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and in the East Slovak Flysch Belt

Geofyzikalni prizkum na uhlovodiky v centralnékarpatském
paleogénu a flySovém pasmu vychodniho Slovenska

Milan Moi’kovskj’l - Josef Novak! - Regina Lukagova'

Received October 20, 1988

1:50,000 Seismic methods
27-41, 27-43, Common-depth-point method
27-44, 28-33 Interpretation

Moikovsky, M. - Novak, J. - LukaSova, R. (1992): Geophysical prospecting for
hydrocarbons in the Intracarpathian Paleogene and in the East Siovak Flysch Belt. — Sbor. geol.
V&d, uzitd Geofyz., 25, 9-48. Praha. :

Abstract: Results are presented of geophysical, namely CDP seismic measurements carried out in
the period 1972-84 in the Intracarpathian Paleogene and in the East Slovak Flysch Belt. For
interpretation were also used refraction seismic, gravity and magnetic data, resulis of well-shooting,
acoustic and electrologging in deep boreholes, and data on physical properties of rocks obtained by
measurements on drill core samples. The well-shooting data were used for velocity studies in the
area. Based on reflection seismic data are the time map and the depth structural scheme of the buried
Mesozoic relief of the Central Carpathians in the broader environs of Lipany. Seismic measurements
ndicated numerous tectonic faulis, NE-SW striking reverse fanlts, and normal faults.

iGeofyzika, a.s., Brno, Jednd 29a, 612 46 Brno

Introduction

In the present article we attempt to summarize the results of geophysical, namely
seismic, survey accomplished in 1984 for hydrocarbon prospecting in the Intracarpathian
Paleogene, the Klippen Belt, the East Slovak Flysch Belt and their basement. Most
valuable data were obtained by CDP measurements on seismic profiles.

The Iniracarpathian Paleogene is composed of several lithofacial sequences, from
pre-flysch, wild flysch to typical flysch development (Chmelik 1957), often with giant
bodies of badly sorted conglomerates of alluvial fan (Marschalko 1965, 1981). Afier
geological mapping, geophysical survey and deep drilling the Intracarpathian Paleogene
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is at the present prospecting stage relatively most investigated. Results from boreholes
(Lipany-1,2,3,4 and 5, PU-Sambron, Plavnica-1) at the southern border of the Klippen
Belt confirmed larger tectonic deformation (Nem&ok et al. 1977) and presence of
irregular breccia series built of Lower Cretaceous and Jurassic rocks in the deeper part
of the Iniracarpathian Paleogene which Rudinec (1981) regards as olistoliths. Besides
the scale-fold structure, the Paleogene strata are affected by the youngest Neogene
normal faults.

According to drilling, the basement of the Paleogene in the peri-Klippen zone is
Mesozoic. Its entire relief (Cretaceous to Lower Triassic) was verified by borehole
Sari¥-1 in the interval 1,340-3,836 m. It is the Mesozoic of the KriZna nappes (Kordb
et al. 1986) with strongly tectonized crystalline rockc in its basement (3,836-5,000 m).

The Klippen Belt forms a narrow strip between the Flysch Carpathians and the
Intracarpathian Paleogene. Mainly in consequence of Neogene folding it takes on the
tectonic style of the Carpathian flysch area (Le$ko-Salaj-Samuel 1963). Within the
Klippen Belt in the HanuSovce horst, the borehole HanuSovce-1 penetrated Upper
Cretaceous sediments and the Klippen Belt Paleogene to the depth of 4,000 m. Paleogene
sediments are represented by the Prog series. To the final depth of 6,000 m were drilled
the Eocene sediments (Strihovce, Beloveza and Zlin series) of the Krynica and Raca
units of the Magura nappes (LeSko et al. 1984).

The flysch belt of the Czechoslovak Carpathians in the eastern part consists of two
units, the Magura nappes and the Dukla unit. From S to N the Magura nappes contain
the partial Krynica, Bystrica and Rata unit between Smilno and NiZny MiroSov, the
tectonic basement crops out o the surface in the form of a window — the Dukla unit.
Deep boreholes Smilno-1 and Zboj-1 yielded geological data on the Flysch belt. The
borehole Smilno-1 (Lesko 1986) struck to the depth of 4,600 m the Rafa unit of the
Magura nappes formed by the Upper Paleocene to Lower Eocene BeloveZza series and
the inoceramus series and Upper Senonian to Paleocene breccia. In the depth interval
4,600-5,700 m the Outer Flysch Beli was struck represented by the black flysch series
and Eocene breccia, and by Upper Miocene menilite series. The borehole Zboj-1
(Durkovig et al. 1982) confirmed down io the depth of 3,800 m the structure of the Dukla
unit formed by submenilite Paleocene to Middle Eocene series, by the Cisna Paleocene
series and by the Lupkov Upper Cretaceous to Paleocene series. The tectonic basement
of the Dukla unit is mainly built of the psammitic Zboj series struck by drilling in the
interval 3,800-5,002 m. It is now assumed that the Zboj series is of Upper Eocene to
Lower Oligocene age.

Compared to the East Slovak Basin, for example, oscillographic and analog reflection
seismic measurements were conducted on a smaller scale in the area of interest because
of hard seismological conditions and complicated interpretation. A change came with
the arrival of digital recording and processing. In the period 1972-84, 50 seismic CDP
profiles at the total length of 477 km were shot for oil and gas prospection in the
Intracarpathian Paleogene and in the East Slovak Flysch Belt. Seismic measuremets
concentrated in the peri-Klippen area in the broader environs of Lipany (Sambron-Li-
pany-Kapusany). Large-scale reflection seismic surveys were carried out in the area of
Smilno and Zboj. In the area of Adidovce and Zubné three short reconnaissance profiles
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were sitvated. Seismic profiles were also siretched near Starina, Tokajik and S of
Jakubany.

A relatively dense neiwork of CDP profiles was set in the peri-Klippen area and eight
deep boreholes were drilled there (Lipany-1,2,3,4 and 5, Plavaica-1, PU-1 Sambron and
Sari§-1). Well- shooting was conducted in six boreholes. A structural scheme of the relief
of Triassic dolomites in the basement of the Intracarpathian Paleogene was constructed.

Besides CDP and drilling information, results of refraction seisinic, gravity and
magnetic measurements, logging in deep boreholes (seismic, sonic, electric) and of
measurements of physical properties of rocks on core samples were interpreied.

Application of individual geophysical methods and results

Gravity survey

Leaving aside the gravity measurements of Meinhold-Scheele (1943}, B&hounek
(1950), Béhounek-Vilek (1951) which covered the southern and wesiern margins of the
study area only, the first systematic survey in the area was the regional gravity survey
conducted by the Research Gil Instituie, Brno in the period 1954-57, with one point of
measurement per 2-3 km?. Since 1970 a detailed gravity survey has been carried out in
the study arca with 3—6 points of measurement per km?.

The regional gravity measurements were processed and interpreted by Mencik (1957),
Cekan-Sutor (1960), Sutor-Cekan (1965) and Tomek in Kadle¢ik et al. (1977). In the
framework of regional gravity survey and of surveys over the eatire Czechoslovak
territory the Intracarpathian Paleogene and the East Slovakian flysch were investigated
by Ibrmajer-Dolezal-Mottlovd (1959), Ibrmajer-Dolezal (1962) and Ibrmajer (1963,
1978).

Fusén et al. (1971) used the maps of Bouguer anomalies and maps of regional and
residoal anomalies, drilling data and data obtained by other geophysical methods to
compile a map of the basement relief of the covered areas in the southern part of the
Inner West Carpathians. The map includes only the southernmost margin of our study
area.

Results of a deatiled gravity survey in the area between Sambron and Lipany (Véca et
al. 1971) were used by Cekan-Motkovsky (1982) to compile maps of residual anomalies.
The map of residual anomalies of the gravity field with the radius of averaging ring r=2
km reflects (at the thickness of Paleogene sediments around 2.3 km) the lithological
changes in rocks of the Iniracarpathian Paleogen. Residual anomalies plotied in the map
often correlate with outcrops of rocks exhibiting different densities. On the contrary, the
map of residual anomalies of the gravity field with the radius of the averaging ring
r = 2- 16 ki mainly characterizes (as documented by reflection seismic measurements)
the relief of the basement dolomites (the KriZna unit). It is noteworthy that the positive
residual anomaly corresponding to an elevation of dolomites south of Sambron-Krdsna
Lika extends without major deformations io the area north of the Klippen Bel.

The gravity field in the broader area of the Humenné Mesozoic subunit was interpreted
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by PospiSil-Filo (1982). They concluded that NW of PreSov the Klippen Belt dips to the
NE and together with the Magura flysch group is thrust over the Intracarpathian
Paleogene, deforming it in the contact zone. The authors assumed that between PreSov
and Vranov the Klippen Belt had been strongly deformed by displacement of Mesozoic
rocks and that its position is vertical. In the area of Humenné the authors again assumed
a dipping of the Klippen Belt to the NE. In their opinion its deformations due to the
displacement of Mesozoic blocks were so extensive that they might have caused
"disruption” of the Klippen Belt.

Regarding the intricate structure and tectonics of the East Slovakian flysch and its
basement, the interpretation is very difficult though numerous problems have been
solved. However, the shallow character of the Klippen Belt and of most gravity anoma-
lies in the Flysch Carpathians was confirmed (Tomek in KadleCik et al. 1977). Only the
most important anomalies, e.g. the Snina-Stak<in anomaly and the positive anomaly near
Kurimka — perhaps the core zonee of the Smilno window — are probably associated with
the flysch relief.

Magnetic survey

The first magnetic measurements in the study area were conducted by Scheele (1944).
However, only small parts of the study area were covered (the area between Slovenska
Kajiia and Lieskovec and a small area N of Vranov). A systemalic maguetic survey was
carried out in the period 1955-1957 over the greater part of the study area. It was a
regional survey with points of measurement at intervals of 2—3 km. The obtained results
were interppreted by Ibrmajer-Dolezal-Mottlova (1959), Cekan-Sutor (1960), Sutor-
Cekan (1965) and Sutor in Kadletik et al. (1977).

The geomagnetic field is rather monotonous (£ 20 nT). It is most probably due to the
low susceptibility of the flysch complexes and their basement, or to their low differential
susceptibility. Considering that the mean error of measurement was +4 o'T, it is obvious
that the interpretation of the geomagnetic field is not easy.

Geoelectric survey
A large-scale survey was carried out in the study area for enginering-geoelectric
purposes. For investigations of the deep structure which is the subject of the present
paper they are not of special importance.
Physical properties of rocks
The studies of rock densities carried out in the period 1953-1964 by the Institute of

Applied Geophysics, Brno and by Geological Survey, Prague resulted in compilation of
Map of rock densities in Czechoslovakia on the scale of 1:500,000 (ElidS-Uhmann 1968).
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The densities were mainly determined by measurements on samples collected on the
surface, bui drill cores were also used. According to the map, bulk densities of rocks in
the study area range from 2,350 io 2,750 kg/m3.

Measurements of physical properties of surface rock samples yield data loaded with
errors (depending on the degree of weathering, leaching of the calcitic component, etc.).
Therefore, measurements on drill cores are more reliable and the changes of physical
properties of rocks with depth can be observed.

The measurements of physical properties of rocks currently carried out in Geofyzika
Brno include: measurements of density parameters (bulk, mineralogical, natural density,
porosity), velocity of propagation of longitudinal elastic waves (vertical and parallel to
lamination), magnetic susceptibility, natural gamma activity and U, Th and K contents.

In the study area, physical properties of rocks were determined on drill cores from
boreholes PU-1 Sambron, MLS- 1 Humenné, Zboj-1, Lipany-1, 2, 3, 4 and 5, Hanu3ovce-
1, Smilno-1, Sari¥-1, PreSov-1 (P1.1). Pichov4 (1985) summarized the resulis in tables
of physical parameters of individual geologic-iecionic units. Pichovd (ibid.) also sum-
marized resuits of measurements (density and porosity) on surface samples (Mikuska-
Chrumov4 1983, 1984, Uhmann et al. 1977). The density and magnetic susceptibility of
rocks from the western part of the East Slovak Magura flysch were higher than in the
eastern part. The porosity of surface samples is considerably higher (due to weathering}
and therefore bulk density is lower. Measurements on surface samples were carried out
in 1984 and 1985 (MikuSka-Chrumovd 1985, 1986). Physical properties of rocks in the
area of interest have recently been studied by Ondra-Handk (1989). They found that
samples collected on the surface generally exhibit higher densities in the Klippen Belt
including Cretaceous complexes and Paleogene cover — the ProC series — as compared
with the Krynica unit and with the adjacent Intracarpathian Paleogene. Thus they
contributed to the studies of Mencik (1963).

Strdnskd et al. (1986) compiled a 1:200,000 map of rock demsities for the West
Carpathians on the Czechoslovak territory. Besides graphical representation, it contains
comprehensive tables of bulk, mineralogical and natural densities and porosities. In the
opinion of the authors bulk densities decrease from the Levolské pohorie hills io the E.

The density and radioactivity of the main lithological types and stratigraphic units of
the West Carpathians (measurements on 213 drill cores) were described by Husdk
(1986). He contended that the densities of rocks of the Intracarpathian Paleogene do not
depend on the thickness of overlying beds.

Odstréil (1985) investigated the possibilities of determining densities of near-surface
rocks (or the average natural density of the Bouguer slab) from gravity measurements.

Aerial and satellite measurements

An aerial magnetometric and radiometric survey on the scale of 1:200,000 is described
in the report of Masin et al. (1960). The magnetic field in the study area is generally
monotonous. A detailed aerial survey on the scale of 1:25,000 covered the southern
margin of the area of interest where the magnetic field is monotonous, with the prevailing
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value of —10 nT., Striking anomalies can be observed in the broader environs of Radatice
over an area of approx. 6 km?. According to Gnojek (1987) these anomalies are due to
a basic body at the depth of approx. 1,900 m (under the surface). Radiometric measure-
ments did not reveal any anomalies.

New information about the geologic structure of the East Slovakian flysch was yielded
by remote seensing. A ring structure in the area Svidnik-Stropkov, i.e. in the margin of
the Zborov anticlinal belt, was detected. Pospi$il-Néméok-Feranec (1982) and PospfSil
(1983, 1985) explained the origin of this structure by the presence of deep tectonic lines,
or by a collision zone of different basement blocks.

Refraction seismic survey

Refraction seismic survey was commenced in 1970 with measurements on profile
1(R)/70 between Nov4 Sedlice and Podhorod (HrdliCka et al. 1971). In the period
1970-1981 a large-scale survey was carried out in the Intracarpathian Paleogene, in the
Klippen Belt and in the Flysch Belt on seven profiles stretched in the direction of the
Carpathians and on seven profiles vertical to it, at the total length of 826 km (PL. 1). The
results were — besides evaluation in annual reports — further interpreted by LeSko-
Moftkovsky (1975), Pliva et al. (1976, 1977), Wojas (1977) and Kadletik et al. (1977).

Owing to the seismogeological features of the intricate fold-nappe structure of the
Flysch Carpathians the interpretation was not easy. The processing and interpretation
were also complicated by small differences in densities and velocities of elastic waves
between deep flysch complexes and their basement. The velocity boundaries traced by
refraction seismic in the flysch can be interpreted as gradient changes of elastic waves
velocities, or as different flysch complexes (KadleCik et al. 1977). The general interpre-
tation of refraction seismic data in regard to drilling and geophysical results obtained on
the territories of Poland, the USSR and Czechoslovakia led to the conclusion that the
basement of flysch complexes might be a refraction boundary with a velocity of over
6,000 m/s (Kadle&ik et al. 1977). However, this opinion was not supported by the results
from borehole Smilno-1 which at the depth of the measured boundary (5,000 m) struck
basal beds of black flysch. Because of these contradictory results refraction seismic
measurements were stopped in the Flysch Carpathians on the territories of Poland, the
USSR and Czechoslovakia.

More reliable results were obtained by refraction seismic measurements in the Intra-
carpathian Paleogene where the data yielded by the borehole Lipany-4 correlated with
the depth of the refraction boundary and were in agreement with reflection seismic data.

Refraction measurements in boreholes
The refraction seismic method was employed in boreholes MLS-1 Humenné and

Lipany-1 (Pl. 1).
Refraction seismic measurements in the borehole MLS-1 Humenné were carried out
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to trace the contact of Albian-Cenomanian marl schists and the Lias-Aptian Limestone
complex struck by drilling at the depth of 470 m (Filkovd-Morkovsky-Pernica 1973).
The interpreted relief of Aptian limestones of the Humenné Mts. forms a ridge whose
axis parallels the line Pti¢ie-Kamienka.

In the borehole Lipany-1 refracted waves propagated along the velocity boundary
between Keuper and Upper Triassic dolomites (Filkovd-Pernica 1978). The resulis
showed striking anomalies in propagation of refracied waves. Therefore, the refraction
method was not applied in other boreholes in the area. The results indicated the presence
of a larger number of boundaries that could not be identified until Mofkovsky et al.
(1987) showed that the boundaries correspond with the relief of dolomites in the
Iniracarpathian Paleogene basement, and with the tectonic planes (overthrusts) in the
Intracarpathian Paleogene or in the Klippen Belt. But their separation from refraciion
measurements in boreholes is not possible.

