for waste disposal. Recent inves
tigations show that a crystalline rock— the so called Mórágy granite — is 
the most suitable place in Hungary to locate a radioactive waste repository 
(Fig. 1). Loess which was deposited during Pleistocene covers the Mórágy 
granite to a depth of 40-60 m. The granite outcrops can be found only in the 
valleys of the survey area. The average thickness of weathered granite is 
about 60 m beneath the sedimentary overburden. In contrast to northern 
Europe which was covered by ice in the Pleistocene there was no glacial 
erosion here and the uppermost 10-20 m thick part of the weathered zone 
consists of autochtonous sand, gravel, debris and breccia. Therefore in this 
area three potential fluid conducting zones should be considered: porous 
zones in loess, the weathered zone in the upper part of the crystalline rock, 
and the fractured zones within fresh crystalline rock (Fig. 2).

During the geological investigation of the Üveghuta site for the dis
posal of low and intermediate level (L/IL) radioactive waste, ELGI and 
Geo-Log Ltd. were commissioned to carry out well-logging measurements 
and their interpretation. Borehole Üh—1 was the first borehole in the area 
investigated by well logging methods for surveying granitoid rocks [BUCSI 
et al. 1997]. When carrying out this work we succeeded in developing a 
well-detailed image on the Quaternary loess sequence, the alteration cover 
of the granite, and the fissured zones of the fresh granite.

Sectioning o f the granite's weathered crust and fresh granite from the 
geotechnical viewpoint was primarily based on acoustic and electric mea
surements [Z ila h i-Sebess et al. 1 998].
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2. Short lithological descriptions of the formations

As was mentioned in the Introduction the main units of the simplified 
lithological column are:

a) Sedimentary rocks above Palaeozoic granite
b) Weathered zone of granite
c) Fresh granite
Following is a short description of the zones penetrated by the bore

hole from the viewpoint of well logging parameters (Fig. 3):
0.0-53.0 m Loess layers o f  Pleistocene age (Al -  D) (yellow, green, red, 

and blue)
Resistivity and neutron-porosity vary periodically as a function of 
depth; the density increases downwards as a consequence of consoli
dation. These cycles on logs may be related to the climatic variations 
in the Ice Age.

53.0- 56.0 m Terrestrial clay (E) (dark blue)
*

Based on the well logging parameters the weathered zone of the gran
ite can be divided into four subzones:

G I granite gravel, granite sand (grey)
G II fragments and breccia (light orange)
G III chemically altered and highly fractured granitoid rocks (pink) 
G IV granite with weak alterations caused by weathering (light red)

56 .0 - 77.6 m Upper part o f the weathered zone (G I-G  III)
The crystalline rock was exposed and weathered during a period of 
geological history. The physical parameters in this weathered zone 
show a downward variation similar to the compaction trend of uncon
solidated sediments though these changes in parameters are certainly 
more abrupt and they are not so closely correlated with depth like the 
compaction trend of unconsolidated sediments.
In subzone G III resistivity and shear wave velocity vary relatively 

rapidly with depth.
77.6-114.0 m Lower part o f  the weathered zone (G IV)

Rocks in the subzone G IV are only slightly affected by surficial 
weathering. The lower part of the subzone is a hard, fractured and al
tered formation where shear waves may also be generated. Shear wave 
velocity and resistivity increase slowly downwards: this increase dem
onstrates that it belongs to the weathered zone.





Fig. 3. The most important well logs and a simplified lithological column 

3. ábra. A legfontosabb mérések és az egyszerűsített litológiai oszlop
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114.0-365.0 m Fresh granite formation (G V) (red)
This granite is free of surface effects, in which physical parameters do 
not depend on depth. Fractured and crumbled zones are the primary 
targets of investigation in subzone G V. Characteristic of the faults as
sociated with a crumbled zone is that both resistivity and acoustic vel
ocities tend to decrease at a distance of more than 10 m away from the 
fault. BHTV logs verified that the number of closed fractures de
creases with increasing distance from the fault. The statistical distri
bution of dip azimuths is characteristic of the fault zone.

3. Well logging investigations

The following measurements were performed in each borehole: SP, 
10 cm and 40 cm resistivity, IP, natural gamma, density, neutron-porosity, 
full waveform acoustic (the sonde length was 100 and 150 cm in the over
burden, 200 and 250 cm in the granite), acoustic borehole televiewer 
(BHTV), caliper, temperature, inclinometry, differential temperature and 
Heat Pulse Flowmeter (F1PF). Only the most important logs are shown in 
the figure (Fig. 3).

Acoustic borehole televiewer measurement, which outside the oil in
dustry is considered a new method in Hungary, allows high resolution, in 
situ study of the fissure system. With the borehole televiewer the travel 
time and amplitude of the signal from a rotating sonar (sonic transmitter) is 
measured in minimum 72, maximum 288 directions. In order to plot the re
sult with a colour code the borehole wall’s image is obtained laid out in a 
plane. In the image constructed from the travel times of the reflections only 
the fractures open from the acoustic viewpoint can be recognized, while in 
the image constructed from the amplitudes of reflections all those forms 
can be seen which have elastic parameters different from their surround
ings, thus the filled in fractures as well. Therefore the amplitude image is a 
more variegated travel time image (Fig. 4).

In general, the amplitude image is richer in detail, the fissures —- 
closed from the acoustic viewpoint — appear as white sinusoids in this im
age only (right column), while in the travel time there is no indication of 
them (Fig. 4). The larger open fissures appear in the travel time image (left 
column) as black sinusoids and as white sinusoids on the amplitude image
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Fig. 4. BHTV travel time and amplitude images 
4. ábra. BHTV reflexió idő és amplitúdó kép

between 21 7.0 and 21 7.5 m. Some other narrow open fissures can be seen 
in the travel time image as a row of black dots and as continuous white si
nusoids in the amplitude image (e.g. at 221.35 m)
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Fissures are ranked into the following four categories based on the 
BHTV images:

— closed fissures providing a complete sinusoidal;
— open fissures providing a complete sinusoidal;
— thin (intersected) fissures providing an incomplete sinusoidal;
— patch-like and thick short sinusoidal parts.
These categories were used for statistical processing of fissure direc

tions obtained from BHTV measurements. Only those fissured zones are 
considered real fracture zones where a large number of open fissures can be 
seen on the BHTV reflection time image.

The Heat Pulse Flowmeter is a special tool which operates with heat 
pulses emitted by a transmitter as a means of determining small influxes. 
The arrival time of a given heat pulse is measured at two (upper and lower) 
detectors. From the travel time of the heat pulse, the logging speed can be 
calculated; from the caliper of the borehole, the influx can be calculated. 
These measurements were performed at every meter. The accuracy of this 
tool is about 0.1-0.2 1/min (Fig. 5).

The HPF logs were recorded in each borehole, the locations of the in
flow and the rate of inflow were determined by means of the log. In addi
tion to the HPF log, the most important fracture indicators — caliper, elec
trolog, full waveform acoustic log, BHTV — are showm in this figure. It 
can be seen that the inflows are not from the largest fractures. For example, 
the wide fracture at 214 m, does not produce any inflow, although it is an 
open fracture according to Fig. 6.

3.1. Well logging in the sedimentary cover o f granite

The study of sedimentary rocks above Paleozoic granite as a part of the 
hydrologic system is of considerable importance. The log set measured in 
the wells drilled in the sedimentary environments was: self potential, resis
tivity measured with 10 cm and 40 cm long normal tools, guard laterolog, 
natural gamma ray, neutron-porosity, gamma-gamma density, longitudinal 
and transversal wave velocities (Vp and Vs), full waveform acoustic 
(SONIC), magnetic susceptibility, temperature, differential temperature, 
and caliper. Because of the groundwater level (approximately 80-85 m 
depth) in the weathered zone of the granite some of the measurements en
countered difficulties. The resistivity logs proved to be the best tools for 
tracing the large scale paleoclimatic cycles and the porous zones within the
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Fig. 5. The evaluated result of heat pulse flowmeter with resistivity and full acoustic
waveform

5. ábra. A hőimpulzusos áramlásmérő szonda kiértékelt mérése az elektromos ellenállással
és az akusztikus hullámképpel
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Fig. 6. Inflows and fracture sensitive measurements 
6. ábra. Beáramlások és repedés-érzékeny mérések

sediments. Paleosoil zonation can be done most effectively by means of 
magnetic susceptibility.