Well-shooting and vertical seismic profiling

Well-shooting measuremenis are of great importance for processing of reflection
seisinic results and especially for transforming the time data of seismic sections into
deep scale. Unlike well-shooting measurements, where only direct waves are registered,
in the vertical seismic profiling reflected, or multiple reflecied, and transform waves are
registered as well. Thus the lithophysical boundaries, from which the waves are re-
flected, the multiple reflections and the ratio of longitudinal and transverse waves can
be considered. These facts are very important for interpretation of profile seismic
measorements.

Well-shooting results are presented as a dependence of time on depth (vertical time
curves) and as a dependence of velocities (average, layer, interval) on depth or time. The
data are computer-processed, as well as vertical seismic data which are presented in the
form of time sections.

In the siudy area, well-shooting was conducted in eleven deep boreholes (Lipany-1, 2
and 3, Sari§-1, PU-1 Sambron, Plavnica-1, HanuSovce-1, Smilno-1, Zboj-1, MLS-1
Humenné, PreSov-1, see Pl. 1) and VSP was carried out in all of them except MLS-1
Humenné,

Reflection seismic survey

The first reflection seismic survey in the East Slovak Flysch (in the environs of
Adidovce and S of Stropkov — P1. 1) was conducted in the period 1959-1960 (Jurga -
Cidlinsky 1961, Jurga 1962). An oscillographic seismic unit was used and the RNP
method ("regulirujemyj napravlennyj prijom”, Rjabinkin) was applied. However, the
measurements, even with grouping of geophones and shotholes, did not yield satisfac-
tory results.

In 1970, a reflection seismic survey was conducted along a 3 ki long parametric
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profile within the Dukla unit in the area of Rusky Potok (Adamovsky et al. 1970). The
measurements were carried out in the modification of continuous profiling using the
24-channel analog seismic unit RX 24 S I1. The grouping of shotholes (1-3), of different
depths of shotholes (10-35 m), masses of explosives (50-100 kg) and geophone
intervals in a group (0-5 m) was tested. The obtained material was difficult to interpret
and contained only indications of continuous reflections in the range 1.6-2.1s.

Profile 3/71 was situated between Nov4 Sedlica and Podhorod. Measurements were
carried out in 1971 (Adamovsky et al. 1972a) using the analog seismic unit RX 24 S 11,
Time sections were constructed using the amnalog processing system SWZ-1. Field
methodology was chosen on the basis of results of parametric measurements near Rusky
Potok in 1970. Later on, the original analog records from profiles 1/70 and 3/71 were
digitized and digitized time sections were constructed (Luk4Sov4 et al. 1974). Thus the
seismic material was completed up to times around 3 s.

Since 1972, reflection seismic measurements in the study area were done in the CDP
modification. This method of multiple coverage, digital registration and processing
yielded much more information.

Besides the profiles measured until 1984, P1. 1 contains CDP profiles from the period
1985-1986. Until the end of 1986 measurements had been conducted on 64 profiles at
the total length of 669 km.

Reflection seismic data obtained in the East Slovak Flysch until 1973 were studied by
Kadletik et al. {1977) and by Lesko et al. (1979). They concluded that most events aree
of interference character. Some boundaries with strong reflections most probably corre-
spond to tectonic planes. In seismic sections the authors distinguished an upper part with
abundant reflections and a lower, relatively monotonous part with less reflection ele-
ments. In accordance with interpretation profiles they identified the boundary between
the two parts of time section with the flysch basement relief.

Reflection seismic measurements in CDP modification
Parametric measurements

Already the first CDP measurements in the East Slovak Flysch in 1972 (profiles 4/72
and 6B/72) showed the absence of continuous reflections and often relatively high noise
level. The CDP measurements were therefore followed by parametric measurements
carried out on a large scale in 1973, predominantly in the environs of the villages
Adidovce and Zubné on short profiles SB/73, 8B/73 and 9/73 (P1. 1). Diiferent configu-
rations, explosives, groups of geophones, linear groups of three to seven shallow
boreholes, and the effect of filtering on the instrument operation were tested. To
determine the signal/noise ratio, wave patterns within the distance of 2,650 m from the
shotpoint were measured.

To enhance the suppression of interference waves, weighted groups of geophones at
approx. 100 m intervals were tested. This relatively long group did not bring a notable
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improvement. Nevertheless, the suppression of interference waves was betier as com-
pared with the common 50 m intervals. Analogous was the objective of testing linear
groups of shallow shotholes. It was found out that the effectivity of such a group equals
the effeciivity of one deep shothole. Because of unfavourable drilling conditions the
testing did not include the expensive grouping of deep boreholes. Experiments with
grouping of shallow shotholes showed that this technique might yield favourable resulis.

Applications of different systems of measurements on profiles — split spread, end-on
and reversed end-on spreads — did not stress special advaniages of one sysiem over
another. Similarly, recording at greater distances from the shotpoint (in the interval
1,325-2,475 m) tested on profile 8B/73 did not yield better resulis.

Experiments in the environs of Adidovce and Zubné showed that location of 20-30 kg
explosives in shotholes on average 25 m deep was most effective.

In 1981 recording to 10 s was tested on profiles situated near the deep borenoles
Smilno-1 and Zboj-1 (37/81, 38/81). However, on both profiles a drop in seismic energy
to noise level was observed at times over 5 s. Therefore the recording length of 5-6 s
was chosen as optimal.

The comparison of resulis obtained in the environs of Smilno on profiles 34/81 (50 m
intervals of points of arrival) and 34A/84 (25 m intervals of poinis of arrival) favoured
the 25 m interval (96-channel recording), namely for measurements to the depih of
3,000-4,000 m. At greater depths the 50 m interval will be predominantly applied.
Application of a large coverage which means a greater filtration effect of CDP summa-
tion and an improved signal/noise ratio is expected to provide better resulis.

Parametric measurements were also carried out in the surrounding of Bardejov and
Starina (1972), Smilno (1972 and 1981), MatiaSka (1975) and Zboj (1973 and 1981) -
cf. Pl. 1.

The seismological conditions on the surface are analogous in the Intracarpathian
Paleogene and in the Flysch Belt. Therefore, analogous experimenis were carried out in
the two areas. Despite the seismogeological similarity of the surface struciure of both
areas, recordings from the Intracarpathian Paleogene contained abundant reflections and
parametric measurements in the area yielded much better results. The methodology of
seismic measurements in the Flysch Belt was modified using resulis from the Intracar-
pathian Paleogene. Parametric measurements in the Intracarpathian Paleogene were
carried out in the environs of Bajerovce (1974), HanuSovce and Sambron (1975),
Sari¥ské Sokolovce (1976) — cf. PL. 1.

In the Klippen Belt parametric measurements were conducied N of Bysiré nad Toplou

(1975) - cf. P1. 1.

Methodology of field works and used instrumentation

Field parameters for CDP seismic measurements were chosen on the basis of resulis
of parametric measurements.
Waves were generated by dynamite technology. In the period 1972-1975 mainly the

Applied Geophysics 25 17



six-fold coverage was used, later 12-fold coverage. A split spread with 50 m intervals
between groups of geophones was used, in 1984 also 25 m intervals.

Arrivals of reflected waves were recorded by digital seismic units SN 338, SN 328
and DFS IV with input filter 16—125 Hz, 12.5-125 Hz or 18-124 Hz respectively,
sampling interval 2 ms and record length 5 or 6 s.

Elastic waves were generated by blasting 20-30 kg explosives located in 25-30 m
deep holes. Geophones GSC-11D with frequency of 10 Hz were grouped by 24.

Seismic data processing

Until 1978 digitally recorded data had been processed on the EMR 6070 Advance
computer with plotter TNR 91. Standard seismic software was used for demultiplexion,
amplitude recovery, static corrections, time variable filtration and deconvolution. Seis-
mic waves were migrated through weighted diffraction summation. Kinematic correc-
tion were calculated on the basis of velocity tests using 18 chosen velocities.
Deconvolution was performed according to the character of the seismic material —
before, after or before and after stacking.

Since 1979 seismic data have been processed on the RDS 500 computer with APOLLO
processor, controlled by the program system GEOMAX (registered trade mark CGG).
Graphic representation of results is done by plotters VERSATEC and TNR 95. Compared
with the EMR system GEOMAX is more versatile. It can be used for automatic
calculation of residual static corrections, for processing of SLALOM line seismic data
(registered trade mark CGG), for enhancement of the wavefield coherency, for migration
of seismic information (program WEMIG). For a correct function of the program
WEMIG the inclinations of reflecting horizons must not be larger than 45°. Migration
by means of wave equations much better preserves the dynamics and frequency content
of the time section. As a rule, deconvolution is performed after summation.

Digital processing of seismic data including its final stage, i.e. graphic representation
in the form of migrated time sections is performed in the department of seismic data
digital processing, Geofyzika Brno.

Velocities
Well-shooting

For reflection seismic data processing the knowledge of velocities is essential for
time/depth conversion. Most reliable information is provided by well-shooting. Fig. 1
shows the dependences of average velocities on depth for individual deep boreholes
sitnated in the study area and chosen for the conversion. It follows from Fig. 1 that
average velocities attain the highest values in boreholes PU-1 Sambron, MLS-Humenné,
Plavnica-1 and Hanu$ovce-1. The curve for the borehole Smilno-1 shows the lowest
average velocities. Velocities measured in the borehole Sari§-1 and Zboj-1 range between
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1. Depth-dependences of average velocities according to well-shooting.
1 - HanuSovee-1, 2 — MLS-1 Humenné, 3 — Lipany-1, 4 — Lipany-2, 5 — Lipany-3, 6 — Plavnica-1, 7
— Smilno-1, 8 — PU-1 Sambron, 9 — Saris-1, 10 ~ Zboj-1.

them. The curve of average velocities Lipany-1 demonstrates higher velocities than
curves Lipany-3, Lipany-2 and Saris-1 for the same depths. The curves from boreholes
Saris-1, Lipany-1 and 2 reflect at the depth of 1,350 m, 2,750 m and 2,870 m respectively
a striking change of velocity gradients characterizing the influence of the Intracarpathian
Mesozoic basement. Similarly the curve of average velocities from boreholes Plavnica- 1
demonstrates a larger velocity gradient due to the presence of a block of fractured
dolomities at the depth of 2,300 m.

In the Paleogene complex average velocities of elastic waves sirikingly decrease from
NW to SE, which is due to the lithology of sediments. The Iniracarpathian Paleogene in
the vicinity of the borehole PU-1 Sambron contains numerous sandstone layers with
higher velocities of seismic waves propagation as compared with Paleogene rocks with
a higher content of pelitic sediments in the environs of Lipany (Moikovsky-Filkova
1985) and in the vicinity of the borehole Sari-1. At a depth of approx. 1,000 m the curve
Vaver(H) of the borehole Saris-1 shows an increased velocity gradient due to calcareous
rocks in the basement of the Sambron formation.

Layer velocities in the /ntracarpathian Paleogene complex range from 2,600 to 5,600
m/s. The exceptionally high values 5,600-5,800 m/s recorded in the borehole Lipany-2
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in the depth interval 2,400-2 660 m, and the velocity of 6,300 m/s recorded in the
borehole Lipany-5 in the depth intervals 2,560-2,720 m and 2,810-2,900 m are due to
the presence of displaced blocks of older rocks (olistoliths?). Layer velocities of
individual curves generally increase with increasing depth though the positive character
of the increase is locally affected by lithological changes or by tectonic deformation of
rocks. For instance, a local decrease in velocities in the depth interval 1,360-1,750 m in
the borehole PU-1 Sambron is due to very porous interformational conglomerates in the
basement of the Sambron formation. Lower layer velocities can also be observed in
intervals 1,620-1,770 m in the borehole Lipany-2 and 2,450-2,560 m in the borehole
Lipany-3.

Layer velocities in the Mesozoic and crystailine basement of the Intracarpathian
Paleogene in the boreholes Lipany-1,2, Sari¥-1 and Plavnica-1 range from 5,800 to
7,500 m/s. A striking decrease to 5,000 m/s occurs in Lower Lias-Keuper rocks, in
variegated Werfenian schists and in Lower Triassic quartzites. For the Humenné Meso-
zoic formation well-shooting in thee borehole MLS-1 Humenné recorded velocities
ranging from 4,000 to 4,140 m/s (pelites, psammites) and 6,100 m/s {limestones,
dolomites).

Layer velocities recorded within the Klippen Belt, where the borehole Hanusovce-1
reached the depth of 4,000 m, range from 3,400 to 5,700 m/s.A noticeable decrease of
velocities within the interval 3,450-3,800 m is obviously due to tectonic deformation.

In the Magura nappe reached by the borehole Smilno-1 in the depth interval 0-
4,600 m, layer velocities first gradually increase with depth (from 2,700 to 4,950 m),
then from 1,750 m downwards the recorded range is 4,950-5,000 m/s, except the depth
interval 2,850-3,100 m where the velocities are substantially lower. It may be due to
tectonic dissection. Layer velocities within the Rafa and Krynica unit of the Magura
nappes struck by the borehole HanuSovce-1 in the depth interval 4,000-6,003 m beneath
the Klippen Belt range from 5,500 to 5,700 m/s.

For the Outer Flysch Belt penetrated by the 5,700 m deep borehole Smilno-1 in the
basement of the Magura nappes, layer velocities around 5,000 m/s are characteristic.

Layer velocities recorded in the borehole Zboj-1 in the Dukla nappe unit range from
3,800 to 5,000 m/s (in the interval 100-3,800 m). Layer velocities in the Zboj series
struck by the borehole Zboj-1 range from 5,000 to 5,700 m/s in the depth interval
3,800-5,002 m.

Subsurface velocities

The above presented well-shooting data provided only separate pieces of information
about acoustic waves velocities. To gain more comprehensive knowledge about the
changes of velocities of elastic waves propagation throughout the area of interest,
subsurface velocity values yielded by reflection seismic profiling were considered.

For processing, all the numerous secondary factors affecting the propagation of elastic
waves must be taken into account. It is €.g.the tangential tectonics which may directly
influence the physical properties of rocks, and by displacing stratigraphic formations
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significantly influence the velocities (Mofkovsky-Filkovd 1985). At the same time it
must be assumed that the relative dependences of velocities, despite the differentiated
effect of lithology on the rate and iniensity of weathering, are preserved. A diagram was
constructed of the distribution of subsurface velocities in the Intracarpathian Paleogene,
in the Klippen Belt, and in the adjacent part of the Magura Flysch (P1. 2). Siudies of
subsurface velocities and the assumed vertical and horizontal distribution of lithostrati-
graphic complexes helped to delimit the areas of the industrial model velocity curves.
They were, of course, based on well-shooting data.

The highest subsurface velocities (4,200-4,600 m/s) in the Intracarpathian Paleogene
were measured south of Jakubany and in the sirip of outcrops of the Sambron formation
(calcareous sandstones prevailing over claystones with beds of conglomerates), stretch-
ing from the borehole PU-1 Sambron to the ESE. Towards the north and south the
subsurface velocities sirikingly decrease to 2,800-3,600 m/s which is connected with
the presence of the prevailingly claystone Paleogene facies. The increase in velocities
south of Jakubany is due to the top sandstone Paleogene series. In the broader environs
of Lipany, subsurface velocities range from 3,300 to 3,900 m/s. East of Lipany, in the
broader environs of Sabinov, the velocities range from 3,000 to 3,300 m/s. In the area
east of Sariiské Sokolovce and Gregorovce a decrease to 2,500-3,000 m/s was recorded.
The same values occur in Lower Miocene complexes in the environs of KapuSany.
Farther eastwards, in the area KapuSany-Bystré nad Toplou, the subsurface velocities
again increase. In the southernmost parts of the western section of the Intracarpathian
Paleogene near Sari§ské Michalany a gradual decrease from NW (via Medzany) to SE
can be observed. Also this phenomenon can be related to the lithofacial changes within
the Palacogene, most probably to claystone series which prevail over sandstone beds.

In the Klippen Belt, between Kamenica and Sari§ské Sokolovce, subsurface velocities
range roughly from 3,900 to 4,200 m/s. Near Terfia, HanuSovce and Udol subsurface
velociiies are lower (3,000-3,600 m/s). Generally, subsurface velocities of elastic waves
in the Klippen Belt are higher as compared with the adjacent part of the Iniracarpathian
Paleogene. An exception is the area of Udol and Plavet, covered by Upper Eocene
graywacke and calcareous, often slightly diagenetically lithificated sandsiones and
calcareous claystones of the Ujak development — Malcov series — where the velocities
are practically the same as in the Intracarpathian Paleogene.

In the Magura Flysch the highest subsurface velocities (4,200-4,600 m/s) were
observed in the Cergov massif, south-west of Herinik. For this area, coarse-grained
calcareous Cergov sandstones are typical. Striking drops of velocities (2,700-3,300 m/s)
at the northeastern ends of profiles 46/83 and 74/85, south of Herinik are associated with
the contact of sandstone layers with the prevailingly pelitic Malcov series.

Generally, the diagram of subsurface velocities confirms the relations between veloci-
ties of elastic waves propagation in the Iniracarpathian Paleogene revealed by well-
shooting (Mofkovsky-Filkova 1985), i.e. the gradual decrease in velocities from the
Sambron area towards the southeast due to lithofacial changes. However, this may also
manifest the differences in compaction which have been described for the Intracarpa-
thian Paleogene by Ondra-Handk (1989). The change in velocities was also indicated by
refraction seismic data (Jar¢ et al. 1976).
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The areas of the individual model velocity curves
in the Intracarpathian Palecgene

For application of velocity models (based on well-shooting data) on reflection seismic
profiles, the areas of individual velocity curves, or the transition zones between them
had to be delimited. For this purpose not only subsurface velocities, but also results of
analysis of geophysical information in time sections, and data on stratigraphy and
structure (Pl. 2) were used.

The velocity curve PU-1 Sambron covers the arca where subsurface velocities range
from 4,200 to 4,500 m/s. The velocity Vo obtained by well-shooting in the borehole PU-1
Sambron is 4,200 m/s. Although in the environs of Plavet a drop in subsurface velocities
can be observed, we use, with regard to the assumed small thickness of the here
outcropping Ujak claystones — the Malcov series — the velocity curve PU-1 Sambron for
the whole area east of the borehole PU-1 Sambron towards the Klippen Bel.

The area of the velocity curve Saris-1 was delimited on the basis of prevailing
occurrences of subsurfaces velocities in the range 2,900-3,000 m/s (well-shooting in
the borehole Sari¥-1 yielded velocities Vo ranging from 2,000 to 3,000 m/s).

Velocity curves Lipany-1, 2 and 3 apply for an area of velocities ranging from 3,000
to 3,600 m/s. Regarding the evident drop in velocities of elastic waves in the area east
of the Lipany boreholes, the velocity data yielded by measurements in the boreholes
were corrected. Layer velocities obtained in the borehole PreSov-1 were also taken into
account (in the Intracarpathian Paleogene complex the layer velocity was 3,950 m/s).
The lowest velocities were observed between Teriia and Sari$skd Poruba, i.e. in an area
where the Celovce depression Neogene rocks crop out. Farther to the east an increase in
velocities of elastic waves is assumed.In the broader surroundings of HanuSovce the
velocity distribution will probably be very similar to that in the environs of Lipany.

Velocity analyses would not be suitable for the areas of interest (the Intracarpathian
Paleogene and the Flysch Belt) contrary to less tectonized regions as e.8. the East
Slovakian Neogene Basin. The reasons are thee high order of velocities and lack of larger
reflections corresponding to layer boundaries. Continuous reflection horizons are usu-
ally due to fault tectonics — overthrusts. Because of lack of seismic data such an analysis
can hardly be objective. Therefore, velocity analyses were only used to substitute other
velocity data.

A short review of results of processing the data on velocities
of seismic waves propagation in the Intracarpathian Paleogene,
in the Klippen Belt, and in the East Slovak Flysch

Velocities of elastic waves propagation in the Intracarpathian Paleogene were docu-
mented by well-shooting in boreholes PU-1 Sambron, Sari§-1, Lipany-1, 2 and 3,
Plavnica-1, and PreSov-1 (which in the basement of Neogene sediments verified the
Intracarpathian strata).

The studies of velocities in the basement of the Intracarpathian Paleogene were based
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on seismic data from boreboles Lipany-1, Lipany-2, Sari-1 and Plavnica-1 drilled in
the Mesozoic basement. There the layer velocities were 6,300 m/s in the borehole
Lipany-1, 6,000 m/s and 7,200 m/s in the borehole Lipany-2. In the upper, pelitic layers
{Middle Cretaceous) in the borehole Sari3-1 in the depth interval 1,340-1,450 m (not
present in the Lipany area) layer velocities atiain 4,800 m/s. The deeper Middle
Cretaceous to Jurassic sirata down to the depth of 2,605 m and Keuper claysiones down
to the depth around 2, 800 m exhibit average layer velocity of 5,800 m/s. In the Middle
Triassic dolomite complex layer velocities range from 6,000 to 7,500 m/s, while in the
Werfenian formation they drop to 5,000 m/s. The Mesozoic rocks in the borehole
Plavnica-1 exhibit layer velocities of 5,000 m/s, 6,500 m/s and 7,400 m/s. The crysialline
complex in the borehole Sari3-1 is characterized by relatively low "layer” velocity of
5,850 m/s, which is due to strong tecionic deformation.

Velocity data from the Klippen Belt were produced by well-shooting in the borehole
HanuSovce-1 (points A,C).

Velocities in the Flysch Belt in the area of the Smilno tectonic window were reliably
measured in the borehole Smilno-1. Reliable are also the seismic resulis from the
borehole Zboj- 1. They were used for evaluation of velocities on profiles siretched in thee
area of Zboj and Starina, Adidovee and Zubné.

For extrapolation of traveltime curves (at depths without well-shooting data) for the
pelitic-carbonatic complex of the Upper Mesozoic we utilized layer velocities in the
range from 4,800 to 5,800 m/s, for extrapolation in the carbonatic complex the velocity
of 6,300 nw/s was used. This layer velocity value was obtained by averaging the velocity
values measured in boreholes Lipany-1, 2, Sari§-1 and Plavnica-1. We also considered
the thickness of the drilled interval and its lithological composition. Further, refraction
seismic resulis from the profile 12/R/74,75 where a velocity boundary with boundary
velocity of 6,300 m/s was considered. The boundary can be regarded as the surface of
Central Carpathian carbonate series covered by Paleogene strata. The given layer
velocities were compared with seismic data from boreholes Durkov-1 (Filkov4-Mof-
kovsky-Pernica 1969) and Kecerovské Pekfany-1 (Pernica-Filkovd 1974a) in the
Kosick4d kotlina depression.

Velocity studies in the crystalline complex are not easy because of lack of seismic data.
To determine the characieristic "layer” velocities, we consider data typical of the
crystalline complex built of granodiorites and gneisses in the study area in the borehole
Sari¥-1, in the Kogick4 koilina depression in boreholes Rozhanovee-1 (Filkovd-Moi-
kovsky-Pernica 1971) and Kecerovské Peklany-1 (Pernica-Filkovd 1974a), in the
Danube Basin and on the southeasiern slopes of the Bohemian Massif, e.g. in boreholes
Koldrove-3 (Jakes et al. 1978), Osvétimany-1 (Pernica-Filkovd 1975) and Zd4nice-4
(Pernica-Filkov4 1974b). Taken into account were also the average values from meas-
urements of velociiies of longitudinal elastic waves propacauon on samples of rocks
similar to the rocks in the study area (Uhmann 1974).

it should be noted that because of a limited amount of information and data about
velocities of elastic waves in deep-seated complexes we often had to make conclusions
on the basis of separate or not quiie explicit information.

Using the above given information about velocities of elastic waves and using

Applied Geophysics 25 23



geological models we constructed graphs 2t(H) for seismic CDP profiles. They were
used for time-depth conversion of data from seismic sections. An example of the
simplified dependence 2t,(H) for profile 42/82 is in PL. 3.

Methodoiogy of interpretation

Geological interpretation of reflection seismic profiles included incorporation of
stratigraphic data from deep boreholes in time and depth sections, tying up the horizons
corresponding to stratigraphic data, and identification of indications of faunlt tectonics.
Tectonic lines were located according to discontinuities of continuous boundaries,
anomalous dipping of reflections, and according to all available geological and geo-
physical data.

Correlation of reflection horizons and stratigraphic boundaries and identification of
faults were done in migrated version with deconvolution and with enhancement of wave
field coherency. Also unmigrated maierials were used for interpretation. They were
.utilized namely for verification of geophysical reliability of reflection elements, for
study of diffracted and interference waves, etc. In this way obtained geophysical material
for time sections was by means of graphs 2t.(H) converted to depth.

In the course of interpretation of seismic data from the broader environs of Lipany it
was found that the only boundary for reliable study is the relief of Triassic dolomites in
the Intracarpathian Paleogene basementi. In the intricate tectonic structure, CDP data
alone are not sufficient for a serious evaluation of the fault tectonics and for tracing the
tectonic lines in the area. The siudied boundary, i.e. the Triassic dolomites relief, was in
the broader environs of Lipany interpreted on individual seismic profiles and conse-
quently a structural scheme of the area was compiled.

The used stratigraphic daia were provided by Moravské naftové doly, k.p. Hodonin,
branch Michalovce and by the Geological Institute of Dionyz Stdr, Bratislava. Other
sources are quoted in the text.

Geophysical and geological information

The Intracarpathian Paleogene and peri-Klippen
area in the broader surroundings of Lipany

It should be noted that the opinions on the tectonic structure of the Intracarpathian
Paleogene changed many times. In the 1950s the first information about tectonics was
connected with geological mapping works of J. Ilavsky, B. LeSko and O. Samuel, which
were focused on lithostratigraphy mainly. Then followed the team work on the geological
map of Czechoslovakia on the scale of 1:200,000, sheets Vysoké Tawry Mis. and
Kosice-Zborov, edited by O. Fusdn and A. Matgjka. The works were continued within
the framework of detailed mapping and prospection for hydrocarbons by T. Durkovig,
P. Gross, F. Chmelik, T. Kordb, B. LeSko, R. Marschalko, J. Nem{ok, and others.
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In 1963, E. Mendik summarized the geophysical data from the flysch belt in eastern
Slovakia (incl. the Intracarpathian Paleogene) for the purposes of oil prospection. The
author observed the direct relation between gravity anomalies and the surface structure
of the Klippen Belt, and pointed out the scope of interpretation. Of basic imporiance
were the works by R. Marschalko, explaining the development of the Iniracarpathian
sedimentation area from the viewpoint of dynamic sedimentology.

In summary it can be stated that many authors studying the tectonic structure on Polish
and Czechoslovak territories assumed a comparatively simple brachysynclinal structure
of the Intracarpathian Paleogene. The assumption was mainly supported by small
inclinations of layers known from ouicrops. Numerous normal faults and the reverse
thrust of the Klippen Belt over the Intracarpathian Paleogene were assumed — Fusdn et
al. (1963), Matéjka et al. (1964), Strdnik (1965). A larger tectonic deformation of the
Intracarpathian Paleogene was assumed near the Klippen Belt and confirmed by Nem&ok
et al. (1977).

In his works from the period 1952—1959 Golab (fide Chmelik 1963) described nappe
dislocations in the Polish part of the area. Other authors, however, do not share his
opinion. Chmelik (1963} and Chmelik in Buday et al. (1967) in his study of the
Intracarpathian Paleogene between RuZomberok and PreSov mentioned only overthrusts
and normnal fault sections, not nappes. In agreement with LeSko (1958), Chmelik (1963)
revealed the tectonic contact of basal and higher Paleogene series along the northern
margin of Branisko. But he emphasized overthrusting of younger complexes over older
ones, including the Mesozoic. The author paid attention especially to the Hromos- Sam-
bron anticlinal zone which he considered the most important post-Paleogene siructure
predisposed by WNW-ESE directions disturbing the anticlinal zone. He assumed sieep
dipping to the SSW and overthrusting to the NNE. Chmelik (ibid.) further assumed that
a similar dislocation is followed by the flow of the Torysa river between Krivany and
Sabinov. In the course of Styrian movements the Klippen series and the Magura Flysch
were thrust back over the Intracarpathian Paleogene and thus most megasynclines and
megaanticlines originated. It should be noted that many of the opinions and problems
forwarded by Chmelik (1963) or by Chmelik in Buday et al. (1967) have been further
studied and led to drilling the deep borehole Sari§-1 (Lesko-Chmelik-Rudinec 1982).

An entirely new aspect in these works is the interpretation of significant Old Styrian

' movements in the Iniracarpathian Paleogene, described as the Lipany overthrusts. Most
important for a progressive evaluation of seismic data was the identification of the main
elements of the tectonic style of reverse overthrusts. In many cases this interpretation
completed the interpretation of the above mentioned field mapping finds of Chmelik.

Interpreting the data from the borehole Lipany-1, LeSko-Nemdok (1979) mentioned a
generally lower iniensity of folding in the Intracarpathian Paleogene as compared with
the borehole PU-1 Sambron. The contact proper of the Paleogene base with the Mesozoic
has the character of sediment deposited in situ. The upper part of the basal lithofacies
incorporates sliding bodies, indicating a general change in sedimentation. Later, LeSko
et al. (1982) did not study tectonic problems.

Closely related to the discussed problems is the structure of the peri-Klippen zone. At
the contact with the Iniracarpathian Paleogene and at the contact with the Krynica unit,
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it was explained by Nem&ok by the overthrusting of the Magura Flysch and the Klippen
Belt over the Central Carpathians, or by the thrusting of the Central Carpathians under
the Klippen Belt and outer flysch (1961, 1978). Thus he also explained the double-ver-
gency of the Magura nappe (1983, 1984). Previous regional geophysical works con-
cerned with these problems were evaluated by Kadletik et al. (1977) and Lesko et al.
(1979). Of recent works regarding the peri-Klippen zone, Polish results must be men-
tioned. Using data from deep boreholes Maruszyna IG-1 and Banska 1G-1, and from
geological field work, Birkenmajer (1985) constructed a geological section implying the
author's conception of only south-vergent overthrusts. He does not assume the existence
of north-vergent reverse faults neither at the northern margin of the Klippen Belt, nor in
the Magura nappes. It should be noted that data from the Polish boreholes do not exclude
that the tectonic style is that of the Lipany area, i.e. submersion of sub-Tatra nappes in
the basement of the Intracarpathian Paleogene towards the north. Regarding the lack of
data about the character and course of the Paleogene-Mesozoic boundary, namely south
of the borehole Banska 1G-1, also this interpretation, i.e. rather steep submersion of the
Mesozoic under the floor of the borehole Maruszyna 1G-1 is possible.

Interpretation of tectonics in reflection seismic profiles

As the general conception of the tectonics of the study area was based on qualitative
evaluation of reflection seismic data, we shall outline the reasons that complicated the
identification of extensive seismic boundaries as tectonic planes:

— transgressive lithofacies (incl. numulite limestones) 150 and 100 m thick in bore-
holes Lipany-1, Banska IG-1 and Zakopane IG-1 found on the Paleogene base suggested
regional distribution of a physically distinct boundary

— tectonic zones in Neogene basins represent boundaries, in the time section accom-
panied by a system of diffracted waves.

Diffractions cannot be observed with overthrusts in the Intracarpathian Paleogene. It
is obviously due to several factors:

~ small physical contrast along dislocations in strongly compacted rocks

— due to strong compaction and therefore high velocities of elastic waves diffracted
envelope waves are only slightly curved and cannot be distinguished from other curved
layer boundaries. To a certain extent it relates to the relatively small dip of tectonic
boundaries

— computer velocity analyses did not show striking changes of velocities of the
observed boundaries.

As it has already been said, new views on tectonization of the Intracarpathian Paleo-
gene were forwarded by Nemcok, and namely confirmed the basic conception published
by Lesko-Chmelik-Rudinec (1982).

Now to the reasons which led us to localization of reverse overthrusts in the Intracar-
pathian Paleogene to the SW, approximately parallel to the surface structure of the
Klippen Belt. First of all it was the discrepancy of dippings of layers found on cores
from the surroundings of Lipany, with dips of large seismic reflections, often with large
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amplitudes. Another reason was the zonal arrangement of reflections, especially notice-
able on profiles parallel to the young structure of the Klippen Belt (e.g. profiles 42/82,
19/76) and tested by perpendicular profiles. The overthrusts are well demonsirated by
data from the boreholes Lipany-1, 3, 2 in combination with seismic section of profile
42/82 (P1. 3). There, around the borehole Lipany-3 at 1.0—-1.2 s subhorizontal amrange-
ment of reflections can clearly be observed. In the respective depth interval, i.e. 2,100
—2,500 m, dark-grey to black-grey consolidated calcareous claystones with dips of layers
15-43° prevail. In their base at the depth 2,925-2,929 m, calcite-healed fractures form
horizontally oriented systems (Rudinec-Reficha 1983). Tectonic deformation from the
depth 2,100 m upwards is documented by drill cores and by anomalies on average
velocities curve. Also the complex of subhorizontal reflections on profile 22/78 (0.78—
1.0 s) corresponding to the depth interval 1,550-2,150 m is documented by core from
2,126-2,129 m of the borehole Lipany-2 where very strong tectonization and inclina-
tions up to 62° are described. Then the continuous reflections in the vicinity of the
borehole Lipany-5 at 1.16 s on profile 15/75 (the depth of 2,500 m) confirm the existence
of an extensive reflection area. The surface of the Mesozoic was struck at the depih of
2,957 m (Rudinec 1986).

It should generally be noted that with this structural style the lithostratigraphic
boundaries are mostly conditioned by the tectonics and by differeni competence of
layers.It is possible to determine the character of stratigraphic boundaries either in the
close vicinity of deep boreholes or where significant lithostratigraphic complexes can
be distinguished by other geophysical methods (see the positive gravity anomaly Krdsna
Liika).

The presented seismic sections (Figs. 2-5, Pl 3) show that despiie the doubitful
characier of the material available we interpreted numerous faults, prevailingly over-
thrusts. However, owing to the differences in their seismic manifestations and to the
relatively thin network of profiles we often could not tie the indications with one another.
For the same reason we did not include in the sections the youngest normal faulis,
evidently deforming the Klippen Belt as well as the Intracarpathian Paleogene.

In the Intracarpathian Paleogene and in the Mesozoic the seismic manifestations of
normal faults are, compared with overthrusts, less distinct. It is obviously due to a sirong
rock compaction.