The electric resistivity in the Pleistocene loess sequence shows cyclic 
variations as a function of depth at several places [ZlLAHI-SEBESS et al. 
2000], thus at Üveghuta as well (Fig. 7). The shape of these cycles re-
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semblés regression cycles because the electrical resistivity increases with 
depth. Taking into account the eolian origin of loess, which is modified 
only by subsequent geochemical alterations associated with paleosoils, up
ward coarsening of grain size distribution is impossible in the traditional 
sense of the term (as in the case of regression cycles). Generally speaking, 
any increase in resistivity is connected with a decrease in the specific inter
nal surface. In this case it can also be linked with an increase in lime con
tent. Because of the easy solubility of the lime content it may be supposed 
that a significant part of it forms a coating around the original grains and in
tergranular cementing material. It makes the original inner surface more 
smooth. The lime content decreases downwards as a function of the dis
tance from the lime accumulation horizon of fossil soils. According to this 
a complete cycle recognizable in electrical resistivity log with downward 
increasing clayey character and decreasing lime content develops only 
when the paleosoil concretionary horizon is underlain by a sufficiently 
thick loess sequence. Otherwise, if the calcareous concretionary horizons 
in paleosoil were underlain by clay, due to its low resistivity no cyclic 
change similar to the experienced one could be seen.

Cyclic changes in electrical resistivity are connected with formation 
periods of thicker loess layers, but their boundaries do not coincide with 
them. While the lower boundary of the loess formation period falls on the 
top of a paleosoil horizon, the lower boundary of a geoelectric cycle fol
lows the surface of the lime accumulation belonging to this. Thicker loess 
sequences accumulated in periglacial areas during the glacial periods, 
therefore cyclic changes in resistivity are connected basically with large- 
scale climate changes in the Pleistocene age.

For stratigraphic division of Pleistocene loess identification of fossil 
soils as climate indicators is important [FlORINDO et al. 1999]. Paleosoils 
developed during the interglacial periods of milder climate — possibly 
during the interstadial phases — over the earlier accumulated loess, thus 
each of them can be considered as a chronostratigraphic horizon, therefore 
their identification is essential from the viewpoint of tectonic interpreta
tion as well.

Magnetic susceptibility of sedimentary rocks is very diversified de
pending on the fraction which is the main carrier of magnetizability. In 
sedimentary rocks, thus in soils too, hematite occurring in the clay fraction 
is frequently the main magnetizable mineral and not the magnetite in the 
silt fraction. Hematite grains of micron size constitute superparamagnetic
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Fig. 7. Cyclic variations of electrical resistivity in Pleistocene loess sequence and paleosoil 
identification based on magnetic susceptibility 

7. ábra. Az elektromos ellenállás ciklikus változásai a Pleisztocén lösz összletben és a 
paleotalaj azonosítása mágneses szuszceptibilitás alapján
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particles of single-domain in clay therefore its magnetizability is relatively 
high [O’REILLY 1984]. Based on comparison with the geological layer se
quences upper, ‘A’ and ’B’ horizons of fossil soils (soil genetic horizons) in 
the loess sequence give a positive magnetic anomaly; the magnetizability 
of horizon ‘C’ — which is the horizon of lime accumulation — does not dif
fer from that in other part of loess.

Loess itself hardly contains magnetic minerals (its magnetizability is 
about 3-5-1 04 SI unit), thus paleosoils magnetizable to almost one order of 
magnitude higher degree give in magnetic susceptibility log a characteris
tic positive anomaly (Fig. 7).

The cyclic repetition identifiable in the resistivity logs can be recog
nized with more difficulty or cannot be identified at all in the magnetic sus
ceptibility log, although it is precisely this kind of measurement that is the 
most suitable for detecting fossil soils. There may be as many as 15-18 pa
leosoils, i.e. many more than those of the major periods of loess formation, 
because more soil forming cycles might exist within one interglacial per
iod. Due to climatic fluctuations it could be interrupted by several more or 
less cooler, short periods of loess accumulation which were unfavourable 
for soil formation, thus soil formation within the same interglacial period 
was not continuous. The phenomenon might be associated with the quick 
changes in climate (flip-flop mechanism) within the interglacial and inter
stadial periods (such changes might take place partly during the glacial 
periods as well) [MAZAUD et. al 1 999]. If the loess falling period was short 
and meanwhile erosion also occurred, the loess that had accumulated over 
the older soil might be completely soilified during the next break in loess 
formation. As a result, the paleosoils formed within the same interglacial 
period practically directly overlie each other due to the soilification during 
erosion and represent the lower, low resistivity part of the period identifi
able on the electric resistivity log.

The situation is made more complicated by the fact that the paleosoils 
may also overlie each other when the layer sequence is not completely con
tinuous due to landslides or to a hidden erosion horizon. These latter layer 
disturbances can frequently be deduced only from correlation between the 
wells. Summarizing, magnetic susceptibility measurement is suitable for 
identifying such changes of short period which otherwise could be only 
hardly or absolutely not distinguished by other measurement.

The calcareous concretionary horizons (Fig. 8) in loess may be 
thought of as analogous with the calcareous soil genetic horizons ‘C’ of pa-





Fig. 8. Identification of calcareous horizons of loess with micoresistivity tool 

8. ábra. A lösz mészkonkréciós szintjeinek azonosítása mikroellenállás mérés alapj
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leosoils. The effective porosity of the calcareous concretionary horizons 
closing the cycle is relatively high therefore it is possible that the changes 
in density are opposite to those of electrical resistivity. Supposedly, com
paction within one cycle is stronger in less calcareous formations. This dif
ference in compaction can be explained by the density increasing down
wards in some cases within one and the same cycle. This effect can be ob
served in spite of the fact that increase in diameter and cavern formation at 
clayey sections have just the opposite effect, because due to these the 
measured apparent density could be lower than a real one, and the effect of 
the larger caverns cannot be successfully corrected completely.

Similarly to electrical resistivity neither can the individual paleosoil 
horizons be identified based on neutron porosity. Neutron porosity is 
higher in the moisture-holding layers than in the more easily drying-out 
calcareous layers. Due to the clay content of paleosoils their natural 
gamma radiation level is relatively higher than that of loess; the clay con
tent. however, cannot always be separated easily from the non-calcareous- 
concretionary loess.

Sequences containing calcareous concretionary horizons separate 
from their vicinity with a negative anomaly of the gamma ray intensity. 
The very thin horizons, however, can be detected solely by microresistivity 
measurement (sonde length of 2.5 cm) (Fig. 8). The calcareous concretion
ary horizons separate from their vicinity with their higher resistivity. It 
turns out from the microresistivity curve that the lime content decreases 
downwards unevenly, but this is not the case: it only seems to be so due to 
the averaging effect of the larger sonde spacing of other methods. The sig
nificance of this finding is that the water-conducting ability of non- 
paleosoil loess may also be anisotropic.

In sandy-clayey sequences deposited in water, positive anomalies of 
natural gamma are caused by the accumulation of clayey sediment rich in 
radioactive materials at the expense of the inactive coarser fraction. The 
connection with the grain size is the result of selective physical and chemi
cal alteration processes taking place during transportation. In loess of eolic 
deposition there is no such selection, therefore in our opinion loess can be 
characterized by a uniform natural gamma level in which negative anoma
lies are caused by the leaching phenomenon associated with the formation 
of calcareous concretionary horizons, i.e. they have developed as a conse
quence of a destructive process. The natural radioactivity level of non- 
soilified clayey loess residues between the individual soils is very similar



64 László Zilahi-Sebess

to that of paleosoils, therefore natural gamma is a less effective distin
guishing tool in relation to paleosoils than is magnetic susceptibility.

For every well it can be seen that the average resistivity of cycles de
creases with depth, this phenomenon is caused by the increasing of water 
saturation of the space around the borehole. Based on the neutron porosity, 
density and natural gamma logs in well Üh-2 a three-component (clay con
tent, porosity, coarse or sandy silt) lithological composition was calculated 
(fourth column in Fig. 9 ). Within the individual cycles the highest values 
of clay content are associated with the resistivity lows, although the resis
tivity not only of sand but of layers classified as clay also decreases as a 
function of depth. From radiometric measurements we calculated the ap
parent fluid density (third column in Fig. 9), and from this the water satura
tion as well (<SV, third column in Fig. 9, 1-SV curve). (Water saturation 
does not include the irreducible adsorption water content of clay [Clavier 
eT al. 1977] and its apparent water content resulting from its OH content,

Fig. 9. Quantitative well log evaluation of Pleistocene loessic sequence 
9. ábra. A pleisztocén lösz kvantitatív mélyfúrás-geofizikai kiértékelése

** From GR, N-Por, and Density measurement the effective porosity and apparent water saturation were 
calculated as follows:
l-SwRHON=100-(FfN*0.55*SH)/(Fie/100)
Fie=(FIN /100)*(DEN+2.67-0.0102*sli)/0.0267
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because these were taken into account as matrix features: depending on the 
type of clay mineral these two could account for up to 50% apparent poros
ity.) It can be seen in the figure that the apparent fluid density and the water 
saturation calculated from it — bearing in mind the average of the individ
ual cycles — increase with depth. To the top of cycle В it can also be ob
served that within one cycle the water saturation of low resistivity (guard 
laterolog) clayey formations is higher than that of calcareous concretional 
loess. From the above we can draw the conclusion that the clayey forma
tions are also permeable, although to a lesser degree than other parts of 
loess. At depths of less than 25 m the clayey formations seem to be less wa
ter saturated: this suggests that their permeability is too low to allow con
siderable invasion during the drilling operations and time of measurement. 
It is very likely that the same holds true for the sequence below 25 m. From 
this the conclusion can be drawn that the clays at depths below 25 m were 
originally close to complete water saturation, while above this the clay 
layers also dried out.