Profile 19/76 (Fig. 2)

The NW-SE siriking profile runs from the southern margin of the village of Sambron
to the area souih of RoZzkovany, roughly parallel to the Kiippen Belt outcrops, at the
distance of 7-8 km. Seismic data from the profile enabled comparatively reliable
interpretation of the Intracarpathian Paleogene base, of the relief of Triassic dolomites,
and of the crystalline basement.

In the area of crossing with profiles 20/78 and 32/80 it can be well observed where the
movements of eastern overthrusis ended on the line of displacement of the upper floor
of the Intracarpathian Paleogene, i.e. on the Lipany overthrust fault. Owing to the
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2. Seismic profile 19/76, time section with geologic interpretation (12-fold coverage, interval between
the points of arrival 50 m, time-variable filtration and deconvolution, wave field coherency, wave migration).
1 — Intracarpathian Paleogene, 2 — Upper Mesozoic, peliticcarbonatic complex (Albian-Keuper); 3 - Middle
Triassic dolomites (or varied schists and Lower Triassic quartzites); 4 — crystalline complex; LP - Lipany
overthrusts.

mentioned structural elements the elevation Bajerovce-Krasna Luka is ranged with a
system of N-S striking overthrust faults and thus related to the Branisko elevation
(Lesko-Chmelik-Fusan 1980). It is confirmed by the course of gravity isoanomalies. The
north-western part of the profile near the crossing with the profile 31/80 was affected
by fault dislocations called by Lesko-Chmelik-Fusan (1980} north-southern western
overthrust faults and regarded younger as compared to the eastern overthrusts. Contrary
to these authors we suppose that the foundation of N-S overthrusts cannot be identified
with the continuation of the Murafi-Divin fault towards the NE. They are rather inde-
pendent tectonic zones, both in terms of genesis and direction.

As regards the longitudinal structural elements, i.e. approximately parallel to the
profile, the Lipany overthrust fault, overlapping the N-S striking castern overthrust
faults, is clearly indicated. The Lipany overthrust fault has been affected by recent
normal faults which apparently offset dislocations of the overthrust zone. The contact
of the Upper (pelitic-carbonatic) Mesozoic with the Paleogene is most probably tectonic.
Directions of reflections and their size within the Upper Mesozoic inner structure are
obviously affected by eastern overthrasis. Using data from crossing profiles and from
boreholes Saris-1 and PU-1 Sambron we investigate the extent of the Upper Mesozoic
conditioned by tectonics and by denudation.

According to data on the thickness of the Middle to Lower Triassic complex from
borehole Sari$-1, the complex is ranged with typical seismofacies. As on profiles 20/78,
20A/178, etc., it is a series of mostly 100—200 m long events with large amplitudes. Along
the profile 19/76 they often subhorizontally dip to the SE, i.¢. dip parallel with the eastern
overthrasts. The Lower Mesozoic boundary is well indicated as in the crystalline
complex reflections of the described character disappear (see profiles 20/78 and 20A/78
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in Fig. 5). The contact proper between the Mesozoic and crystalline complex may be
tectonic. Towards the NW of station 4.0 km, i.e. of the indication of the Mur4i fault and
western overthrust faulis, the indications become less and less evident. In sense of
Cekan-Movkovsk§ (1982) we regard these parts as the culmination of the Krizna
dolomite relief in the zone Bajerovce-Krdsna Liika. Also the increased thickness of
dolomite westivards of the crossing with profile 32/80 interpreted from seismic data are

in accordance with gravity data.

Profile 22/78 (Fig. 3)

The profile is stretched perpendicular to the principal structural elements of the area.
1t runs from the ouicrops of the sandstone series S of Cervenica towards the NE through
the deep borehole Lipany-2 crossing the southern margin of the Klippen Belt. The
number and quality of reflection seismic elements from the Iniracarpathian Paleogene
are in accordance with near profiles of the same trend. The zone of joint reflections at
the time 1.0-1.1 s in the south-western part of the profile indicates the Lipany overthrust
fault. NW of the profile 22/78, the Lipany fault is even better indicated in the seismic
material, while towards the SE the indications fade out. Generally, it can be said that the
indications of the Lipany fault become clearer with distance from the Klippen Beli, i.c.
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3. Seismic profile 22/78, time section with geologic interpretation (12-fold coverage, 50 m interval between
the points of armrival, time-variable filtration and deconvolution, wave field coherency, wave migration).
1 — Intracarpathian Paleogene; 3 — Middle Triassic dolomites; 5 — Klippen Belt ountcrops; LP — Lipany

overthrusts.
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towards the SW (profiles 21/78, 33/80). In the borehole Lipany-2 at the depth of 2,365 m
(i.e. at the time approx. 1.09 s) a great loss of mud occurred. Considering the negligible
primary porosity of rocks, it testifies to the existence of a crushed zone along a significant
tectonic zone. We are of the opinion that related to this significant zone — the Lipany
overthrust faolt — are most occurrences of Mesozoic rocks, so far regarded as elements
transferred by sedimentation — olistoliths. From results obtained on the profile 22/78
and on other seismic profiles in the area it follows that the Lipany fauli represents only
part of a whole system of reverse movements that affected e.g. the northern margin of
the sandstone series at the southern termination of the profile 22/78, predisposed the
Torysa river valley and displayed other effects.

The Mesozoic relief in the Intracarpathian Paleogene basement reached by the bore-
hole Lipany-2 can be comparatively well traced to the Klippen Belt outcrops. The
dipping of the relief towards the N was also confirmed by the boreholes Lipany-4 and
Lipany-5. The stretch of the Klippen Belt at depth cannot be drawn in seismic section.

Profile 26/79 (Fig. 4)

The profile runs from Sari§ské Michalany roughly towards the NNE closely behind
the northern margin of the Klippen Belt outcrops. The dolomite relief in the Intracarpa-
thian Paleogene basement is indicated by the presence of reflections with large ampli-
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4. Seismic profile 26/79, time section with geologic interpretation (12-fold coverage, 50 m interval between
the points of atrival, time-variable filtration and deconvolution, wave field colierency, wave migration).
1 — Intracarpathian Paleogene; 3 — Middle Triassic dolomites; 5 — Klippen Belt outcrops.
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tudes. In the central part of the profile a local arching of the relief can be observed. It is
probably the front part of the high block of the Inner Carpathians, along which over-
thrusting from NE to SW took place.

Some elements observed on the profile 42(82 at the crossing with profile 26/79 (e.g.
the subhorizontal reflection zone at the time interval 0.9-1.0 s which might indicate
overthrust tectonics) do not appear on the described profile. A striking phenomenon on
the profile 26/79 in the time interval 1.2-1.6 s beneath the Klippen Beli outcrops is a
group of subparallel reflections with large amplitudes. They are interpreted as manifes-
ting intensive imbrications of deep sequences of the Intracarpathian Paleogene. The dips
of reflections in the marginal parts of profile 26/79, similarly as with the profile 22/78,
are not reliable. Distortion due to migration played a role there.

Profile 20/78 - 20A/78 - 20B/80 (Fig. b)

When interpreting the reflection seismic profiles we made some changes in the
interpretation of stratigraphy of the borehole SariS-1 done by Kordb et al. (1986).
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5. Seismic profile 20/78-20A/78-20B/80, depth section with geologic interpretation.

1 — events on profiles 20/78 and 20B/30: a — very strong reflections, b — strong reflections, c — weak reflections;
2 — events on profile 20A/78: a — sirong reflections, b — weak reflections; 3 — dippings of beds revealed by
borehole Saris-1; 4 — stratigraphic boundaries; 5 — faults; 6 — sandstone series of the Intracarpathian Paleogene
(its base is indicated by inclined hatching); 7 — Intracarpathian Paleogene (its base is indicated by inclined
hatching: 8 — Albian—Lias; 9 - Lower Lias—Keuper (Upper Mesozoic pelitic-carbonatic complex): a — Lower
Lias, b — Keuper; 10 — Middle Triassic (dolomite with anhydrite layers); 11 ~ Lower Triassic (coloured
Werfenian schisis, quartzites); 12 — crystalline complex: a — granodierites, b — gneisses; LP — Lipany
overthrusis.
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Because of lack of drill cores (first in the depth interval 1,735-1,740 m) and of small
reliability of drill cuttings for stratification of the drilled series we emphasized the
geophysical boundaries traced in the borehole and on reflection seismic profiles 20/78
and 20A/78 as well as in other well log data. Further we considered the tectonic structure
in general. The depth data obtained by seismic interpretation of stratigraphic and tectonic
boundaries must be regarded with tolerance considering especially the anisotropy of
velocities of elastic waves propagation and the complex development of the Intracarpa-
thian Paleogene in general. Anisotropy of velocities in folded areas expresses the ratio
of structural difference of rocks in longitudinal direction and in direction perpendicular
to the youngest tangential tectonics, which is the limiting factor affecting also the
velocities of elastic waves. In the further description of the seismic profile 20/78-
20A/78-20B/80 the depth data are taken from the collar of the borehole Sari§-1.

0- 1,340 m the Intracarpathian Paleogene

On the profile 20/78 in the Intracarpathian Paleogene single fragmented reflections
prevail. The only continuous system is the zone of reflections in the borehole Sari3-1 at
the depth of 995 m, dipping towards the NNE. In our opinion these reflections correspond
to the Lipany overthrusts, i.e. to the fault zone which we regard as one of the most
important overthrust dislocations in the Intracarpathian Paleogene. In the area of the
Lipany boreholes we encounter older rocks (often tectonic shreds), containing Mesozoic
microfauna. In agreement with Durkovi¢ in Korb et al. (1986) we consider the interval
0-950 m or 0-955 m as corresponding to a complex with prevailing claystones. The
ratio of sandstones and claystones is 1:8 to 1:10. In the interval 1,075—1,080 m, Durkovi¢
(ibid.) also identifies nummulites determined by E. Koehler in drill cuttings. Resulis of
resistivity and radioactivity well logging also prove a lithological boundary at the depth
0f 995 m.

Inregard to increasing velocities and to the character of electric logs it may be expected
that sandy calcareous claystones to calcareous sandstones prevail in the interval 995—
1,150 m, i.e. under the overthrust surface. It also correlates with an increased content of
CaCO0s in fragments of rocks in the mud.

The Paleogene-Mesozoic boundary can be identified only with difficulty because of
lack of cores. At the depth of 1,080 m, however, GaSparikov4 (ibid.) identifies 7Middle
Cretaceous foraminifers s which Kullmanov4 (ibid.) ranges to the depth of 1,280 m.
These finds, however, should be explained similarly as the finds of Mesozoic faunas in
the Intracarpathian Paleogene near Lipany, or by redeposition. The Paleogene boundary-
Mesozoic can presumably be traced in the borehole Sari§-1 at the depth of 1,340 m where
electric logs show a horizon with increased apparent resistivity. It cannot be excluded,
however, that it is an indication of fault tectonics. Nevertheless, conirary to overlying
series the complexes at depth are manifested as different seismofacies.

1,340- 3,836 m Mesozoic

Regarding the interpretation of the time section of profile 20/78 and other available
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data, we distinguish three complexes of typical seismofacies in the Mesozoic in the
borehole Saris-1.

In the upper complex, corresponding to the Albian—-Lias (1,340-2,350 m), strong
conspicuous events prevail. Of a similar character are the seismic reflections on profile
19/76. The increased content of CaCO3 in the drill cuttings corresponds to strikingly
increased velocities of elastic waves ant to increased apparent resistivity in the interval
1,340-1,710 m. At the depth of 1,435 m Kullmanovd in Kordb et al. (1986) identifies
calcareous siltstones, at the depths of 1,640 and 1,720 m organodetrital limestones —
calcarenites. In the rock complex from 1,370 to 1,710 m the high layer velocities (over
6,000 m/s) should indicate overwhelming prevalence of limestones. In the interval
1,710-2,300 m oscillations of layer velocities correspond to alternation and predomi-
nance of marly limestones over calcarous claystones.

In conirast to the upper complex, no strong evenis can be observed in the middle
complex representing Lower Lias to Keuper (2,350-2,860 m), namely around the
borebole Saris-1, maybe with the exception of the upper tectonized boundary. Towards
the NE of the borehole Sari$-1 the complex is entirely tectonically reduced at the crossing
of profiles 20A/78 and 19/76. Towards the SW, on the conirary, the thickness of the
complex greatly increases, this being valid mainly for the upper part of the complex.
Lithologicaily, the upper part contains prevailingly a series of calcareous claystones with
inclusions of limestones where layer velocities, obviously in dependence on the content
of carbonates, range from 5,000 to 5,800 m/s. According to sonic logs, velocities of
elastic waves strikingly increase at the depth of 2,605 m as compared with the upper part
of the complex. As the sonic curve from 2,605 m downwards, i.e. in Keuper intervals
confirmed by drill cores, is of a similar character, the boundary Lias-Keuper can be safely
set in the depth. It should also be noted that the curve of layer velocities at the depth of
2,600 m shows an increase to 6,000 m/s. The boundary Keuper-Middle Triassic in the
basement is evident from sonic log and well-shooting.

The lower complex, Middle to Lower Triassic (2,860-3,836 m), is in the upper pari
built of Middle Triassic dolomite strata with anhydrite layers, in the seismic section
indicated as a set of shori, dynamically striking seismic boundaries. They are based at
the depth of 3,739 m, i.e. in a zone of a notable decrease of elastic waves velocities
indicated both by well shooting and by sonic log. An increased content of claystone-an-
hydrite admixture in dolomites is indicated by sonic measurements in the intervals
3,465-3,533 m, 3,600-3,620 m and presumably also in the interval 3,690-3,739 m,
which is in accordance with the lithological content of drill cuitings. According to
Rudinec-Reficha in Kordb et al. (1986), not only gypsum, but also variegated claystones
appear at the depth of 3,735 m. According to seismic data, we regard dolomite sirata in
the borehole Saris-1 as tectonically reduced. It is indicated by high, nevertheless
“oscillating" acoustic values suggesied in the interval 3,675-3,690 m. Towards the NE
and the SW of the interpreied dislocation the thickness of the dolomiie complex
increases.

In the basement of dolomites, down to the depth of 3,836 m, Kordb et al. (1986)
identified a series of coloured Werfenian schists and stratigraphically unclassified
quarizites. According to acoustic log, the top of the Werfenian series occurs ai the depth

Applied Geophysics 25 33



of 3,739 m. The lower boundary is not, similarly as at Branisko, sharp. Obviously, it is
a gradual transition and the quartzites can also be ranged to the Werfenian as it is
indicated by lower velocities from the depth of 3,774 m. This transition to depth is
manifested as an increase in numbers of quarizite layers 0.5—1.0 m thick. The sharp
decrease in elastic waves velocities in the Werfenian was recorded also by well-shooting
and is evident in ultrasonic checking of quartzite samples from the depth of 3,794.5 m.
The sonic log shows a continuous layer of quartzites in the interval 3,800-3,825 m, with
only scarce intercalations of claystones. In dependence on the content of the clayey
admixture layer velocities in dolomites range between 6,000 and 7,500 mvs, in the
Werfenian they drop to 5,000 m/s.

3,836- 5,000 m crystalline complex

According to Korsb et al. (1986) in granodiorites the interval 3,836-4,125 m occurs
in the final section of the borehole, in muscovite-biotite gneisses in the depth interval
4,125-5,000 m. In physical terms these rocks do not differ substantially, with the
exception of a higher anisotropy in gneisses. Gneisses of predominantly migmatite type
exhibit slightly increased densities and substantially increased magnetic susceptibility
values. Granodiorites from the depth interval 4,126-4,129 m exhibit anomalously
increased gamma activity and increased U-content (Pichovd-Plitka-Mitevova 1986).
This fact as well as the lower velocities of elastic waves measured on samples can be
best explained as indications of deep tectonics. In the interval 3,836-3,885 m sonic log
recorded oscillating velocities, which may correspond to a zone of intensive weathering.

Profile 42/82 (P\. 3)

Profile 42/82 stretches from the northern environs of the village of Krivany towards
the SE, north of Lipany and Sabinov to the area south of Terfia. It is situated roughly
3—4 km from the Klippen Belt outcrops. The profile passes near boreholes Lipany-1 and
Lipany-3, and the borehole Lipany-2 was located on it. Reflections in the Intracarpathian
Paleogene are weak, with small amplitudes. Stronger events occur at the base of the
complex. In the Mesozoic relief reflections are in places dynamically intensive and
sometimes, in larger segments, continuous. The seismic contrast between the sporadic
events in the Paleogene and the abundant, strong and continuous reflections from the
Mesozoic relief can be with advantage used to trace the relief. Similarly, the inner
stroctures of the Mesozoic basement or the deeper complexes produce more or less
strong events.

In the seismic section, the Paleogene-Mesozoic boundary is studied on data from the
boreholes Lipany-1, 2 and 3, and also (using data from the transverse profile 15/75) from
the borehole Lipany-5. Towards the SE the boundary rises to the area of the Lipany
boreholes from where it gradually falls.

In the time interval 1.1-1.15 s, i.e. the start of the profile — station — 19.3, subhori-
zontal events indicate the Lipany overthrust fault. It is considered to be one of the
youngest faults. Approximately to the E from the crossing with the profile 53/83
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subhorizonial events, like on the profile 12/75, become weaker. It might indicate a
change in the intensity or in the time plan of the Lipany overthrust faults. Overthrusting
is evidenced by the tectonic deformation of the Intracarpathian Paleogene noticeable on
drill cores (slickensides of cores from the borehole Lipany-1, 2, 550 m, etc.).

In the time interval 0.5-0.7 s and also in other intervals the reflections are subhori-
zontal and traces of correlation of reflection elements can be observed. It indicates
partial, less intensive reverse movements (from NW to SE) within the upper parts of the
Intracarpathian Paleogene. At the station around 25.0 km a fauli is interpreted. It may
be the Friovee fault (Mai€jka et al. 1964).

Time map of the relief of Triassic dolomites (Fig. 6)

The map is based on time sections, more exactly on the course of the relief of Triassic

dolomites in them.

The map illustrates the morphology of Triassic dolomites at an approximation only.
The interval of isolines is large (the interval of isochrones 0.05 s corresponds to nearly
150 m at the depths of interest). It must be taken into account that the map does not
document the variability of velocities in the area.
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6. Time map of the relief of Triassic dolomites. 1 — Kiippen Belt, 2 — CDP seismic profiles; 3 — deep boreholes;
4 — faults; 5 — isochrones of two-way time at 1.0 s intervals; 6 — as above, at 0.1 s intervals; 7 — as above, at
0.05 s intervals.

Relief of Triassic dolomites (PI. 4)

Depth sections were used to consiruct a structural scheme in isonormals. Later it was
transformed inio a map of isohypses, using the sysiem of auxiliary orthogonal profiles
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(Gurvi¢ 1964). The structural scheme in isohypses illustrates the vertical depths of the
studied boundary.

In the southernmost part of the area, between Brezovica and Gregorovce, the isolines
demonstrate a dipping of the relief towards the N and NE into a striking depression zone,
stretching from the borehole Sari%-1 towards the E to Lipany. There, WNW of Lipany,
the interpreted boundary reaches the maximum depth —2,850 m. The depression zone
continues farther to the ESE. It can be further followed from the southern environs of
the borehole Lipany-5 to the surroundings of Sabinov. In the area S of Sabinov the
depression is rather shallow and wide. It is bounded by the isonormal -3,100 m. Farther
to the E the depression deepens and S of Terfia attains the maximum depth of 3,950 m.
Presumably, it continues to the SE, into the area of the sunken block of the PreSov fault
in the northern part of the Pre§ovsk4 kotlina depression.

The course of the described depression coincides quite well with the distinct Sabinov
gravity low in the map of residual anomalies forr=2kmand r= 2-16 km (Cekan-Mof-
kovsky 1682).

In the western part of the area, SE of Sambron, dominates the arching of the complex
of Triassic dolomites. Its top part stretches from WNW to ESE and is well demonstrated
on profiles 31/80 and 20A/78. The elevation character of the relief corresponds to a
striking, W-E trending gravity anomaly in the map of residual gravity anomalies with
the radius of averaging ring r = 2—16 km (Cekan-Motkovsky 1982) and in the map of
residual anomalies for r = 8v5 km (Véca et al. 1971). A continuation of the ridge can be
observed in the area SW and SSE of Kamenica. There the structure has two highs. SW
of Kamenica it is delimited by isoline —2,450 m, in the environs of borehole Lipany-1
its highest value is —2,300 m (borehole Lipany-1 struck Triassic dolomites at the depth
—2,299 m). Farther to the E, in the vicinity of borehole Lipany-2, isonormals form an
enclosed local elevation with a minimum depth of 2,450 m. On the inconspicuous ridge,
extending from the clevation area towards the SE, the borehole Lipany-5 is situated.
Similarly, on an extension stretching from the borehole Lipany-2 towards the ENE, the
borehole Lipany-4 is located. Towards the E, an extensive elevation structure can be
observed. It is elongated, trending from WNW to ESE and delimited by the highest
isoline —2,850 m. The ridge extending to the SE can be followed {0 the area SE of
Sari§ské Sokolovce.

The tectonic structure of the study area has been discussed above. In P1. 4 some tectonic
lines are drawn as interpreted on reflection seismic profiles. They are Neogene normal
faults which can either be observed on several seismic profiles or are illustrated in
schemes.

The tectonic structure of the area W of Lipany is characterized by normal faults, N-S
to NE-SW rending, dipping to the W, with amplitudes up to 500 m. It is likely that the
local N-S isohypses of the relief of Triassic dolomites correspond 1o these tectonic
features or at least were predisposed by them. In the area of Sarisské Sokolovce a dip to
the SE with a step of approx. 300 m has been interpreted. On seismic profiles 42/82 and
12/75 the fault is well indicated, while on the profile 24/79 thee indications are rare. It
cannot be excluded that it is the Fri¢ovce fault, or one of the parallel faulis located more
to the W (Mat&jka et al. 1964). The fault may continue to the NNE. Because of absence
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of seismic profiles this continuation is only indicated. On the profile 12/76 in the
environs of HanuSovee, two faults dipping to the W are assumed. The easternmore of
them was interpreted (Adamovsks et al. 1977) as the Pavlovce fault {cf. Mat&jka et al.
1964). A comparison with the tectonic line is presumably the Lipnice fault. On the profile
28/81 ihe faulis are not indicated. It can therefore be assumed that they fade out to the
S. On the profile 28/81 two faults with a considerable step, dipping to the SE, are
interpreted. They probably fade out N of the Klippen Belt. The indicated continuation
of the faulis towards the S and N coincides with orientations of faulis revealed by
geological mapping (Mai€jka et al. 1964).

The isohypses in the structural scheme indicate a general dipping of the relief of
Intracarpathian dolomites to the N and NE, and its dipping beneath the ouicrops of the
Klippen Belt. This trend is interrupted by a striking ridge with the axis southern
Sambron-Bajerovee—Krdsna Lika—northern Krivany-Lipany-Cervend  Voda-
Sariiské Sokolovee. Boreholes Plavnica-1 and Plavnica-2 (personal communication R.
Rudinec) revealed that in the southwestern part of the area, between Sambron and
Vislanka, the tectonic structure is rather complicated. As compared with the structural
scheme (P1. 4) the dipping of the relief of dolomiies to the N may be even steeper.

The area of Smilno

In the surroundings of the Smilno tecionic window where the Dukla series emerge
from the basementi of the Magura Flysch, reflection seisinic surveys were conducted in
1972, 1981 and 1984 (Adamovsky et al. 1972b, Moikovsky et al. 1982, Novék et al.
1985).

In seismic sections only shori, weak and dipping reflections can be observed. There
are ample interferences and low-frequency disturbances and numerous diffracted waves,

We shall discuss in more detail the section of profile 34A/84 in close vicinity of the
borebole Smilno-1. The profile 34A/84 (interval between the points of arrival 25 m) was
measured on a line very near the profile 34/81 (interval 50 m).

The upper part of the seismic section (the top of BeloveZa series in the Dukla unit) is
characterized by absence of reflections. The reflections appear at approx. 1.0 s.

A comparison with drilling data showed that inclinations of recorded events do not
agree with inclinations of layers. At times 2.0-2.2 s sirong events with large amplitudes
occur. In the segment S of the borehole they dip steeply to the N. In close vicinity of the
borehole they are subhorizontal. North of the borehole they slightly rise to the N and
their amplitudes are less distinct. This range of reflections may coincide with the deeper
part of submarine slide, i.e. with the boundary between the Magura and Outer Flysch
(Lesko 1986). Let us note, however, that in well-shooting and VSP data (Filkov4 1983)
the boundarry is not manifested as a velocity boundary and does not reflect elastic waves.
In this time interval (2.0-2.2 s), corresponding to the depth interval 3,840-4,330 m,
15-80° dipping of beds was documented on drill cores (LeSko 1986).

At the time around 3.4 s a range of strong eventis, subhorizontal or slightly dipping to
the N, can be observed near the borehole. According to extrapolated well-shooting
results from the borehole Smilno-1 (Filkov4 1983) they are ai the depih of approx.
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7,400 m. Lesko (1986) regarded this group of reflections (on profile 34/81) as an
indication of basis for menilite flysch strata separated from the basement sediments by
a tectonic overthrust surface. The crushed zone described by Lesko (1986) at a depth of
around 3,000 m demonstrated in seismic logs (Filkova 1983) by a decrease in layer
velocities from 5,000 m/s to 3,700 m/s in the interval 2,850-3,100 m is in the seismic
logs indicated only sporadically (e.g. in the northern margin of the section, obviously at
the time around 0.9 s, at the stem of the borehole at the time 1.64).

Tt can be said that the results obtained on profiles 34A/84 and 34/81 are not identical.
This can be demonstrated on the above described event at around 3.4 s. On the profile
34A/84 it is subhorizontal and slightly dips to the N, while on the profile 34/81 the event
is subhorizontal and rises towards the N. It is so because the profiles run through different
terrains. This fact, however, makes a reliable interpretation of individual events on
different seismic profiles impossible. It was proved that compared with the profile 34/81
the group of events at 3.4 s on the profile 34A/84 can be correlated in a much longer
segment. On the profile 34/81 more events can be observed in the interval 1.6-3.0's.

Seismic data document a tectonic diversity due o several phases of fold-overthrust
and Neogene normal fault tectonics. It resuits in a very complicated pattern of interfering
waves from sources in seismic profile which is further complicated by intesive side
reflecting. Larger seismic interfaces may be due to tectonic faults which, however,
cannot be observed at greater distances. It must be noted that inclinations of evens larger
than 45° cannot be recorded after migration. Direct correlation of drilling and seismic
data is therefore difficult.

The surroundings of Zboj

In the surroundings of the deep borehole Zboj-1 reconnaissance profiles 6D/73, 3/75
and 38/81 (Adamovska et al. 1974, Adamovska4 et al. 1977, Moikovsky et al. 1982) were
situated.

In the seismic time section of profile 38/81 only short reflections with small amplitudes
can be observed. Numerous diffracted waves often overlap regular events. In close
vicinity of Zboj-1 to the N a tectonic line dipping to the NE can be interpreted. The flat
character of the line together with other phenomena indicates overthrust style of dis-
placement. Further, a dull boundary dipping from 1.8 s at the start of the profile towards
the NE to0 2.16 s is interpreted. The boundary may coincide with the contact of the Dukla
unit and the Zboj series struck by the borehole Zboj-1 at the depth of 3,800 m (Durkovi¢
et al. 1982). Reflections on the profile 38/81 are either subhorizontal, or slightly dipping,
which contrasts with the large inclinations of the series as they were revealed by Zboj-1
(up to 90°). 1t is likely that the seismic elements coincide with partial tectonic clements
whose inclinations differ from the layer structure itself.

Conclusions

The present paper summarizes the results of geophysical, mainly CDP seismic
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measurements conducted in the Intracarpathian Paleogene and in the East Slovak Flysch
in the period 1972—-84. The survey focussed on the environs of Lipany. In the area of
Zboj and Smilno only a small-scale surveys were carried out.

In intensively folded areas the CDP method does not yield satisfactory results as it was
shown by the evaluation of reflection seismic data (Kadlec¢ik et al. 1977) and by
investigations in the area of the Smilno window in 1981 and 1984. More detailed
measurements outlined some younger slightly inclined overthrusi planes, which are
practically the only continuous reflection clements. Besides intensive folding and
younger fault deformation, another facior influencing the origin of useful reflecied
waves is the great thickness of flysch complexes. The origin of interference waves is
accompanied by great loss of energy. Therefore a majority of reflections generated by
the surface of substratum are not recorded. In this rspect a negative role is played by the
very probable intensive imbrication of the flysch basement.

From this point of view more favourable appears the outer part of the peri-Klippen
zone N of Sabinov where the relief of Middle Triassic dolomites can be traced from the
Intracarpathian Paleogene to the NE beyond the Klippen Belt to the Cergov mountain
top parts.

In the broader area of the Intracarpathian Paleogene CDP measurements yield infor-
mation, though not very reliable, about the relief of Mesozoic carbonates and about the
overthrust structure of both the Mesozoic and Paleogene. However, it is hardly possible
to distingunish Paleogene sediments and Keuper pelites. The gravity anomaly Bajerovce-
Kr4sna Lika is regarded as the culminating zone of the relief of dolomites.

CDP seismic data from the broader area of Lipany were used to construct a time scheme
and a depth structural scheme of the buried Mesozoic relief of the Inner Carpathians.
Interpretation of CDP data indicated, namely in the Intracarpathian Paleogene, numerous
faults, in vast majority reaching the recent relief. They are mostly post-Eocene, presum-
ably Old Styrian NE-SW striking overthrust favlis which significantly influenced the
structure of the Intracarpathian Paleogene, of the Klippen Belt and of the Krynica unit.
Le$ko-Chmelik-Fusdn (1980) called these tectonic lines along the inner margin of the
Klippen Belt the Lipany overthrust faults. To verify them and to solve the problems
connected with young overthrust tectonics will require close cooperation with specialists
in mapping the area of interest. Seismic indications of normal faults are in the Intracar-
pathian Paleogene and in the Mesozoic less noticeable as compared with overihrusts.
Obviously, it can be explained by strong compaction of rocks and by shortage of
reflections from fault planes due to their large steep inclination.

An important point of the presented concept is the interpretation of the Intracarpathian
Paleogene basement continuation to the NE beyond the Klippen Belt. It can be more or
less reliably iraced up to the top paris of Cergov. In regard to the basement dipping 0
the N, the southern and top parts of Cergov become an elevation zone divided by young
overthrust faults. The northernmost of them can function as barriers for accumulation of
bydrocarbons.

K tisku doporudit F. Kordb
Preloftla D. Malikovd
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Geofyzikalni prizkum na uhlovodiky v centralnékarpatském
palecgénu a flySovém pasmu vychodniho Slovenska

(Resumé anglického textu)
Milan Motkovsky - Josef Novidk - Regina Lukd3ovd

PtedloZeno 20.f{jna 1988

JiZ prvni vysledky reflexn seizmickych méfeni provedené metodou RNP v oblasti
vychodoslovenského flySe signalizovaly mimofddn€ obtiZné seizmogeologické pod-
minky (Jurga-Cidlinsky 1961). Jak se uk4zalo pozdéji, jsou podminény zejména sloZitou
vrasovo-pfikrovovou stavbou izem{ a znatnou mocnost{ flySovych komplexi. Vznikaji
velmi intenzivni poruchové viny a soucasn€ dochdzi k silnému idtlumu uZiteCnych
odraZzenych vin. Proto nejsou registrovdny reflexy od reliéfu flySového podkladu.
Nasledns reflexng seizmickd méfeni s analogovou registraci a zejména pozdé€jsi
seizmickd méfeni SRB potvrdila vySe uvedené poznatky o nepfiznivych seizmo-
geologickych podminkdch vychodoslovenského flySe.

Seizmick4 méfen{ SRB provedend v centrdln€karpatském paleogénu ukdzala, Ze v téio
oblasti jsou podminky pro seizmicky priizkum — oproti flySovym Karpatim -
piiznivejsi. Na zdklad® interpretace seizmického materidlu je mozZno, i kdyZ misty ne
zcela jednoznatng, sledovat reliéf karbondtdl v podloZi sedimenty paleogénu a také
pfesmykovou stavbu jak mezozoika, tak zejména paleogénu. MoZnost odliSeni sedi-
mentd cenirdlnkarpatského paleogénu od pelitl keuperu na zdklad€ Casovych fezli SRB
je oviem mald. Na zdkladg téchto relativné piiznivych v¥sledki a také v souvislosti s
piiznivym hodnocenim perspektiv nafioplynonosnosti pfibradlové oblasti byla v SirSim
okoli Lipan prom&fena pomé&rné hust4 sif seizmickych profild SRB, kierd v této oblasti
uinoZnila konsirukci strukturniho schématu zakrytého reliéfu dolomitd Centrdlnich
Karpat v podloZi paleogénu.

Ve flySovém pdsmu byly v&si objemy reflexné seizmickych praci v modifikaci SRB
realizovany zejména v oblasti Smilna a v okoli Zboje.

V tomto {lanku pfedkldddme nejzdvazngj§i vysiedky zpracovéni a interpretace
seizmickych materidld SRB, ziskané ve studované oblasti. NejvEisi pozomost byla
vEnovédna §ir§fmu okoli Lipan. Kromé reflexni seizmiky bylo vyuZito i vysledka
tihovych a magnetickych méfeni, mé&feni fyzikdlnich vlasinosti hornin, refrakéni
seizmiky, vrini refrakce, seizmokarotdZnich méfeni a vysledkd akustické i elekirické
karotaZe i vysledki dalSich geofyzikdlnich metod.