Omitting the density we have calculated the water saturation (£и') 
in well Üh-2 from resistivity, neutron porosity and natural gamma set, too, 
and this resulted in similar, but slightly different values than in the previ
ous calculation (Fig. 9). The major difference between them is that the wa
ter saturation of the permeable layers with high ‘sand content’ is relatively 
low in cycles В, C, D and it increases with depth to a smaller degree. The 
main reason for the difference is that the penetration of the applied focused 
resistivity measurement (guard laterolog) is larger — it yields information 
on the borehole’s vicinity of larger diameter — than that of the nuclear 
measurements, the effect of invasion the diameter of which increases due 
to the increasing hydrostatic pressure with depth is stronger on the latter 
ones. In the case of cycle A the algorithm automatically brings the water 
saturation close to 100% because we took the cementation factor ’ as be-

*** f  FR a j
Sw = where F  =( R, Ф"')

S„, water saturation (meaning the water saturation of the effective pore volume)
Ф effective porosity (can be filled with not bound water)
R„. —  resistivity' of pore fluid
R, — real rock resistivity, free of the effect of drilling fluid
a — constant, its value for loose sediments is between 0.6 and 0.8, otherwise its accurate value around 1.0 
can be determined either by laboratory tests or by optimizing the parameters of the water saturation model 
F — formation resistivity reducing factor (formation factor)

**** Cementation factor, this is based on the rock's cementation and. as a consequence, on the windings of the 
current path (i.e. tortuosity): its value is about 2.
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ing constant along the whole borehole, therefore the calculation was car
ried out with a too small resistivity reducing factor.

The resistivity of cycle A is also higher in resistivity curves of engi
neering geophysical sounding than the electrical resistivity level of the 
other cycles, even the general decreasing trend with depth can be observed, 
which suggests that the increasing of water saturation with depth exists in
dependently of the disturbing effect of drilling. According to laboratory 
studies the clay content increases with depth, which means at the same time 
deteriorating permeability, an increase in specific surface and together 
with this — because clay dries out with more difficulty than materials of 
high permeability — it means an increase in water saturation as well (even 
above 90%, to complete saturation). Well-logging measurements provide 
systematically lower values than electrical resistivity measurements of en
gineering geophysical sounding, but this difference decreases with depth, 
supposedly due to the general increase in water saturation with depth inde
pendently of saturation with drilling fluid. Within the Quaternary se
quence, the upper, calcareous parts of all loess cycles can be marked out. 
Based on the resistivity log they are good water conducting zones.

3.2. Log results in granite body

Geophysical interpretation of siliceous crystalline (magmatic and 
metamorphic) rocks differs from that of sedimentary rocks in several re
spects.

The former rocks have practically no interconnected matrix or primary 
porosity, the whole pore volume depends on secondary mechanical or 
chemical alteration. Distribution of pore volume is linked with the strongly 
inhomogeneous fissure system. In the vicinity of cracks and especially of 
subsequently filled in cracks — due to the contact effects, including the 
non-hydrothermal, low temperature argillaceous alterations as well — one 
may not reckon with a uniform matrix from the viewpoint of physical par
ameters, in contrast to the sedimentary rocks in which the rock matrix is 
macroscopically speaking relatively uniform due to the deposition. (Fis
sures may develop at the boundary between two rock bodies of different 
physical parameters where the density and neutron porosity were origi
nally inhomogeneous.) A consequence of this is that nuclear geophysical 
measurements (neutron porosity, gamma-gamma density measurement) 
primarily reflect changes in rock quality and only in second place do they



Well-logging methods to investigate a granitic site... 67

reflect changes in porosity. In other words, the traditional porosity sensi
tive methods used in sedimentary rocks — except for the cavernous sec
tions — indicate changes in petrography (Fig. 3 second column).

Fissures cause significant changes primarily in the mechanical par
ameters of rock and in the internal specific surface of rock. Changes in po
rosity (whose absolute value is low) are of a smaller degree, therefore be
low a porosity of 3-5% porosity calculation basically means an estimation 
of the order of magnitude only. (An increase in neutron porosity indicates 
occasional chemical alteration in rock material.)

A common feature of fractured zones is — in contrast to fresh rock sec
tions — the inhomogeneity of those physical parameters that are sensitive 
to break up of rock and to the extent of its internal surface. Acoustic and 
first of all electric measurements are sensitive to the fissure system and the 
fluid filling it in. Because of these factors we base the geotechnical charac
terization of granite on acoustic (acoustic waveform and acoustic borehole 
televiewer) and electrical (normal resistivity, focused resistivity) methods.

The parameters of the fractured zones are related to those of fresh 
granite. It is characteristic of fresh granite that it has only closed fissures in 
it, the velocity of its longitudinal waves is high, relatively constant, and the 
average resistivity is also high.

Because the rock itself is a non-conductor, fractures or argillaceous al
teration tend to be the reasons for all decreases in resistivity; according to 
our knowledge the occurrence of semiconductor ore minerals is so rare in 
this area that it is negligible even from the viewpoint of fissure identifica
tion (argillaceous alteration also attacks the rock starting from fractures). 
Ion concentration of the bound water present in the rock fissures is high, 
thus its conductivity is orders of magnitude higher than that of the free 
fluid, therefore the electric resistivity is inversely proportional to the spe
cific surface of rock. Fissures representing a porosity of only 0.1% in the 
measured rock volume reduce the apparent resistivity of rock to about 
1000 Qm, thus it causes at least one order of magnitude decrease in resis
tivity compared to fresh rock — while the rock’s density and neutron po
rosity are practically unchanged — thus resistivity shows the presence of 
fractures in a strongly blown up form. (The real decrease in resistivity — 
taking into account the non-conducting nature of the rock — is five-six or
ders of magnitude, thus the measured decrease in resistivity depends really 
on the measuring range of the instrument.) It is noted that in a rock of about
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1000 Qm resistivity the propagation velocity of the acoustic wave is still 
around 5000 m/s, or rather above this value.

The propagation velocity of acoustic waves is proportional to the 
original state of the rock, therefore in the loosened, tectonized zones the 
degree of decrease in velocity may be especially high (Fig. 3). In the more 
strongly fissured and therefore loosened sections propagation — both 
velocity of the compressional wave (Vp) and velocity of the shear wave (Vs) 
— strongly decreases although the ratio Vf/V s, significantly increases. (In 
high velocity rock just the opposite might happen at small fracture thick
ness, i.e. the ratio Vf/V s decreases with decreasing Vp velocity.) It is men
tioned that in the more strongly fractured zones the transversal wave can
not always be marked out in the acoustic waveform record due to the high 
attenuation. The non-cavernous, fissured sections are characterized by an 
increase in travel time and acoustic damping. Any kind of altered state of 
rocks can clearly be distinguished from the petrographical variety because 
alteration typically reduces the velocity below 5000 m/s, while the ampli
tude’s attenuation — closely related to the increased energy absorption — 
increases.

3.3. Zoning the granite body (Fig. 10)

The main objective of geological exploration was to gain information 
on the hydrologic status in the area. Division of rocks into sections was an 
important means of doing this.

The weathered granite — at least its upper part — may form a uniform 
aquifer, therefore it must be excluded when planning the waste deposit site. 
However, its structure should be considered when calculating possible mi
gration paths and the migration time from the repository to the surface. 
Acoustic and electric logs are the most effective means of examining the 
mechanical state and alteration of these zones. Acoustic wave propagation 
is sensitive to the presence of fissures. In our experience, when the fissures 
generate only a low porosity the acoustic waves propagating through the 
rock slow down slightly, but their amplitudes strongly decrease and the 
high frequency components disappear from the full waveform.

Zone G I can be characterized by a heavy amplitude attenuation in the 
full waveform acoustic log. The sonic velocity varies between 1500 and 
3000 m/s, while its average is approximately 1700 m/s. It is obvious from 
the full waveform acoustic log that only the low frequency waves can





Fig. 10. Physical parameters of the upper part of the weathered granite 

10. ábra. A gránit mállási kéreg felső részének fizikai paraméterei
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propagate through the coarse granite sand and gravel, although at the bot
tom of the loess overlying it higher frequencies can also be observed in 
spite of the lower velocity. Therefore, it might be assumed that zone G I is 
less cemented than the loess and clay overburden but its porosity is lower. 
Within this subzone the longitudinal velocity definitely increases as a func
tion of depth, this is a characteristic feature of loose, poorly consolidated 
rocks. No shear wave arrivals can be seen, even the Stoneley wave group 
can hardly be detected.