Gravimetrie

Za prvni prakticky vyuZitelnd tihovd méfeni lze povaZovat az gravimetrické préce
pocinaje rokem 1954. Jednalo se o regiondlni ifhovd méfeni s hustotou jednoho méficiho
bodu na 2-3 km”. Detailni tithovy prizkum s hustotou 3—6 méficich bodt na km? jev
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zdjmovém tizemi provddén od roku 1970. Jeho dilcich vysledkl v uzemi mezi Sam-
bronem-Lipany vyuZili Cekan-Motkovsky (1982) k sestaveni map rezidudlnich
anom4lii 1ihového pole. Ukdzalo se, Ze mapa rezidudlnich anomdlii tihového pole s
polomérem vystfedéni 2 km zobrazuje litologické zmény hornin centrdlnékarpatského
paleogénu. Mapa rezidudlnich anoma4lii s polomérem vystfedéni 2—16 km naopak ziejme
charakterizuje (jak ukazuji vysledky reflexni seizmiky ) reliéf karbondth Centrélnich
Karpat. Vysledky tihovych m&feni byly souborné zpracovédny zejména Mencikem
(1957), Cekanem-Sutorem (1960), Ibrmajerem-DoleZalem-Mottlovou (1959), Ibrma-
jerem-Dolezalem (1962) a Ibrmajerem (1963, 1978). Vzhledem ke komplikovanym
strukturné tektonickym pomériim vychodoslovenského fly$e a jeho podkladu, i pfes fadu
feSenych problémd, je interpretace tihovych dat stdle velmi sloZitou.

Magnetometrie

wve .

Jak ukdzalo regiondlni magnetické méfeni s hustotou jednoho méficiho bodu na 2 az
3 km® provedené v letech 1955-1957, je charakter geomagnetického pole monot6nni
(+ 20 nT). To nepochybné souvisi s malou susceptibilitou flySovych komplexi i jejich
podloZi, resp. s jejich malou diferencni susceptibilitou. UvaZime-li, Ze m&feni bylo
konano se stiedni chybou * 4 nT, je zfejmé, Ze interpretace geomagnetického pole je
problematickd. Naméfeny materidl souborné zpracovali Ibrmajer-DoleZal-Mottlovd
(1959), Sutor-Cekan (1965), resp. Sutor in Kadlegik et al. (1977).

Fyzikdlni viastnosti hornin

Fyzikélni vlastnosti hornin byly méfeny na hlubinnych vrtech PU-1 Sambron, MLS-1
Humenné, Zboj-1, Lipany-1,2,3,4,5, HanuSovce-1, Smilno-1, Sari-1, resp. Presov-1
(ptil. 1). Komplexné zpracovala fyzikdlni vlastnosti hornin v z4jmové oblasti Pichovd
(1985).

Udaje o fyzikdinich vlastnostech homin json vyznamné ze dvou hledisek. Prvai
hledisko souvisi s vyuZitim téchto dat pi hodnoceni vysledki geofyzikdlnich metod.
Zvl4stni vyznam maji Gdaje o hustotdch hornin pifi interpretaci thovych mefeni v
oblastech postiZzenych tangencidlni tektonikou. Ondra-Handk (1989) zjistili celkove
vy$§i hustoty hornin bradlového pdsma vietng kiidovych komplexii a paleogennich
obalé — protskych vrstev — zejména oproti krynické jednotce a i oproti pfilehlému
centralnékarpatskému paleogénu. Z vysledkd detailnich tihovych méfeni vyplyv, Ze
zejména svrchnokfidové a rovnéZ i paleogenni obaly bradlového pdsma v dseku Plavie—
Lubotina a7 po pFitny pavlovsky zlom vyvoldvaji souvislon kladnou anomdlii.
Zvyraznéni této tihové anomdlie zfetelnd souvisi s vychozy puchovskych slini a
miZeme je sledovat z okoli MoSurova podél jizniho okraje bradlového pdsma aZz po
pavlovsky zlom. V§chodné od tohoto zlomu, spolu s vyznivdnim pichovskych slind a
néstupem flySového vyvoje svrchni k¥idy, tihovy projev bradlového pdsma zanikd. Je
pravdépodobné, Ze se tam i sniZuje hustota proCskych vistev.

Druhé hledisko se tykd obecného posuzovani probléma ropoplynonadé&jnosti dzemi.
Analyza fyzikdlnich viastnosti hornin, zejména hustoty a por6zity, prokdzala vysoky
stupeii kompakce hornin zejména centrdlnékarpatského paleogénu, a to jak podle
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vysledkil méfeni na povrchové odebranych vzorcich, tak i na jadrech hlubinnych vrti.
Husdk et al. (1986) ze stupné kompakce vyvozuji pavodni mocnost Sambronsk§ch vrstev
5-6 km. Oproti autorim se domnivdme, Ze kromé diageneze hrélo vyznamnou roli i
tektonické zhutnéni. Vysledkem komplikovaného vyvoje jsou velmi nizké primdrni
porézity hornin. V centrdlnékarpatském paleogénu, bradlovém pasmu i flySovych Kar-
patech prevaZuji hodnoty por6zity do 1 % (Pichova 1985). Je tedy zfejmé, Ze s vyjimkou
karbondtovych homin je nutno z hlediska kolekiorskych vlastnosti uvaZzovat pouze se
sekunddrni por6zitou.

Letecké a druZicové metody

Letecky magnetometricky a radiometricky prizkum v méfitku 1:200 000 je popsédn ve
zpravé Magina et al. (1960). Naméfené magnetické pole je v zdjmovém tzemi veelku
monoténni, Detailnim leteckym méfenim v méfitku 1:25 000, kierym byl zastiZen
zejména jiZni okraj zgjmového dzemi, byla zjiSi€na vyznamngjsi anomdlie pouze v
§ir§fin okoli Radatic. Gnojek (1987) ji povaZuje za projev bazického télesa. Pfi radiomet-
rickém priizkumu bylo naméfeno pole bez vyraznéjsich anomalii.

Metodami ddlkového prizkumu zemé byla zjiSt€na kruhovéd struktura v prostoru
Svidnik-Stropkov. Jeji vznik vysvEtluji PospiSil-Nemcok-Feranec (1982), resp. PospiSil
(1983, 1985) bud jeji pritomnosti na systému hlubinnych tektonickych linif, nebo jako
oblast kolizni zény odli§nych podloZnich blokid.

Refrakini seizmika

Celkova délka refrakéné seizmickych profild promé€fenych v zdjmové oblasti Cini
826 km (pfil. 1). Vysledky méfeni jsou zvefejnény v piisluSngch zprdvach a jsou také
obsahem komplexnich hodnoceni zejména Plivy et al. (1976, 1977) a KadleCika et al.
(1977).

Viechna zpracov4ni refrak&nich méfeni ve fly3i nardZela na potiZze podminéné seizimo-
geologickymi podminkami sloZité vrasovo-piikrovove stavby flySovych Karpat.

Z celkového hodnoceni podkladi refrakin{ seizmiky vzhledem k dosaZenym vrinym
a geofyzikdlnim vysledkim jak na naSem, tak i polském a sovétském tzemi vyplynul
nézor, 7e za podklad flySovych komplext by bylo mozno povaZovat refrakCni rozhrani
o hraniéni rychlosti vy$§i neZz 6000 m/s (KadleCik et al. 1977). Tenio ndzor viak
nepotvrdil vit Smilno-1, kiery v hloubce uddvaného rozhrani (5000 m) zastibl bazalni
polohy cerného flySe. Uvedend rozpornd zjiSt€ni vedla k zasiaveni refrakCné
seizmickych praci jak na naSem, tak i na polském a sovétském tizemi flySovych Karpat.

VérohodngjSich vysledki se dosdhlo refrakCni seizmikou v cenirdln€karpatském pa-
leogénu, kde ddaje vrtu Lipany-4 nejsou v rozporu s uddvanou hloubkou refrakCniho
rozhrani a kde je i obecny souhlas s v¥siedky reflexni seizmiky.

Vrind refrakéni méfeni

Metoda vrtni refrakce byla aplikovdna na hlubinnych viiech MLS-1 Humenné a
Lipany-1 {pfil. 1).
Vésledky ziskané na vriu Lipany-1 prokdzaly zna¢né anomality v Sifeni lomenych vin,
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ze kterych i pti tehdej$im jen omezeném stavu poznatki o hluboké stavbé vyplyvalo, Ze
se nejednd o projevy téhoZ rychlostiho rozhrani. Z téchto divodd byly dalsi prace
zastaveny. Ziskané idaje nasvédtovaly piitomnosti vétSiho mnoZstvi rozhrani, jeZ
nebylo moZno bliZe identifikovat. AZ z vysledki soucasného zpracovéni vyplynulo, Ze
tato rozhrani odpovidaji jednak reliéfu dolomitd v podloZi centrdlnekarpatského pa-
leogénu, jednak tektonickym plochdm - piesmykim — v centrdlngkarpatském pa-
leogénu, event. v bradlovém pasmu. Jejich vzdjemné oddéleni 2 materidlti vrtni refrakce
neni MozZné.

SeizmokarotdZini méfeni

Seizmokarotd? byla v zdjmovém Gzemi realizovdna na 11 hlubinnych vriech (Lipany-
1, 2 a 3, Saris-1, PU-1 Sambron, Plavnica-1, Hanu$ovce-1, Smilno-1, Zboj-1, MLS-1
Humenné, resp. PreSov-1, viz pfil. 1). Ziskané idaje daly konkrétni pfedstavu o ry-
chlostech elastickych vin v pracovni oblasti a umoZnily, zejména v centrdlnékarpatském

¥y,

paleogénu, vérohodny pfevod Easovych ddajii do hloubkového méefitka.

Reflexni seizmicky prizkum do roku 1971

Prvni reflexné seizmickd méfeni ve vychodoslovenském flySi oscilografickou
seizmickou aparaturou byla uskutetn¥na v letech 1959-1960 v okoli Adidovci a
Stropkova. V letech 1970-1971 bylo provedeno ve v. Césti flySe mEfeni analogovou
seizmickou aparaturou RX 24 S II. Seizmické Gdaje ziskané v analogové forme byly
pozdji prevedeny do digitdlni formy pomoci potitate EMR ADVANCE 6070. Reflexni
seizmickd metoda pfinesla v uvedeném obdobi obtiZné interpretovatelny materidl. Si-
tuace profild je zndzornéna v pfil. 1.

Reflexni seizmika v modifikaci SRB

Od roku 1972 byl reflexné seizmicky prizkum zjmové oblasti realizovdn v modifi-
kaci spoleéného reflexniho bodu (SRB). Do roku 1984 veemné bylo touto metodou
proméfeno 50 profili o celkové délce 477 km; kromé profild zahrutych do pred-
lo¥eného zpracovini, tj. do roku 1984 véemg, jsou v pril. 1 a 2 zakresleny i profily SRB
z let 1985-1986, tedy 64 profilll o celkové délce 669 k.,

Terénni seizmické prace byly realizovdny odpalovou technologii, nejast&ji stfedovym
roztazenim, zpo&dtku 6ndsobnym, od roku 1976 12ndsobnym pfekrytim. Vzddlenost
stfedd seskupeni geofonii byla 50 m . Registrace odraZenych elastickych vin byla
zaji$téna digitdlni seizmickou aparaturou SN 328,SN 338A nebo DFS IV. Do roku 1975
se jednalo o 24kanalové, pozdéji o 48kanalové seizmické aparatury. Vzorkovci interval
byl 2 ms.Zdrojem elastickych vln byly ndloZe primyslovych whavin o hmotnosti
20-30 kg, odpalované z vrtanych sond hlubokych pievazné 25-30 m. Metodika terén-
nich praci byla urfena zejména na zakladé parametrickych méfeni.

Do roku 1978 byla naméfend seizmickd data zpracovdvina na digitdlni seizmické
centrdle EMR 6070 fady ADVANCE, vybavené zapisovaci jednotkou TNR 91.
Seizmické programy umoZiiovaly standardni zpracovéni. Migrace seizmickych vin byla
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provddéna pomoci vdZené difrakcnf sumace. Od roku 1972 je v n.p. Geofyzika, Brno, v
provozu potita RDS 500, dopinény procesorem APOLLO a fizeny programovym
systémem GEOMAX (registrovand ochrannd znaCka firmy CGG). Oproti systému EMR
m4 GEOMAX podstatng Sir§i programové moZnosti. M4 napf. automaticky zpisob
vypottu rezidudlnich statickych korekci. V§znamni je i moZnost méfeni a zpracovdni
seizmickych dat na k¥ivocarych profilech technikou Slalom line (registrovand ochrannd
znatka firmy CGQG). Migrace seizmickych vin je realizovdna pomoci vinovych rovnic
(program WEMIG).

Jak ukdzalo zhodnoceni KadleCika et al. (1977) i dals{ prace zejména v okoli Smilna
v letech 1981 a 1984, nepfin4si metoda SRB v intenzivng zvrasnéném flySi vyznamn&jsi
vysledky. Pfi pracich detailngjiiho charakteru je moZno v seizmickych fezech vyClenit
nékieré mladSi piesmykové linie s plosSim dklonem. Ty byvajf prakticky jedinymi
souvislejSimi odraznymi elementy. Nejsou regisirovédny reflexy, jeZz by bylo moZno s
v&18f mirou pravdépodobnosti spojovat s reliéfem flySového podkladu.

V centrdlnékarpaiském paleogénu je moZno reflexni seizmikou sledovat reliéf
dolomitll mezozoika a pfesmykovou siavbu jak mezozoika, tak zejména paleogénu.
Jedn4 se pfevazné o poeocenni, pravdépodobné starodiyrské zp€mé presmyky od SV k
JZ, které vtiskly stavbé centrdlnékarpatského paleogénu, bradlového pdsma i krynické
jednotky vyznamné rysy. LeSko-Chmelik-Fusdn (1980) tyto tekionické linie podgi
vnitintho okraje bradiového pdsma nazyvaji lipanskymi pfesmyky. Jejich ovéfeni v
terénu a fefeni dalSich problému spojenych s mladou pfesmykovou tekionikou vyZaduje
tizkou spolupraci s mapérskymi specialisty siudovaného dzemi.

Pievod seizmickych dat z Casového oboru do hloubkového méfitka byl realizovdn
pomoci graft zdvislosti 2to(H). Byly zkonstruovédny pro kazdy seizmicky profil na
z4kladé geologickych modeld a didaji seizmokarotdZnich méfeni. Piiklad zjednoduiené
zgvislosti 2to(H) pro profil 42/82 je zakreslen v pfil. 3. Rychlosini poméry mohly byt
nejdetailnéji vysledovdny v §irSim okoli Lipan, kde byla provedena seizmokarotdZni
méfeni na vrtech PU-1 Sambron, Plavnica-1, Sari§-1 a Lipany-1, 2 a 3. P¥i uréenf rozsahu
piisobnosti t&chto rychlostnich zdvislost{ bylo vyuZito zejména tdajii podpovrchovych
rychlosti (piil. 2). Z4vislosti sifednich rychlosti na hloubce podle seizmokarotdZnich
tidajh vrid situovanych v zdgjmovém Gzemi jsou uvedeny na obr. 1.

Vysledkem zpracovdni a interpretace seizmickych dat jsou Casové a hloubkové
seizmické fezy s geologickou interpretaci. Jejich ukédzky jsou uvedeny na piil. 3 a obr.
2,3,4a5.

Hlavnim grafickym vystupem interpretace Casovych a hloubkovych seizmickych fezil
SRB je &asov4 mapa a strukturni schéma zakrytého reliéfu dolomitt triasu v podloZi
centrdlndkarpatského paleogénu (obr. 6, piil. 4). V zdjmovém tizemi povrch dolomitl
triasu vesmés generelné klesd k S az SV. Tento trend je pferuen vyraznym hibetem s
osou j. Sambron—Bajerovce-Krésna Liika—s.Krivany-Lipany—Cervena Voda—Sarisské
Sokolovee. Zavaznyin momentem piedloZené koncepce je interpretace plynulého pok-
raov4ni podkladu cenirdlnékarpatského paleogénu k SV za bradlové pdsmo (ve smysiu
ndzora NemCoka 1961, 1978), kieré 1ze s riznou mirou vErohodnosti sledovat aZ pod
vicholové &4sti Cergova. Lze se domnivat, Ze tihov4 anomdlie Bajerovee-Krdsna Lika
je kulminujici zénou reliéfu dolomiti.
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Vysvétlivky k obrazkdm a ptiloham

-

. Zavislost stfednich rychlosti na hloubce podle vysledké seizmokarotiznich méfeni. 1 - HanuSovee-1; 2 -
MLS-1 Humennsé; 3 - Lipany-1; 4 - Lipany-2; 5 - Lipany-3; 6 - Plavaica-1; 7 - Smilno-1; 8 - PU-1 Sambron;
9 - Saris-1; 10 - Zboj-1.

2. Seizmicky profil 19/76, tasovy fez s geologickou interpretaci (12ndsobné piekryti,vzdélenost bodd pfijmu
50 m; Sasové proménna filtrace a dekonvoluce, zvyraznéni koherence vinového pole, vlnové migrace). 1 -
centrilnékarpatsky paleogén; 2 - peliticko-karbondtovy vyvoj vyssiho mezozoika (alb-keuper); 3 - dolomity
stiedniho triasu (event. pestré biidlice a kiemence spodniho triasu); 4 - krystalinikum; LP - lipanské
piesmyky.

3. Seizmicky profil 22/78, Gasovy fez s geologickou interpretaci (12nésobné prekryti, vzdilenost bodd piijmu
50 m; asové proménns filtrace a dekonvoluce, zvyraznéni koherence vinového pole, vinova migrace). 1 -
centrilndkarpatsky paleogén; 3 - dolomity stfedniho triasu; 5 - povrchovy vychoz bradlového pasma; LP -
lipanské ptesmyky.