The measurements in subzone G II show that the proportion of coarse 
fragments and the cementation increase while the porosity decreases 
downwards. Stoneley wave velocity increases with depth at a lower rate 
showing a compaction similar to that observed in sedimentary rocks. The 
lowest part of this subzone practically does not show any compaction trend 
in Stoneley arrivals and no shear waves can be seen in the full waveform 
acoustic log. There is a rather good correlation between the compression 
wave velocity and the density, this indicates some similarity to sediments. 
The appearance of higher frequencies can be seen downwards in the weath
ered zone. The border between subzones G II and G III can be marked out 
at the depth where the first shear wave appears at about 70 m (Fig. 10).

Subzone G III consists of chemically altered, fractured but solid rocks 
and the top of it seems to be the starting level of the real hard formation 
from the viewpoint of acoustic logging. The shear wave arrival can be seen 
in the full waveform acoustic log, and high frequency components also ap
pear. The Vp/Vs ratio decreases with depth within the subzone due to the 
rapid increase in Vs versus depth. Vp changes from 2500 to 4500 m/s. The 
Stoneley wave velocity is almost constant (the Stoneley wave arrivals can 
be seen after 1000 ps with low frequency and high amplitudes). The resis
tivity is more variable due to the varying grade of chemical alteration and 
fracturing. Chemical alteration means dissolution of fracture filling mate
rial and that is why it has an influence on shear wave velocity.

Surface weathering effects have had only a relatively weak impact on 
the rocks of zone G IV (granite showing weak surface effects). A slow in
crease in shear wave velocity and electrical resistivity with depth is charac
teristic of this part of the weathered zone. Weak depth trend in porosity- 
and fracturing sensitive parameters and the direct contact with the overly
ing weathered sections suggest that surface effects still hit it; based on this, 
it is ranked among the weathered zones. In some boreholes (e.g. in Uh-2), 
supposedly as a consequence of the argillization which decreases with
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depth, the neutron porosity decreases downwards. In conformity with the 
mechanical condition of zone G IV it is very similar to zone G V of solid 
rocks. The longitudinal wave velocity is somewhat lower than in the solid 
parts of the depth interval G V. The rocks in zone G IV are hard enough for 
BHTV investigation. In the BHTV record more open fissures can be seen in 
zone G IV than in sub-zone G V (Fig. 11).

In granite which is free of surface effects — zone G V —physical par
ameters do not depend on depth: these parameters are primarily linked with 
fissures and alteration in rocks, secondly with rock composition (Fig. 3). 
Acoustic and first of all electric measurements are sensitive to the fissure 
system and the fluid filling it in. Because of the above factors we base geo
technical characterization of granite on acoustic (acoustic waveform and 
acoustic borehole televiewer) and electrical (normal resistivity, focused re
sistivity) methods.

From the hydrologic viewpoint fissured zones can be characterized by 
the volume of infiltrating water. In what follows we first discuss the pecu
liarities of geophysical well-logging interpretation of fissured granitoid 
rocks; we then deal with the sectioning of fresh granite from the geotechni
cal viewpoint; next the fissured zones are characterized based on the distri
bution of their physical parameters; the methods for determining fissured 
zones dip are briefly discussed; a hydrologic characterization of fissured 
zones is given; and infiltrations are introduced; finally our results are sum
marized.

The more heavily fissured fracture zones have been characterized by 
physical parameters proportional to the number of fissures (i.e. fissure den
sity), and by their position (dip, dip direction).

It is pointed out that determination of the position of fissured zones is 
rather uncertain because the geophysical well-logging information refers 
to a small volume. The position of fissured zones was determined in three 
ways:

— from reflections identifiable in the full acoustic waveform;
— from the direction statistics of the BHTV;
— from the position of the edges of fissured zones detected by the 

BHTV.
Velocity and resistivity begin to decrease at a distance from the frac

tured zone because of the secondary fractures and the tiny cracks. It can 
clearly be seen in the BHTV records that the open fractures are more fre-
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Fig. II. Boundary between zones G IV and G V on BH1V images 
II. ábra. A G IV and G V zóna közti határ a BHTV képeken

quent on approaching the fractured zone (214 m). The most frequent tec
tonic directions can be seen on a rose diagram.

It is very interesting that the large open fracture at 214 m does not pro
duce any inflow and the less fractured zone at 196 m gives a few tenths of a
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liter per minute (Fig. 6. fifth column). The lower part of the borehole pen
etrated a more strongly weathered zone (Fig. 12). Three fractured zones 
can be distinguished based on the BHTV and the full waveform acoustic 
log. Velocity and resistivity decrease gradually from about 320 m down
wards. The light colour of the BHTV record shows that the rock at this 
depth is looser than that over it.

To interpret the extent of fracture of fresh granite from the viewpoint 
of its geotechnical state, the G V zone was categorized according to three 
kinds of units of different scale:

— Large blocks mean relatively homogeneous intervals based on aver
age values of geophysical parameters, they are in contact with each 
other along zones of deteriorated state or fractured zones. The large 
blocks are located at intervals of the order of 50-100 m.

— Zones with depth trends in fissuring (fractured zones with their as
sociated fissures) are located at intervals of the order of 10-30 m 
identifiable in electric resistivity logs. Each depth trend ends in a

Fig. 12. Highly fractured depth interval and its vicinity in a well 
12. ábra. Egy erősen töredezett mélység szakasz és környezete
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more heavily fissured or smaller fractured zone, these represent the 
low resistivity end of the depth trend. A large block can be divided 
into several intervals with independent depth trends in fracturing.

— Fractured zones are at intervals of the order of magnitude of 1-10 m 
that can be marked out within the resistivity depth trends based on 
the acoustic waveform and the BHTV. These fracture zones may be 
simple, at the same time sharply separated from their surroundings 
or have complex, poorly defined edges (Fig. 13).

It is mentioned that strongly cavernous, tamped sections of boreholes 
are ranked among the fractured zones based on technical and geological in
formation; it is, however, impossible to obtain quantitative information 
within them.

4. Characterization of fractured zones

Fractured zones can be characterized both by the statistics (average, 
standard deviation, most frequent value) and spatial distribution (shape of 
log) of the physical parameters. Inhomogeneity of the physical parameters 
in the fissured, fractured zones is reflected by their larger scattering, the 
latter in itself suggesting a more altered state of rock.

In Fig. 14. it can be seen that in the low resistivity, supposedly frac
tured zones the differential resistivity (d  Resistivity) values and differen
tial Vp (dVp) logs (logs of changes over a unit interval of depth) show higher 
values.

Inhomogeneity of rock in a given interval can be characterized by the 
most frequent value, scattering and shape of the physical parameters’ em
pirical distribution (histogram). In fissured rocks, thus especially in frac
tured zones, the distribution of parameters depending on fracturing is 
mostly asymmetric, log normal or inverse log normal. For example, the 
conductivity (calculated from guard resistivity) in well Üh-2 between 210 
and 225 m (Fig. 15) shows log normal distribution, which suggests that the 
statistical weight of the fissures is relatively small. The fractured zone in 
well Üh-23 between 168 and 173 m (Fig. 16) is similar to this, but the 
greater statistical weight and the bimodal shape of the distribution of high 
conductivity values indicate the strongly fissured, fractured character of 
this zone.
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Fig. 13. Petrophysical quick look interpretation in comparison with geotechnical
interpretation

13. ábra. Petrof'izikai gyors kiértékelés összehasonlítása a geotechnikai interpretációval

Spatial inhomogeneity also characterizes the fissured zones. Fissuring 
gets weaker further from the plane of fracture or fault. This weakening, 
however, does not take place as a monotonie decrease, but it appears as an 
average trend in the electric resistivity and acoustic velocity logs. In gen
eral, several subsequent depth trends of identical direction can be ob
served, this very likely suggests rock stresses of the same character.
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Fig. 14. Differential logs of resistivity and of acoustic-wave velocity 
!4. ábra. Ellenállás és akusztikus hullámsebesség derivált szelvények

In Fig. 17 the most characteristic acoustic properties of fissure zones 
can be observed:
— gradually increasing velocity moving away from the fracture (down

wards from the fractures at 99.8 and at 1 23 m in the figure),
— decrease in characteristic frequency with the decrease of the acoustic 

wave’s propagation velocity,
— increase in acoustic attenuation with decrease in velocity (marked with 

fainter colours in the figure),
— increase in ratio Vp/Vswith increasing fracturing, frequency dependence 

of the ratio Vp/Vs and absorption.
In what follows we attempt to throw light on the connection between 

the parameters by studying cross plots, deducing from this the integrity of 
the rock matrix; then the separation of open and closed fissures based on 
BHTV measurements is discussed.

The connection between the individual parameters is— just like in the 
case of the parameters of the weathered crust [ZlLAHl-SEBESS et al. 2000]
— characteristic of the individual fractured zones.
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Fig. 15. Empirical distribution and pseudo histogram of conductivity (calculated from 
guard resistivity) between 210 and 225 m in a fissured depth interval (210-225 m)

in borehole Üh-2
15. ábra. Empirikus vezetőképesség (guard ellenállásból számítva) eloszlás és 

pszeudo-hisztogram egy repedezett mélység szakaszon (210-225 m) az Üh-2 fúrásban

In studying the connections between the geomechanical parameters 
for the whole rock the aim is to characterize the fissured zones. This con
nection is basically controlled by the structure of fissure system. In this re
spect, we consider the fissure zone as an element of a larger structure. If, 
therefore, we investigate the connection between the parameters them
selves at different scales it means investigating the relationship between 
the whole fissure system and the larger fracture zones. In other words the 
relationships represented by the cross plot valid for the individual fissured
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Fig. 16. Empirical distribution and pseudo histogram of conductivity(calculated from guard 
resistivity) in a strongly fissured depth interval (168-173 m) in borehole Üh-23 
16. ábra. Empirikus vezetőképesség (guard ellenállásból számítva) eloszlás és 

pszeudo-hisztogram egy erősen repedezett mélység szakaszon ( 168-173 m) az Üh-23
fúrásban

zones separately can significantly differ from the connection determined 
from all depth points for the whole rock. Among the main reasons for this is 
that the pressure increasing with depth is critical — which even in the case 
of surfaces in contact and considered constant is able to increase the shear 
resistance alone without any kind of cementation, but not the electrical re
sistivity, if the specific surface otherwise does not change.

In our experience the logarithm of electric resistivity is directly pro
portional to shear modulus (Fig. 18). If one studies the sections separately



78 László Ziluhi-Sebess

it turns out that the connections differ from each other according to depth 
sections; this explains the relatively high scattering of the connection taken 
for the whole borehole. The most probable explanation for this is the fol
lowing: The shear modulus is directly proportional to the integrity of the 
rock matrix, or to fissure density and fissure aperture; electric conductivity 
is proportional at least to the second power of pore volume according to Ar
chie’s formula (Rt= R JФ). Electric conductivity is proportional to the spe
cific internal surface because the conductivity of the bound ion-rich water 
[CLAVIER et al. 1977] is by one-two orders of magnitude higher than that 
of free fluid. It follows from this that the more complicated the internal sur
face, the higher the conductivity. In borehole Üh-22 (Fig. 1 8) considering 
all the depth points the increase in resistivity as a function of shear modulus 
is stronger than exponential, this derives from the fact that the smaller the 
aperture size of a fissure the higher the probability that from a certain por
tion of the planes in contact the electrolyte is squeezed out, and the tortuos
ity of the pore volume represented by the fissure also increases. Where the 
conductive fluid is squeezed out, i.e. in a capillary crack system of micron 
size, the resistance to shear force approximates the parameters of the 
fissure-free rock depending on pressure. M ESKÓ [ 1 995] discusses in detail 
the connection between the propagation velocity of elastic waves and mi
crocracks; this connection is closely linked with the shear modulus.

In well Üh-3 (Fig. 19) at high shear moduli — in the interval of 
200-300 m (brown) — large changes in resistivity coincide with small 
changes in shear modulus, which can be explained by a large change in tor
tuosity. This situation exists at fissures of very small aperture, where most 
of the opposite surfaces of a fissure fit into each other. This ensures high 
shear strength, but the volume that can be filled in with electrolyte and the 
associated tortuosity can change by orders of magnitude, whereas the ef
fective surface in contact changes only very slightly. In the depth interval 
of 1 05-200 m (red), when the shear modulus changes to a great extent, the 
logarithm of electric resistivity changes in a smaller degree than in the 
lower section, suggesting that the fissures are generally thicker and they 
may contain free fluid, too. In the fissure system the relative amount of 
conducting surfaces is higher in comparison with the nonconducting joints 
than that of deeper zones.

Acoustic attenuation is roughly inversely proportional to electric re
sistivity (Fig. 20). Acoustic attenuation is calculated from the longitudinal 
wave trains, thus it is less sensitive to microfissuring than the conductivity





Fig. 17. Acoustic borehole televiewer and full acoustic waveform records in the vicinity of
a fault

17. ábra. Akusztikus lyukfal televízió és teljes akusztikus hullámkép felvételek egy töréses
vető környezetében
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Fig. 18. Relationship between the shear modulus and electric resistivity in borehole Üh-22 
Legend: The depth intervals are marked with different colours, viz. Green: 53-103.4 m. 

Red: 103.4-187 m. Blue: 187-309 m. Lilac: 309-390 m. Black 390-500 m

18. ábra. A nyírási modulus és az elektromos ellenállás közti kapcsolat az Üh-22 fúrásban
Jelmagyarázat: A színek különböző mélységintervallumokat jelölnek; zöld: 53-103,4 m.

vörös: 103.4-187 m, kék: 187-309 m. lila: 309-390 m, fekete: 390-500 m





Fig. 19. Relationship between shear modulus and electric resistivity in borehole Üh-3 
Legend: The depth intervals are marked with different colours, viz. Orange: 85-100 nr. 

Red: 105-200 nr. Brown: 200-300 nr

19. ábra. A nyírási modulus és az elektromos ellenállás közti kapcsolat az Üh-3 fúrásban
Jelmagyarázat: A színek különböző nrélységintervallumokat jelölnek; narancs: 85-100 nr,

vörös: 105-200 nr, barna: 200-300 m
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Fig. 20. Relationship between electric resistivity (guard laterolog) and acoustic attenuation 
in boreholes Üh-22(a) and Oh-23(b)

Legend'. The depth intervals are marked with different colours, viz.
Üh-22: Red: 103.4-187 m. Blue: 187-309 m. Lilac: 309-390 m. Black 390-500 m 

Üh-23: Red: 91-199 m. Blue: 199-300 m

20. ábra. Az elektromos ellenállás (guard laterolog) és az akusztikus csillapítás közti 
kapcsolat az Üh-22(a) és az Üh-23(b) fúrásokban 

Jelmagyarázat: A színek különböző mélységintervallumokat jelölnek;
Üh-22: vörös: 103,4-187 m, kék: 187-309 m. lila: 309-390 m, fekete 390-500 m 

Üh-23: vörös: 91-199 m, kék: 199-300 m
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which is basically considered proportional to the specific surface of micro- 
fissuring; thus, the higher the resistivity the higher the scattering of at
tenuation. In the case of well Oh—22 (Fig. 20a) besides the existence of in
verse proportionality the scattering is much greater than in well Üh-23 
(Fig. 20b). This is primarily due to the higher sensitivity of the guard later- 
olog to microfracturing.

4.1. Methods to determine the dip o f fractured zones which are probably
faults

Generally tectonic faults are represented on the borehole wall by frac
tured zones. Not every fracture zone represents main tectonic planes, fre
quently they are only second or third order fissure systems attached to the 
primary fault. On a large scale we have only limited information on a tec
tonic plane and moreover they are not planes but nearly piano-parallel 
plates in the strict geometrical meaning. These fractured zones may con
tain many elementary fissure planes. Their orientation represents the true 
tectonic dips and azimuths only in the statistical meaning. In some disad
vantageous cases, e.g. large cavities, only the edge of a highly fractured 
zone or some accompanying fissures represent the true orientation.

In view of the above the reliability of determination increases if the dip 
of a fracture zone can be determined by various, independent methods. 
Tectonic dipping was determined at the Üveghuta site utilizing two kinds 
of measurement, viz. acoustic waveform and acoustic borehole televiewer 
image, in three basically independent ways. In contrast with the dip values 
we can determine the dip direction based only on the BHTV measurement 
according to two principles — statistics and individual fissure direction in
terpretation.

In what follows we discuss reflections obtained from the acoustic 
waveform; the direction statistics from the BF1TV; finally, the edges of the 
fractured zones detected by the BHTV.

4.2. Dip determination by reflections from the acoustic waveform without
azimuth

In the acoustic waveform, in addition to the compressional (P), 
shear (S) and tube waves, reflections obtained from the larger fracture sur
faces — usually at the end of a fractured zone identifiable in the acoustic 
waveform and in the electric resistivity log, which shows maximum frac-
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turing — can also be observed (Fig. 21). The reflection time increases with 
the distance from the intersection of the reflecting plane and the borehole, 
thus a straight line section appears in the acoustic waveform enclosing a 
certain angle with the depth axis; this represents a section of the travel 
time-distance curve and starts from the first arrival. These straight line 
sections are produced by the interference between the wave reflected from 
the fracture plane and other waves. Mostly two straight line sections are 
considered because we obtain reflections above and below the reflecting 
plane as well, therefore we can see a V-form in the acoustic waveform.