4. Seizmicky profil 2679, sasovy ez s geologickou interpretaci (12 - nésobné prekryti, vzdalenost bodi piijmu
50 m; dasové proménna filtrace a dekonvoluce, zvyraznéni koherence vinového pole, vinové migrace).1 -
centrilnkarpatsky paleogén; 3 - dolomity stfedniho triasu; S - povrchovy vychoz bradlového pésma.

5. Seizmicky profil 20/78-20A/78-20B/80, hloubkovy ez s geologickou interpretaci. 1 - odrazové elementy na
profilech 20/78 a 20B/78 odpovidajici reflextim : a - velmi vyraznym , b - vyraznym, ¢ - nevyraznym; 2 -
odrazové elementy na profilu 20A/78 odpovidajici reftexiim: a - vyraznym, b - nevyraznym; 3 - iklony vrstev
zjisténé na vt Sari§ - 1;4 - stratigrafické hranice; 5 - zlomy; 6 - piskoveové souvrstvi centratngkarpatského
paleogény; 7 - centrainékarpatsky paleogén ( pribeh jeho bize je zvyraznén Sikmym Srafovinim), 8- alb-lias;
9 - spodni las-keuper (peliticko karbondtovy vyvoj vyisiho mezozoika): a - spodni lias, b - keuper; 10 -
stiedni trias ( dolomity s anhydritovymi polohami), 11 - spodni trias (pestré bfidlice werfenu, kiemence), 12
- krystalinikum: a - granodiority, b - ruly, LP - lipanské pfesmyky.

6. Casova mapa reliéfu dolomiti triasu. | - bradlové pasmo; 2 - reflexné seizmické profily SRB; 3 - hlubinné
vity; 4 - zlomy; 5 - izochrony dvojnasobného Sasu po 1,0s; 6 - dtio, po 0,1 s; 7 - dito, po 0,05 s.

PHl. 1. Geofyzikalni prozkoumanost centralngkarpaiského paleogénu a flySového pasma vychodniho Slovenska (do
roku 1986). 1 - bradlové pasmo; 2 - predterciémi komplexy; 3 - centralngkarpatsky pateogén a fly$; 4 - neogenni se-
dimenty; 5 - neogenni vulkanity; 6 - reflexné seizmické profily SRB (silné jsou zakresleny profily 19/76, 22/78,
26/79, 20/78-20A/78-20B/80 & 42/82, ilustrované na obr. 2, 3, 4, 5 a pfil. 3); 7 - seizmické parametrickd méFeni (od
roku 1972), 8- reflexné seizmické profily (jednoduché prekryti - oscilograficks registrace, regulovany smérovy pri-
jem - RNP, hlubinné seizmické sondovani - HSS}; 9 - refrakéné seizmické profily; 10 - vriné refrakéni profily; 11 -
vity, najejich? jédrech byly m&feny fyzikalni viastnosti; 12 - vrty, na nich bylo provedeno seizmokarotaini méfeni,
resp. vertikélni seizmické profilovani;13 - vrty s provedenym vitn refrakénim méfenim. Vity: Han - HanuSovee,
MLS-1 Hu - Humenné, Lip - Lipany, Pl - Plavaica, Smi - Smilno, PU-1 Sam - Sambron, Sar - Sari, Zj - Zboj.

Pril. 2. Schéma podpovrchovyich rychlosti a oblasti pisobnosti rychlostnich kiivek zjisténych seizmokarotéznim mife-
nim navriech PU-1 §ambron, Saris-1aLipany-1, 22 3. 1 -bradlovépdsmo;, 2 - piedterciérni komplexy; 3 - centrilng-
karpatsky paleogén a flys; 4 - neogenni sedimenty; 5 - neogenni vulkanity; 6 - vity, na nichZ bylo provedeno
seizmokarotani mifeni; 7 - reflexnd seizmické profily SRB. Podpovrchovérychlosti vrozmezi: 8 - 2500-3000 m/s,
9 - 3600-3300 m/s, 10 - 3300-3600 m/s, 11 - 3600-3900 m/s, 12 - 3500-4200 mvs, 13 - 4200-4600 mis. Oblast pouZiti
rychlostni kiivky podle seizmokarotézniho méfeni na vrtu: 14 - PU-1 Sambron, 15 - Saris-1, 16 - Lipany-1,2a3.

PFil. 3. Seizmicky profil 42/82 (S4st). Nahote: &asovy fez s geologickou interpretaci (12ndsobné prekryti, vzddlenost
bodi pHjmu 50 m; Gasové proménna filtrace a dekonvoluce, zvyraznéni koherence vinového pole,vinova migrace).
Dole; hloubkovy fez s geologickon interpretaci a schematickym znézornénim zévislosti dvojnasobkn asu na
hioubce. Tato zdvislost vychdzi zejména z vysledké seizmokarotaznich m&feni na vitech Lipany-1, 22 3. 1 -
centrain¥karpatsky paleogén; 2 - dolomity stiedniho triasy; LP - lipanske presmyky.

Piik. 4. Strukturai schéma reliéfu dotomitii triasu. 1 - reflexné seizmické profily SRB; 2 - bradlové pismo; 3 - hlubinné

vrty, kieré ovéfily reliéf dolomitd triasu; 4 - hlubinné vrty, které skongily v centréinSkarpatském paleogénu; 5 -

zlomy; 6 - izolinie vertikalovych hloubek reliéfu dolomith triasu po 500 m, vztaZené k nulové hlading, 7 - dtto, po
100m.
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Velocity distribution modelling on building site of
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building site of the nuclear power plant of North Moravia - A case history. - Sbor. geol. V&d,
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Abstract: To determine local microearthquake hypocentres, detailed knowledge of local seismic
velocity distribution is required. For this reason a seismic survey along several refraction profiles
has been performed on the building site of the nuclear power plant of North Moravia. Refraction
data (travel times) from these profiles has been interpreted using 2D inverse technique described in
Firbas - Skorkovska ( 1986, 1988). Since this interactive program package has been used for the
first time with real data, individual steps of computation are described in some detail in this paper.
Resulting 2D velocity models for selected profiles are presented.
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Introduciion

The seismic hazard assessment of a nuclear power plant site requires delineating of
seismically active faults in its vicinity. An active fault can be revealed by determining
local earthquake hypocentres using microearthquake networks (Lee - Stewart 1981).
Local seismic velocity distribution must be known in detail for accurate and reliable
location of microearthquake hypocentres. If the number of stations in the network as
well as the number of the earthquakes recorded is high enough, then the velocity
distribution can be computed simulianeously with the hypocenter parameters uiilizing
data from local earthquakes. In Crosson (1976a, b) a method for such a simultaneous
inversion is described for 1D layered velocity model. The problem of 3D velocity
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distribution estimation from teleseismic data is solved e.g. in Aki - Lee (1976). Perhaps
the most straightforward approach is to determine the 3D velocity distribution inverting
travel-times from controlled blasts.

The microearthquake network on the site of the nuclear power plant of North Moravia
(Cidlinsky et al. 1986) consists of five three-component stations only, which seems to
be insufficient for the simultaneous inversion of hypocentre parameters and the 3D
velocity distribution. Therefore an additional seismic measurement had to be performed
to determine the velocity distribution. Seismic refraction method has been used along
eight profiles (see Fig. 1). Since the geological structure of the site is rather complex,
strong lateral velocity variations have been expected.

The inverse kinematic problem for laterally inhomogeneous (2D) structures can be
solved by the method of "trial and error”. This method is efficient in the case when the
used computer program is written as an interactive one. This idea was materialized in
the interactive program package 2-DIM (2-D Interactive Modelling) described in Firbas
- Skorkovska (1986).

In 2-DIM package a simplified method of solving the direct kinematic problem is used.
The approach used goes back to ideas presented in Aric - Gutdeutch - Sailer (1980) and
makes use of ray tracing ideas developed by Cerveny and Pientik (1981). Inthe approach
of Firbas and Skorkovska (1986, 1988) the x-z plane in which the velocity distribution
is to be approximated is automatically divided into a set of triangles fully covering the
model. At a point inside a triangle the velocity value is given by a linear combination of

s )
s o]

<2 VALASSKE

1. Geological map of the site with the situation of seismic profiles and microearthquake network stations.
1 - Neogene (Badenian); 2 — Neogene (Carpathian), 3 — Paleogene (flysh);, 4 — Culm; 5 — Devonian; 6 - 2
three-component station of the microearthquake network.
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model. At a point inside a triangle the velocity value is given by a linear combination of
the velocity values at the corners of the triangle. Consequently, the velocity gradient
inside any triangle is constant and the raypath inside each triangle is represented by a
part of a circle. In such a case the direct kinematic problem can be solved analytically.
The computation of raypaths and travel times is simple and fast.

In this paper we will describe the first application of 2-DIM interactive program
package to real field data. Therefore the computational procedure is being followed
step-by-siep including the data preparation stage. The possibilities offered by the
program are described from the point of view of an interpreter, not a programmer. The
authors' description of the program (Firbas - Skorkovskd 1986, 1988) is extended
wherever we feel it could be useful for an interpreter. The resulting velocity models for
selected profiles are presented to demonstrate the possibilities of the program package
and the algorithm used.

Data acquisition

At the stage of field measurements eight refraction profiles (named A to H) were
surveyed on the site. Their layout together with the simplified geological map is shown
in Fig. 1. Every profile connects two stations of the microearthquake network so that
these could have been directly used as profile registration points. The remaining 3
"off-profile" stations of the microearthquake network were registrating as well during
the profile measurements and so they have supplied us with additional "3D information”.

Each of the five stations of the microearthquake network is equipped with a three-com-
ponent geophone set fixed in a 6 m deep borehole. Three independent channels are
available for the data transmission from any station to the recording center. The three
signals from the three-component geophone are digitized, preprocessed and coded in ihe
station encoder. Then they are transmitted by radio to the central recording station of the
microearthquake network.

The two “"profile stations” of the network were temporarily reconfigured. Only the
Z-component of the three-component borehole geophone was used for registration and
the two remaining telemetry channels were used for the transmission of the data from
two "satellite geophones”, i.e. geophones which were situated on the measured profile
in a distance of about 2—3 ki from the borehole and which were connected to the station
encoder by a cable. Then the data from all three geophones (Z-component of the borehole
geophone and two satellite geophones) were transmiited to the recording centre. The
result of the above described reconfiguration was thai three recording points with
2-3 kin spacing were available instead of one single point.

By the reconfiguration of two "profile stations” of the microearthquake network 6
reception points were available. These points were supplemented by a standard seismic
prospection equipment situated at a suitable location near the middle of the profile. In
this case 10—14 geophones with 100 m spacing were used. To enlarge the number of
reception points, two pieces of special equipment (one-channel, real-time station with
analog registration) were used at every profile.
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2. Typical profile geometry. 1 — a three-component borehole geophone; 2 — a "satellite” geophone; 3 — the
geophone of supporting one-channel equipment;4 — the spread of the prospection seismic equipment; 5—a
registration device; 6 — shot points. .

The position of each geophone was surveyed with high precision ( few meters). As the
position of all geophones mentioned was kept fixed during the period of profile meas-
urements, no additional repositioning errors could enter the subsequent data processing.
To ensure good lateral resolution of the velocity model, shot points with relatively small
spacing (0.5 to 1 km) were used. Typical profile geometry is outlined in Fig. 2.

The absolute shot time was measured at each shot point with a special equipment and
the operation of seismic prospection equipment was started automatically by aradio shot
command as it is usual in reflection surveys. The network registration could have been
done in trigger mode, but for security sake the tape recorder was forced to register all
data well in advance of the planned shot time (15 to 30 s). The recording continued for
approximately 1 minute to cover all useful seismic waves. The connection between the
shot point and the network central station was maintained by radio. The detailed
description of ficld measurements can be found in Cidlinsky et al. 1986. The above
described way of refraction measurement (utilizing fixed positions of all receivers on a
profile during the survey) enabled us (o shorten the measurement period substantially in
comparison with standard methodology when a seismic spread is moved along the profile
and shots from individual shot points have to be repeated to get the profile wave field.
Further advantage of such a methodology was that the off-profile three-component
stations of the microearthquake network formed additional measuring points which
acquired additional data which could serve for a 3D velocity model study. The more
dense grid of shot points used (in comparison with a sparse grid in standard refraction
survey) allows to perform an energy attenuation study of the locality (needed e.g. for
microearthquake energy estimation) and last but not least it allows to calibrate the
network both kinematically and dynamically.
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Travel time curves

For each seismic profile, records have been organized according 1o the common point
of reception. Travel time curves (TTCs) have been formed after seismic waves were
correlated and their onset times determined. For this purpose mainly the picking mode
of an available interactive visualization program was used. The data from mi-
croearthquake network stations and seismic prospection equipment were converted to a
common computer format to enable correlation and onset picking with the same accu-
racy. The magnetic records from the supporting one-channel analog stations were
visualized, the onset times were picked on the analog records and the corresponding
TTCs were formed. It became obvious, that refracted P-waves were the only wave type
which could be reliably correlated over large range of epicentral distances. These waves
formed the first arrival in each seismic record. Refracted S-wave could be identified at
most records but the accuracy of its onset time reading was usually much worse than
that of P arrivals and had not therefore been used in the current interpretation. Although
essential effort was made, reflected waves were not reliably correlated. It is well known
that for layered media the first arrival TTC consists of several branches representing P
waves refracted in various layers. As the area under study was supposed to have a
complex structure with several layers laterally limited in space, the separation of the first
arrival "compound" TTC without good preliminary knowledge of the velocity structure
was not possible. This assumption about "compoundness” of the first arrival TTC was
verified in the course of the interpretational process and helped to avoid mistakes in
wave type identification. So the created "compound” TTC was divided into separate
segments corresponding to individual refracted waves only after some first stage of
interactive interpretation.

Corrections of travel fimes

The procedure described above gives the "raw" travel times which depend on a numnber
of factors, namely:
1) global velocity distribution along the profile,
2) local velocity distribution at the shot point,
3) local velocity distribution at the point of reception,
4) error of shot time reading,
5) error of onset time reading, and
6) transmission delay in the recording equipnfent.
ad 1) The dependence of iravel times upon the velocity distribuiion is the basic
relation for the problem at hand. By the inversion of this relation the velocity distribution
(strictly spoken only the model of the velocity distribution) can be derived. The other
relations (points 2—6) are treated as small disturbances to this one and are to be removed
from the data by comections.
ad 2 & 3) These faciors include the local deviations of real velocity distribution from
that represented in the model. The decision about which changes in velocity distribution
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can be represented in the model and which are to be treated as the local deviations
depends on the resolution power of the particular field measurement. In our case the
velocity distribution below the weathering zone was included in the model while the
influence of this weathering layer was removed by corrections. As the resulting TTCs
were organized according to the common point of reception, it is obvious, that the
corresponding reception point corrections shifts the TTC as a whole while the shot point
corrections will smooth it. The shot point corrections were computed from the known
charge depth and from the estimated velocity below the weathering zone. By such a
procedure the accuracy better than 10 ms was achieved for the shot point corrections.
Receiver point corrections could have been computed from the weathering layer parame-
ters (thickness, velocity). However, as the receiver point correction and the correction
for the registration equipment, delay act simultaneously, they were both wreated as a
single correction (see point 6 below).

ad 4) The error in shot time reading was less than 5 ms and could therefore be
neglected.

ad 5) The survey was planned in such a way as to ensure that the first onset on
individual traces could be read with accuracy of about 10 ms.To achieve this, test
measurements were performed on the site to find an optimum charge weight for proper
signal to noise ratio. The accuracy of 10 ms could not be improved substantially due to
sampling frequency used by the recording equipment. The microearthquake network
equipment operated with the sampling frequency of 125 Hz while the seismic prospec-
tion station used the sampling frequency of 250 Hz.

ad 6) As different types of registration equipment were used at various reception
points, the resulting TTCs were shifted with respect to each other. Because the exact
values of transmission delays of all equipment were difficult to measure, the appropriate
corrections have been derived from the data. By a minimization procedure we have found
the set of time shifis which gives the best agreement for all the reciprocal times on all
TTCs. This procedure also contained the reception point corrections and a very good fit
of reciprocal times was achieved. The maximum misfit of times at reciprocal points was
in the range of the required accuracy, namely 10 ms.

Travel time curves created by the above described procedures were used as input data
for forther interpretation by the interactive modelling program package.

Starting velocity model

The starting model creation was the first step of our interpretation procedure. Program
package can deal with velocity models consisting of layers separated by piecewise linear
interfaces. The maximum number of layers is 10. It implies that max. 11 interfaces can
be considered, the first of them being the relief and the last the bottom of the model.

The shape of each interface is defined by its intersections with vertical grid lines. Their
number can be up to 20. The first and the last grid lines form left and right boundary of
the model. The position of an interface between grid lines is determined by linear
interpolation. Interfaces must not intersect but the coincidence of neighbouring inter-
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faces is possible in any interval. In such a way rather complex struciuzes can be easily
modelled. :

The velocity distribution is described differently for the first layer and for the others.
It is well known that the first (uppermost) layer is ofien the most complicated one. This
fact is respecied by 2-DIM and a relatively complicated velocity distribution can be
defined within the first layer. The velocity values are specified in a rectangular grid
defined by vertical and horizontal grid lines. The vertical lines coincide with the lines
used for the definition of interfaces. The spacings of both horizontal and vertical grid
lines are arbiirary. The grid must cover the firstlayer completely. The first layer is limited
by the first and the second interfaces. The velocity along these interfaces could be either
interpolaied from the values at grid points or given explicitly by the interpreter. In the
case when the velocity along the first (or the second) inierface are given expliciily, the
values at grid poinis above (or below) the interface are ignored. After the velocity along
the interfaces has been specified, the first layer is automatically decomposed into a set
of triangles. The velocity at any point inside the first layer is then computed by linear
interpolation.