Knowing the propagation velocity of an acoustic wave characteristic 
of given rock the dip of the fracture zone can be computed from the posi
tion of the straight line section. The most frequent dips are around 45-50° 
and 70-80°(e.g. the reflections that can be seen in Fig. 21 represent dips of 
44 and 66°). This is consistent with the average dip values detectable by 
BHTV measurement. Dips of around 20° can also be detected; for smaller 
dips than these, however, the inaccuracy is too large, i.e. we cannot charac
terize them quantitatively. The reliability of dips identifiable from acoustic 
waveforms is better than that of data obtained by other measuring devices 
or core analysis because the information is obtained from the immediate vi
cinity of the borehole, its disadvantage is that being a circular symmetric 
measurement no dip direction belongs to it.

Fig. 21. Reflection in the acoustic waveform in borehole Üh-23 
21. ábra. Reflexió az akusztikus hullámképen az Üh-23 fúrásban
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4.3. Directional statistics o f  acoustic borehole televiewer

Fissure direction statistics have been constructed based on BHTV 
measurements and we have made an attempt to determine the position of 
the major fracture zones which supposedly exist further away from the 
borehole, too. Directional distribution of dip azimuths have been plotted in 
a circular diagram (also known as a rose diagram). For plotting purposes 
the circle is divided into segments of a certain angle. The radius of the col
oured segment is proportional to the number of azimuths falling in the di
rection of the segment normalized to the total number of azimuths within 
the given depth interval. In our rose diagrams we generally used a division 
of 10°, at small amount of data of 20°. In this representation dip values are 
not taken into account. (In contrast to the diagrams used in geology, it is not 
the strike that is plotted in the obtained rose diagrams but the dip of fis
sures, therefore the diagrams are not symmetrical.) If a definitely distin
guishable frequency maximum falls into one or into two neighbouring seg
ments, it is called a characteristic direction. If the frequency maximum oc
cupies several segments, i.e. it is smeared over a certain angle interval, 
then we use the term more characteristic direction sector. The fissure sys
tem of a larger block can also be characterized by the direction statistics, 
information on the existence or possibility of a connection between them 
can be obtained by comparing them with the position of fractured zones. 
The classification of fissures was given in section 2.1. of this study.

In well Üh-22 (Fig. 22) the most frequent characteristic direction of 
closed fissures in the granite body is north, the westerly direction is sepa
rated as a definite frequency maximum, but with a relatively small weight. 
According to the directional statistics of open fissures, fissures with a 
northerly direction are also frequent in borehole Üh-22. Real dominant di
rections (NN W and SW) exist for the thin fissures providing incomplete si
nusoids only in the upper part of the solid granite. In the lower zone the di
rections are more scattered and the two most frequent directions are W and 
FINE. The characteristic direction of the thick fissures providing an incom
plete sinusoidal curve is unambiguously N in the uppermost section, while 
in the lower one a strong easterly direction appears as well.

According to the rose diagrams constructed based on the above con
siderations and shown in Fig. 23 the majority of all fissures in the 
168-1 85 m interval of well Üh-23 fall into the NW segment. The most fre
quent direction of open fissures isN W (this coincides with the direction de-
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1__ Тафок 9й daaaf fissure..... ...openfissura , intersected , Jtightípatehy.  fluard taterolng
.аЛЛиим______ , I Strength indes

...Fissure/meter.

Fig. 22. Dip direction statistics of two blocks (two depth intervals) in borehole Üh-22 
22. ábra. Két blokk (két mélység szakasz) dőlésirány statisztikája az Üh-22 fúrásban

termined from the individual fissure edges for zone T3), the second most 
frequent direction is SE.

4.4. Edge o f the fractured zones detected by acoustic borehole televiewer

Those depth intervals where a large number of wide, open fissures can 
be seen in the borehole televiewer record that frequently converge are 
called a fractured section. In contrast with the other sections these cannot 
be correctly characterized based on the fissure density because the fissure 
planes frequently do not provide a complete sinusoidal curve in the record.

From among the fractured zones in the reflection time image of the 
borehole televiewer those sections are called probable faults which contain 
many open fissures, for which the real dip can be determined relatively un
ambiguously. In Table I. the probable faults of borehole Üh-22 are listed. 
The dips representing probable fracture, being within the most heavily fis
sured sections, were not marked on a statistical basis because determina
tion of the fissure plains is uncertain, thus the statistics constructed from 
them do not satisfactorily characterize the depth interval.
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Fig. 23. Dip direction statistics of a block (one depth interval) in borehole Üh-23 
23. ábra. Egy blokk (egy mélységszakasz) dőlésirány statisztikája az Üh-23 fúrásban

The most reliable position data can be determined at the edge of the se
lected zone, at the boundary between the fresh rock and the crushed zone. 
When this was not possible, a sinusoid seeming to be a definite direction — 
possibly repeated several times above 214 m — was chosen close to the 
boundary of the crushed zone (Fig. 24).

The main aspects of selection were the following:
Í. How sharply the edge of the crushed zone is delimited from its vicin

ity. In contrast with zones marked T in Table I. — in the marking off of 
which acoustic waveform and electric resistivity play a role, too — in this 
case the edge of the crushed zone means strictly the edge of the zone con
sisting of open fissures which can be seen in the BHTV image.

II. How perfectly can a sinusoid be fitted to the selected fissure, i.e. 
how much it represents a plane?

III. Is the direction obtained repeated in the close vicinity (within
1-2 m)?

IV. Does the direction obtained coincide with the direction of other 
fractured zones? (This criterion is based on the assumption that if a direc-
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Ü l i - 2 2

d e p t h  o f  w e l l d i p d i p  d i r e c t i o n m a i n  c r i t e r i o n  o f

_____________ lm. l°l i i s e l e c t i o n

T1 below the top 90,8 42 246 Aj E

T3 fk top 156.7 71 154 Aj E

T3 к top 170.6 64 335 В 4 E

T3 below the top 178.4 (178.4-178.8) 59 350 A4
T3 bottom of a larger 
zone (lack of data 
above it)

186.8 52 18 ~ D

14 (239.7-241.7) 74 1 D

T4 middle 241.5 73 0 D 1

T5 top 276.5 (276.5—278.0) 62 145 Ä3
T6 middle 295.8 (293.8—295.7) 59 6 ?
T7 top 381.0 63 5 B 1 E

Table I. Dips and azimuths representing a possible fault 
Legend: Marks T l.  T3, etc. serve to identify the fractured zone. The numbers in the upper 

index show the quality of sinusoid curve fitting, i.e. reliability of the individual 
interpretability. increasing from 1 to 5. (For the selection criteria, see text.) For categories 
C and D the edges of the fractured zones observable on the acoustic borehole televiewer

image are highlighted
/. táblázat. Egy lehetséges vető jellemző dőlés és azimut értékei 

Jelmagyarázat: T l.  T3. stb. a repedezett zónát jelentik. A felső indexben szereplő számok a 
szinusz görbe illeszkedésére jellemzőek, azaz az egyedi értelmezhetőség megbízhatóságára.

1-tól 5-ig terjedő skálán. (A kiválasztási feltételeket lásd a szövegben). A C és D 
kategóriáknál az akusztikus lyukfal televízió képen megfigyelhető repedezett zóna széleit

emeltük ki

tion is really characteristic of an area, then it can also appear in the direc
tion of more fissured zones.)

The tectonic directions selected on the basis of these criteria and repre
senting the selected possible fault are ranked into the following categories:

A) Fissure edge: sharp, and a sinusoid can closely be fitted to it on the 
laid out cylinder-jacket.

B) Fissure edge: a less sharp, sinusoid can less closely be fitted to it, 
but its direction is repeated several times.

C) Edge of the fractured zone: less sharp, but a sinusoid can closely be 
fitted to it, and the obtained direction is repeated at several fissures.

D) Edge of the fractured zone: less sharp, a sinusoid cannot be well fit
ted to it, the obtained direction is similar to the direction of other zones.
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Fig. 24. A possible fault and its vicinity in BHTV images
24. ábra. Egy valószínű vető és környezete az akusztikus lyukfal televízió képen

E) In the close vicinity of selected fissure (0.1-0.2 m) there is no con
tinuous fractured zone and this is taken into account as an independent con
dition.

The fissure edge or edge of the fractured zone may be an easily identi
fiable sharp line, but the sinusoid can be fitted to it — although imperfectly 
— if the fissure plane is curved. It is marked separately where the place of 
determination is within the fractured zone. In Table I. the numbered zones 
marked with T are the fractured zones which are not interconnected. Each 
fractured belt is part of a zone with a definite depth trend in fracturing de
termined on the basis of a resistivity and an acoustic measurement.
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5. Correlation between wells

5.1. Correlation within the Quaternary sequence on the basis o f  
well-logging measurements

Well-logs reflect the evolution history of formation with a characteris
tic pattern which characterizes the given sedimentary formation.

In general, the curve pattern takes shape at the vicinity of the forma
tion boundary and it can be considered a characteristic identification mark; 
thus by means of well-logs the question as to whether it is over- or underly
ing stratigraphically can be answered as well.

When correlating paleosoils it is fundamental that not only the thick
ness and spatial position of soils are considered but the log shape itself is 
also taken into account at the individual anomalies. The shape of the curve 
is characteristic not only of the whole sequence but of the individual layers 
as well. It can be considered an individual pattern which was formed by the 
natural process that brought it into existence. The accompanying layers 
and the structure within the individual layers are characteristic of a paleo- 
soil stratum: they formed this individual pattern. Moreover, we can obtain 
more information by measuring the magnetic susceptibility with a sonde 
length of 20 cm and a sampling interval of 10 cm. Taking into account the 
disturbing effect of landslide, erosion correlation is more reliable if paleo
soils are not considered separately, but as parts of a certain period because 
the possibly omitted soil horizons or those appearing to be surplus can 
more easily be classified.

Summarizing, we accept the pattern provided by the resistivity and 
magnetic susceptibility curve groups as a basis for identification because 
due to its richness in detail it is such an individual feature of a sequence 
which may be suitable for identifying a simultaneous sequence of events 
taking into account the nature of eolic sedimentation.

Correlation between wells is aimed at matching the already mentioned 
sequences marked A, B, C, D, E and within them the paleosoils. In Table I. 
the elevation of correlatable sequences and paleosoils can be seen. Correla
tion between the wells is shown in Fig 25 and Fig 26.





25. ábra. Korrelációs szelvény az Üh-2. Üh-3, Üh-5. Üh-4 fúrások alkotta zárt vonal 
mentén. A vörös sávok a paleotalajokat jelelölik

Fig.25. Correlation plot along the closed profile of boreholes Üh-2. Üh-3, Üh-5. Üh-4.
The red layers are the paleosoils





26. ábra. Korrelációs szelvény az Üh-5, Üh-22, Üh-2, Üh-23. Üh-6 fúrások mentén. A 
vörös sávok a paleotalajokat jelelölik

Fig. 26. Correlation plot along South-North profile (Oh—5. Üh-22, Üh-2, Üh-23, Üh-6).
The red layers are the paleosoils
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5.2. Principles o f the correlation attempts within granite

Naturally the altered crust of granite is not a stratified medium, but be
cause of the existence of the depth trends of the physical parameters in 
connection with the surficial effects the parts of it might be described as 
pseudo layers.

The basis for the correlation was the electrolog and the acoustic log be
cause the degree of alteration of rock is indicated in different ways by 
them. The electrolog shows the changes in specific surface and therefore it 
cannot distinguish the disintegrating detritus and the highly fractured and 
chemically altered granitoid rocks. Interpretation of surface geophysical 
measurements is frequently controversial in the weathered zone of the 
granite body. In our opinion, the key to solving the contradictions can be 
provided by the integrated study of geophysical acoustic and electrical 
well-logging measurements. The largest differences between, on the one 
hand, the shape of the logs of acoustic parameters and the parameters de
rived from that, and, on the other hand, the shape of logarithmically plotted 
resistivity logs are in the upper part of the weathered zone (G I, G II) 
(Fig.27.). In the waveforms shown in the figure, compressional wave ve
locity ( Vp) and electric logs of four wells are plotted in the weathered zone 
of granite. From experience it is known that a jump-like increase in electri
cal resistivity indicates the top of the sequence consisting of granite mate
rial, while from the acoustic point of view the boundary between the brec- 
ciated granite (G II) and chemically altered solid rock (G III) can be con
sidered the boundary of the granite body. The most probable explanation 
for this is that zone G III is a difficult formation for acoustic measurement 
whereas G II is not, therefore it is the depth of strongest change for sonic 
measurement, while the strongest change of specific surface can be found 
at the top of zone G I because the granite gravel is coarser than its covering 
sediments.

6. 3-D axonometric representation of the selected site

We have constructed — and represented axonometrically — from 
available well-logging, engineering geophysical sounding and refraction 
seismic observation data a spatial model of the vicinity of the selected site 
of Üveghuta [ZlLAHl-SEBESS, L e n d v a y  19981 using the program 3-D
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View for Windows developed by Petrosoft Ltd. (Hungary). The primary 
aim of 3-D representation was the spatial representation of units within the 
sedimentary sequence overlying the granite and the stratification of the 
granite’s alteration cover. The model can be viewed from different visual 
angles, and computer-programmed arbitrary sections can be made from it.

We considered the surface of fresh granite, four layers within the gran
ite’s alteration zone [ZlLAHI-SEBESS et al. 1998], and seven overlying lay
ers overlying the granite surface in the model. In the model, the thickness 
of the granite’s alteration zone determined in wells drilled in the valleys 
was also used. Because the loess horizons were identified only in the wells 
drilled on the hilltops, the thickness of the lowest loess horizon depends on 
changes in the granite’s surface: its top is nearly horizontal and the stratifi
cation above it intersects the valley walls. We closed the model with a 
plane taken arbitrarily (at a depth of 200 m). Fig. 28 shows the shape of 
layer boundaries extrapolated to the area; for clarity the surface represent
ing the present relief is also shown.

The most important result of 3-D representation — also taking into ac
count the construction of the geological model — is that the lower layers of 
loess do not follow the surface of granite, but an equalizing level above it, 
after the formation of which there were no tectonic movements within the 
site, only a tilt of smaller scale can be imagined. The E horizon of loess 
stratigraphy fills in the depressions in the granite, and based on the inter
pretation of refraction seismic profiles it is very likely that the zone had al
ready formed before the development of unit D, i.e. the first real loess hori
zon. Because the Tengelic Red Clay identifiable with unit E i s a  pre-glacial 
formation, the formation of rubble may also be older than the Ice Age.

We can conclude from this that the granite was already covered before 
the period of loess formation. It is difficult to detect the Tengelic Red Clay 
with well-logging measurements because its properties make it similar to 
the lower loess sequence, but its presence in all descriptions has been veri
fied geologically [CH1KÁN et al. 2000, MARSI 2000].

7. Conclusion

It is a complex exploration task to make a decision on the geological 
suitability of a site for a radioactive waste deposit. In view of this a wide





Fig. 27. Correlation plot along the closed profile Üh-2. Üh-3. Üh-5. Üh-4. The zones of 
weathering crust are marked with different colours in each borehole

27. ábra. Korrelációs szelvény az Üh-2. Üh-3. Üh-5. Üh-4 fúrások alkotta zárt vonal 
mentén. A mállási kéreg zónáit különböző színek jelölik az egyes fúrásokhoz tartozó

litológiai oszlopokban



Fig. 28. Geological section of the area in 3-D representation 

28. ábra. A terület 3-D földtani metszete
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range of geological, geophysical, laboratory and hydrological investiga
tions were used. Well logging has proved to be very effective among them. 
Integrated measurements were performed in seven boreholes deeper than 
300 m deep and in about twenty boreholes of depths 10-50 m. It is obvious 
that lithological and geotechnical interpretation of each borehole can only 
be done using the well logs and making correlations between the boreholes. 
In addition, basic data were provided by well logging and production tests 
for the surface geophysical methods, crosswell logging, core orientation, 
packer location for hydrological tests.

The most important results of interpretation are:
— identification and correlation o f the sediment cycles in relation to qua

ternary paleoclimatic changes
To identify the larger units of correlation electrical resistivity mea

surements are the most effective. Soil genetic horizons A and В can be de
tected by means of magnetic susceptibility measurement, horizon C does 
not differ from the other parts of loess.
— dividing o f weathered zone in granite

Different parts of the granite’s weathered zone can be distinguished 
based on geophysical well-logging measurements, primarily by means of 
acoustic waveform and electrical resistivity logs. Distribution of physical 
parameters within the weathered zone may play a significant role in inter
preting surface measurements, too. Seismic refraction indicates the top of 
the solid rock in zone G II. For surface electrical and electromagnetic 
methods zone G I — i.e. the top of the formations of granite material — 
means the top of the granite body, whereas the top of G V is the top of fresh 
rock free of surface effects.

The two upper zones practically behave as coarse, hardly cemented 
sediment from the viewpoint of acoustic wave propagation, shear waves 
are not generated in them. Resistivity only slightly changes at the boundary 
between G II and G III because the specific surface of rock also changes 
only slightly. These tw'o zones cannot be studied utilizing the acoustic 
borehole televiewer.

The lower part of the weathered zone consists of hard, fissured and al
tered rocks, in which shear waves can be generated. Electrical resistivity 
showed a crucial change at the bottom of zone G III. Due to the unevenness 
of the borehole wall no information could be obtained from zone G III us
ing the BHTV: such measurements are feasible only downwards from the 
top of zone G IV.
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— location o f  fluid inflows
Resistivity measurement is sensitive to the fissure system with argilla

ceous alteration which is imperfectly filled in with calcite veins, and to the 
hydrologically certainly inactive one which is filled in with ion-rich bound 
water.
— detection o f  fractured zones

From acoustic waveform measurement, in addition to the detection of 
fractured zones, velocities of the longitudinal wave (Vp) and transversal 
wave (Vs) and from these elastic rock parameters can be determined. Based 
on the BHTV measurements it can be identified which of the fractured 
zones marked out on the basis of acoustic and resistivity measurements 
contain open fissures, thus they are potential water conductors.
— the quality o f  connection between the inflow's and fracture system

The inflow does not take place at each fissure and the degree of in
flows is not always closely connected with fissure size.
— quantitative characterization o f small inflows

The heat pulse flow measurement indicates places of inflow in the in
dividual wells with good reliability and satisfactory details and the associ
ated yields. Reliability of the yield values is generally good. Heat pulse 
flow measurements provide a good means of completing the short and long 
term packer and interference investigations. Their main advantage is that 
they are relatively quick and they also uniformly map the whole well.
— evaluation o f the true orientation o f major faults

Fissure direction statistics have been constructed based on BHTV 
measurements and we have made an attempt to determine the position of 
the major fracture zones which supposedly exist further away from the 
borehole, too.

Acknowledgement

I should like to thank all of the support in this study to Zoltán Balia for 
providing the opportunity of taking part in the geological exploration of 
‘Final disposal of reactor-generated low and intermediate level radioactive 
waste’. The complexity of this exploration not only provided well log ana
lysts with a good chance to develop a means of evaluating nearly all of the 
methods but it was also a good way to introduce new methods. Moreover it



Well-logging, methods to investigate a granitic site... 91

enabled us to gain more experience on fractured rocks. Grateful thanks are 
extended to Gábor Szongoth, Zoltán Kasza and István Tóth of Geo-Log 
Ltd. for the excellent measurements and support of this study.

REFERENCES

Bucsi S z a b ó  L . ,  D r a h o s  D„ L e n d v a y  P., S z o n g o t h  G . ,  Z i l a h i - S e b e s s  L .  1 9 9 7 :  Well
logging investigations in a geological survey with the objective of locating a radioac
tive waste deposit site (in Hungarian). Annual Report of the Geological Institute of 
Hungary, 1 9 9 6 / 1 1 ,  1 9 9 7 .  pp. 3 0 7 - 3 1 2

CHIKÁN G.. PRÓNAY Zs., ZILAHI-SEBESS L : Geological interpretation of the Üveghuta-24 
(Üh-24) well. MÁFI Annual Report, 2000 (in press)

C l a v i e r  C., COATES g ., D u m a n o i r  J. 1977: The theoretical and experimental basis for the 
"dual water’ model for the interpretation of slialy sands. Soc. Pet. Eng., AIME, paper 
No. 6859

F l o r i n d o  F., Z h u  R., GUO B„ Y u e  L., P a n  y .. S p e r a n z a  F. 1999 : Magnetic proxy climate 
results from the Duanjiapo loess section, southernmost extremity of the Chinese loess 
plateau. Journal of Geophysical Research 104, Bl. pp. 645-659 

MARSI 1. 2000: Geology of overlying beds of granites in the eastern part of the Mórágy Hills.
Annual Report of the Geological Institute of Hungary 1999, 2000, pp. 149-162 

MAZAUD A., Laj C , B a r d  E., ARNOLD M., T rjc  E. 1999: A geomagnetic calibration of the ra
diocarbon time-scale. (In: W a l l a c e  E. B. ed. The Last Déglaciation: Absolute and 
Radiocarbon Chronologies. Broecker Series I: Global Environmental Change, Vol. 2) 

MESKÓ A. 1995: Elastic waves in the Earth. Akadémiai Kiadó. Budapest. 184 p.
O' REILLY W. 1984: Rock and mineral magnetism. Blackie, New York, 220 p.
Z i l a h i -S e b e s s  L. 1999: Well log interpretation of Üh-22 and Üh-23 and the feasibility of 

correlation between Üh-2, Üh-3, Üh-4, Üh-5 and Üh-6 wells (in Hungarian). Report 
commissioned by the Geological Institute of Hungary in the framework of the PHARE 
Project R4. 09/94 ‘Final disposal of reactor generated L/IL radioactive waste'. Manu
script. Eötvös Loránd Geophysical Institute of Hungary, Budapest 

Z i l a h i -S e b e s s  L. 1999: Well logging (in Hungarian), hr. Ba l l a  Z., D u d k o  A., G y a l o g  L., 
H o r v á t h  I., K o v á c s -Pá l f f y  P.. M a r o s  Gy., M a r s i  1., Pa l o t á s  К., M o l n á r  P., 
T u n g l i  Gy.. B r a d l e y  Gr., M a c D o n a l d  В.. H e r m a n n  L.. P r ó n a y  Zs., T o r o s  E., 
Z i l a h i -S e b e s s  L., Sz o n g o t h  G. 1999: Reposition of low and intermediate nuclear 
waste deposits. 1999 Volume I. Manuscript. Eötvös Loránd Geophysical Institute of 
Hungary, Budapest

Z i l a h i -S e b e s s  L., K a s z a  Z.. T ó t h  I. 1998: Correlation based on well logs in the sedimen
tary cover of granite and possibilities for correlation in granite (in Hungarian). Report 
commissioned by the Geological Institute of Hungary in the framework of the ‘Final 
disposal of reactor generated L/IL radioactive waste. Site exploration and suitability 
assessment'. Manuscript, Eötvös Loránd Geophysical Institute of Hungary. Budapest 

Z i l a h i -S e b e s s  L.. L e n d v a y  P. 1998: Three-dimensional geological model of the Üveghuta 
study area (in Hungarian). Report commissioned by the Geological Institute of Hun
gary in the framework of the ‘Final disposal of reactor generated L/IL radioactive



92 László Zilahi-Sebess

waste. Site exploration and suitability assessment’. Manuscript, Eötvös Loránd Geo
physical Institute of Hungary, Budapest

ZlLAHI-SEBESS L.. LENDVAY P., SZONGOTH G. 2000: Division of Quaternary formations and 
their characterisation based on physical properties at the Üveghuta site (in Hungarian). 
Annual Report of the Geological Institute of Hungary 1999.2000, pp. 171-184 

ZlLAHI-SEBESS L., MÉSZÁROS F., SZONGOTH G. 2000: Characterisation of fracture zones in 
granite, based on well-logging data (in Hungarian). Annual Report of the Geological 
Institute of Hungary 1999, 2000, pp. 253-266

ZlLAHI-SEBESS L.. RlGLER Gy.. SZONGOTH G. 2000: Division of the weathering crust of 
Üveghuta granite based on well logging data (in Hungarian). Annual Report of the 
Geological Institute of Hungary 1999, 2000, pp. 209-224 

ZlLAHI-SEBESS L., SZONGOTH G. 1999: Well logging methods in investigation of a granitic 
site for radioactive waste. 6 Г 1 EAGE Conference & Technical Exhibition, 7-11 June 
1999 Helsinki, Extended Abstracts p. 585

Mélyfúrás-geofizikai módszerek a gránitba telepített 
radioaktívhulladék-tároló vizsgálatára

ZILAHI-SEBESS László

A jelen tanulmány a mélyfúrás geofizikai módszerek alkalmazási lehetőségeit mutatja be kis 
és közepes radioaktivitású veszélyes hulladék elhelyezésére irányuló földtani kutatás során. A gráni
tot fedő üledékekben a gránit mállási kérgében és az üde gránitban egyaránt történtek mélyfúrás
geofizikai vizsgálatok. A hagyományos mérések mellett két, Magyarországon az olajiparon kívül, új 
mérési módszert — az akusztikus lyukfaltelevíziót (BHTV) és a hőimpulzusos áramlásmérést 
(HPF) — is bemutatunk. A gránitot fedő üledékes összletben az elektromos ellenállás ciklikus vál
tozása a múltbeli éghajlat-változásokkal kapcsolatos. A lösz összleten belül a paleotalajok kimu
tatása a mágneses szuszceptibilitás mérésen alapul. A gránit mállási kéregbeli bontottságának fokát 
a kőzetrugalmassági jellemzőkkel kapcsolatban levő geofizikai paraméterek, mint a Vr és V„ vala
mint az elektromos ellenállás mélység trendjeivel írhatjuk le. Az üde gránit repedezett zónáit és 
mállási kérgének alsó részét a fizikai paraméterek és a BHTV repedés indikációk statisztikai és 
térbeli eloszlásával jellemezzük. Az egyes fúrásokban hőimpulzusos áramlásmérővel ki lehet mu
tatni az áramlásmérő szonda érzékenységi küszöbe alatti kis vízbeáramlásokat (1 1/min alatt) is. A 
fúrások közti földtani korrelációt a negyedidőszaki üledékes összletben és a gránit mállási kéregben 
végeztük el. A mállási kéregbeli korreláció kevésbé jellemző a fúrások közti térre, mint az üledékek
ben, mivel a zónái nem valódi rétegek. így nincs éles és térben lassan változó határfelületük és ezért 
a vastagságuk két fúrás közt tág határok közt változhat.
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