The velocity distribution within the second and furiber (lower) layers is described in
a more simple way. The values of velocity are given at the intersections of vertical grid
lines with both interfaces limiting the layer. As each inner interface separates two layers
and the velocity values are given for both the upper and the lower interfaces of any layer,
two independent values can be specified for the velocity at any point of the interface. If
these two velocities are different, the interface represents a first order velocity discon-
tinuity ai this point. If these velocities are equal, the interface corresponds o a velocity
discontinuity of the second order.

The velocity at a general point inside any layer is computed by the linear interpolation
method (Aric - Gutdeutsch - Sailer 1980, Firbas - Skorkovskd 1986, 1988).

Within 2-DIM program package the module MODEL handles all the work with
models. It maintains the catalogue of existing models, creates new models and updates
the old ones. It is designed in a very user-friendly way enabling the interpreier io create
a new model quickly and conveniently. For example it is not necessary to insert the
velocity values at all grid points within the first layer, the omitted values are automai-
ically filled in by linear interpolation from the specified ones. The velocity distribution
along a vertical grid line can be also given by a constant gradient. If the velocity is
constant along an interface,it can be entered as a single value. Every entered value can
be easily changed either inunediately or after finishing some block of input operations.

When preparing starting models we used information about the geological siructure
of the site and the resulis of previous geophysical (mainly seismic) measuremenis in the
investigated area (i.e. Cidlinsky et al. 1986). Having gained some experience we used
two types of interfaces in models, namely the interfaces of the first order and the velocity
isolines. Any interface between two geological units was represented as the first order
interface in the velocity model. In addition, several interfaces of second order were
introduced which did not represent any geological surface. The velocity was kept
constant along the second order interfaces, i.c. they represented velocity isolines. This
approach enabled us to describe the velocity distribution within a geological layer in a
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more detailed way by dividing it into several fictitious layers with different velocity
gradient. [solines corresponding to the same velocity values were used for all profile
models. These isolines were later used for the transformation of the set of 2-D velocity
models into one composite 3-D model (not described in this paper).

It is specific for our sitwation that the first layer of the model corresponds to the
Neogene sedimentary basin on almost all profiles (see Fig. 1). This basin is relatively
shallow and narrow in the directions of the profiles. Having in mind the limited
resolution power of the field measurements, we cannot make full use of the more detailed
velocity description offered by the program for the first layer. On the E-profile, where
this sedimentary basin is not present, the model could be represented as only one {the
first) layer and the velocity distribution could have been described by a grid. However,
for the reason of comparability, the way of modelling utilizing interfaces and isolines
was used for all profiles.

The input of travel time data is also supervised by the module MODEL. Each TTC is
characterized by its "shot point position" (which is in fact the point of reception position
in our case where the roles of sources and receivers are exchanged).

Each point on the time-distance curve is specified by its x-coordinate and the corre-
sponding travel time. When entering individual points of a TTC the interpreter may add
the shot point position with zero travel time for the reason of the graphic output.

Ray computation

Module RAY is the main part of the whole program package 2-DIM. It performs the
2-D initial-value ray tracing in the specified model and allows the interpreter to compare
the computed travel times with the field data and to update the model so as to improve
the fit of the computed and the experimental travel times. Since much attention is paid
to the description of RAY in Firbas - Skorkovskd (1986),only some notes useful from
the point of view of an interpreter will be presented here.

The picture of ray diagram and TTCs can be plotted on the graphic monitor or on the
four-colour plotter. The latter possibility proved to be the more convenient one and was
therefore preferred throughout the interpretation procedure. To improve the resolution
of the TTC pictures the reduction velocity 6 km/s or 8 km/s was frequently used.

There are two parameters entered for each ray to be computed, i.e. the shot point
position and the initial angle. The program checks whether the input coordinates of the
shot point fall within the limits of the model. When the z-coordinate of the source above
the first interface is entered, the program automatically places the shot point on this
interface. This very useful feature enables the interpreter to specify the shot point on the
Earth's surface without exact knowledge of its z-coordinate.

‘When the shot point position and the initial angle for aray have been determined,com-
putation starts. The path of the ray within the model can be followed on the plotter
directly in the course of the ray computation. The true raypath within one triangle, which
is a part of a circle, is replaced by a straight line for plotting purposes only. This
simplification speeds up the plotting of rays but sometimes (mainly when the ray touches
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an interface with strong velocity contrast) the interpreter may lose some useful informa-
tion, namely how close the ray has approached the critical angle for this interface.

The behaviour of the computed ray at the interfaces can be either specified beforehand
by a code or the ray can be controlled interactively, i.e. at every interface the interpreier
decides whether the ray should continue across the interface as a refracted one or whether
it should refleci. When only the refracied rays are of inierest, this can be specified
beforehand and the program does not stop at interfaces. The interpreier can also break
the computation of any ray, whenever he decides that it is not the one he wants. If a ray
cannot fulfill the requirements of the code (i.e. if it cannot reach the surface) the program
informs about the reason of this failure, which is often the impact of the ray at the botiom
or at the left or right boundary of the model. The use of the ray code is described in detail
in Firbas - Skorkovsk4 (1986, 1988). When a ray has successfully terminated, i.e. when
it has reached the surface, the computed travel time is plotted (against the x-coordmate
of the endpoint) into the prepared TTC plot.

It is the interpreter's responsibility to select the initial angles of rays in such a way that
their end points would cover all the range of the experimental TTC. It is well known that
several rays with quite different initial angles can exist which end at the same point on
the surface. These rays can correspond to various branches of refracted waves or they
can also represent the waves reflected at the interfaces inside the model. When the travel
times of those rays differ substantially, there is no problem to choose the ray which
corresponds to the wave branch whose travel times have been recorded in the field. When
the travel times of several rays with the same endpoint are close to each other, the ray
with minimum travel time should be selected for further interpretation because very often
it is the one the onset time of which has been picked on the field records.

Sometimes finding the initial angle for which the corresponding ray ends within a
desired range of epiceniral distances might be rather difficult. It is well known that the
epicentral distance is a very sensitive function of initial angle in the situation when the
corresponding rays strike some interface with strong velocity contrast under the angle
slightly less than critical. Although we often know that the initial angle resulting in the
demanded epiceniral distance exisis and, moreover, we also know the interval within
which the angle falls, still a rather time consuming procedure is required to find it. We
therefore expect to supplement the program with a simple routine able to find the ray
which ends in the point specified. In such a way only the'successful rays would be
ploited. This improvement would speed up the useful ray finding procedure and relieve
the interpreter of some portion of routine work. As an automatic two-point ray tracing
in 2-D structures is a complicated procedure, the simple routine which we expect io
implement should handle only those specific cases when the interpreter is sure about the
existence and about the initial angle limits of the desired ray.

Model updating

Having obtained a set of computed travel times the interpreter can proceed to the most
important and the most difficult part of the interpretation procedure. He has to compare
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the computed travel times with the experimental TTCs, to consider the misfits and
subsequently to try to improve the velocity model.

An experimental travel time curve is given as a set of discrete points in the (x, t) plane.
Since it is very difficult to find the ray terminating exactly at the point where the
experimental travel time is available, an interpretation method for the experimental
TTCs is needed. The most simple of such methods, i.c. the linear interpolation, is
performed by the plotting routine, so that the resulting experimental travel time plot is
piecewise linear. This approximation is quite sufficient in most cases, so that the lines
connecting the data points can be considered the part of the TTC and the computed travel
times can be fitted to them. Some caution is needed when the data points are sparse or
the relief between the endpoints varies strongly.

Nevertheless, there are parts of the TTCs where the linear interpolation of travel times
fails completely. As mentioned above, experimental TTC may not represent a single
seismic wave, but at each receiver position the wave with the shortest travel time is
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represenied. Thus there is a possibility that the two subsequent TTC points correspond
to different waves (or TTC branches) and the siraight line inierpolated between them
must not be taken as a part of the TTC. Such connecting line has no physical meaning
and the compuied travel-times must not be fitied to it. The difficulties described above
can be expecied wherever the slope of an experimental TTC changes substantially. The
interpreter should reveal such cases and be extremely careful when fitting the compuied
travel-times at those epicentral distances.

By making some changes in the velocity model the interpreter can improve the fit of
the computed and the experimental travel times. After obtaining some experience this
procedure is fairly straightforward and fasi.

In this case the best way 1o obtain the velocity model consistent with the field data
was ( in consent with Firbas - Skorkovskd 1986, 1988) to fit the travel times in smaller
epicentral distances first. By this method the shallow parts of the velocity model were
modified first and they usuvally need not be corrected in latter stages of the model
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improvement procedure. The iteration procedure was stopped when the fit better than
20 ms was achieved for most experimental TTC points. In most cases we were able o
get a satisfactory fit in less than ten iterations.

In Figs. 3-5 the development of the velocity model at the D-profile is illustrated. Fig.
3 shows the initial model. In Fig. 4 the updated model after the first iteration and in Fig.
5 the final velocity model after the 9th iteration is presented. Only three travel time
curves are plotted in each picture, nevertheless all experimental TTCs were respected in
the procedure of improving the model. The experimental travel times are marked by
vertical bars while the computed times by asterisks. As can be clearly seen, the fit of
travel times s much better after the first iteration (Fig. 4) than for the initial model (Fig.
3). For the final velocity model very good fit was obtained (Fig. 5).

To demonstrate the complexity of the models obtained we present the final models for
the profiles E, F and H at Figs. 6 to 8, where the interfaces of the first order and the
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6. Example of the resulting 2D velocity model for profile E.

interfaces of the second order (velocity isolines) are plotied by the solid and the dashed
line respectively.

Conclusions

The method described in Firbas - Skorkovska (1986, 1988) was used to derive 2-D
laterally inhomogeneous velocity models based on the seismic field measurement
performed on the building site of the nuclear power plant of North Moravia. The
interactive program system 2-DIM developed by the authors of the above mentioned
papers was used here for the first time with ficld daia.

During the process of computation some important features of the program sysiem
became obvious:
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a) rather complicated laterally inhomogeneous velocity structures can be approxi-
mated with a satisfactory degree of accuracy and the corresponding velocity models can
be constructed easily,

b) input field data (travel times) can be entered rather conveniently,

¢) the calculation of rays is fast enough, and

d) the composed plots (ray diagrams combined with both experimental and compuied
travel times) supply the interpreter with all the information necessary for fast and
successful model updating, so the acceptable fit of travel times can be obtained in a
relatively low number of iterations.

K tisku doporudil I. PSenitk
Prelofil V. Dvoidk
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Modelovani rychlostniho rozlozeni
na lokalité jaderné elekirarny Severni Morava

(Resumé anglického texiu)
Vladimir Dvofdk - Petr Firbas - Zuzana Skdcelovd
PredioZeno 1. fervence 1988

V soudasné dobd stdle narisid pozomost vénovand sledovdni seizmicity lokalit
velkych staveb, zejména jadernych elekirdren. Pomoci citlivych seizmologickych
méfend je statisticky sledovéno Casoprostorové rozloZeni ohnisek mistnich zemétfeseni
a na zdkladg t&chio dat je vyhodnocovano piipadné seizmické ohroZeni lokality.

Pro pfesné a spolehilivé urfeni ohniska zaregisirovaného seizmického jevu je nezbyind
dobr4 znalost rychlostniho modelu dané lokality. PTi sestavovani se vychazi ze znalosti
o geologické stavbé tizemi a z vysledkd pfedchézejicich geofyzikdlnich (pfedeviim
seizmickych) méfeni. Pfi nedostatku t€chto dat je nutno pro sestaveni spoleblivého
tHrozmémého rychlostniho modelu provést a vyhodnotit specidlni méfeni.

Na lokalit@ jadeiné elektrdrny Seveini Moravd bylo proméfeno celkem osm re-
frak&nich profilii. ProtoZe geologick4 stavba zdjmového fizemi je dosti sloZitd, bylo
nuino ofekdvat, ¢ vysledné rychlostni modely budou silng laterdlng nehomogenni.
Obrscend kinematickd vloba seizmiky v dvourozmémém laterdln€ nehomogennim
prostiedi je sloZity problém, k jehoZ feSeni je vypracovdno mnoZstvi metod. Zvolili jsme
feSeni pomoci potitalového modelovani s vyuZitim programového systému 2-DIM
(2D-Interactive Modelling), vyivofeného v s.p. Geofyzika Brno. Pro sestaveni 2D-
rychlostniho modelu pro zpracovavany profil se pouZiv4 izv. metoda ,.trial and error”,
kde je pro zvoleny potéietni model feSena ptim4 kinematick4 seizmicka tloba, tj. jsou
spotteny teoretické hodochrony, kieré jsou porovadny s hodochronami naméfenymi. Na
zdklad® tohoto srovndni je zménén model a jsou pro ndj spolteny nové teoretické
hodochrony. Timto postupem lze jiZ po nckolika iteracich dojit k dobré shodé
teoretickych a naméfenych hodochron.

V &ldnku je podan podrobny popis programového systému 2-DIM z blediska uZi-
vaiele, protoZe jde o jeho prvai pouZiti na redlnd data. Postup v§pociu je sledovan krok
za krokem véeiné piipravy dat. Pozornost je vénovana nékierym nedostatkiim, kieré se
v systému vyskytuji. Aby byly demonstroviny moZnosti programového systému a
pouZitého algoritmu, jsou pfedkiddany vysledné 2D-rychlostni modely pro tfi vybrané
profily. '

VysvBilivky k chrazkium

—

. Geologick4 mapa oblasti se situaci seizmick§eh profilii a stanic sit¢ detailnfho seizmického rajénovani

(DSR).
1 — neogén (baden); 2 — neogén (karpat); 3 — paleogén (fly¥}; 4 — kulm; 5 — devon; 6 — tfisloZkové stanice

sit¢ DSR.
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2. Typické uspofdddni profilu.
1 — tFisloZkovy geofon ve vrwe; 2 — ,satelitni“ geofon; 3 — geofor podptirné jednokandlové aparatury; 4 —
roztaZenf prospekéni seizmické aparatury; 5 — registralni za¥izenf; 6 — body odpalu.

3. Postup v¥pott. Paprskovy diegram, nam&fené hodochrony (I} a vypolttené &asy $ifeni (*) pro startovaci
rychlostni model na profilu D. Rozhrani prvaiho {4dn , izolinie - - - -,

4. Postup vypoétu. Paprskovy diagram, naméfené hodochrony (I) a vypottené Easy Sifeni (%) pro zlepSeny
rychlostni model na profilu D (po prvni iteraci). Rozhrani prvatho fddu , izolinie - - - -.

5. Postup vypoétu. Paprskovy diagram, namdtené hodochrony (I) a vypodtené Easy Sifeni (¥) pro koneén§
rychlostni model na profilu D (po 9 iteracich). Rozhrani prvaiho ¥adu , izolinie - - - -.

6. PHklad vysledného 2D-rychlostniho modelu pro profil E.

7. PFiklad v¥sledného 2D-rychlostntho modelu pro profil F,

8. PHiklad v¥sledného 2D-rychlostafho modelu pro profit H.
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Abstract: Satellite images revealed an extensive deformation on the southern slopes of the Nizke
Tatry Mits. range. This deformation can be ascribed to a group of gravity nappes. Geological survey,
however, neither confirmed nor negated its existence. Therefore, a detailed analysis of aerial images
was carried out on the scale of 1:35,000. Analytical interpretation led to the construction of a special
morphotectonic and geodynamic scheme of the area, supported by the various geophysical data.
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Introduction

The complex analysis showed that during the Tertiary the southwestern part of the
Nizke Tatry Mis. presumably had the character of a horst whose relative fast uplifis had
been caused by active deformations within the fundament (Fig. 1). Complicated faulis
or fracture systems of great diversity were found, many of them of the strike-slip
character. Also expressive dissection of the relief, the chaotic arrangement of levelled
suifaces and nuinerous geodynamic features outline the intricate geological environment
and complicated Late Alpine development of the whole structure.
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Methodology

In the interpretation of images we proceeded in the following methodological steps:
— evaluation of the tectonics of the area, with fegard to orders of faults, fault zones,
fracture zones, etc. and to the analysis of the drainage system,

— analysis of the morphological features, reflecting the peculiarities of the geotectonical
development of the area (the relief forms, levelled surfaces, eic.),

— distinction of geodynamic processes and other geodynamic phenomena,

- re-evaluation of the previous and recent findings concerning the geological-tectonic
development,

— evaluation of the latest geophysical and structural-geological data, correlation of data
yielded by the individual research methods applied, and

— compilation of data, construction of maps and cross-sections.

The purpose of the chosen methodological process was to realize a complex analysis
of the geological environment with emphasis on its properties and behaviour. Results of
analytical processing of stereoscopic models, regional geological and geophysical sur-
veys and other studies were synthetized into an organic set of information on the study
area.

Analysis of morphological features

Geomorphological research in the area (Skvartek 1973, Skvartek pers. com., Kostalik
1971) showed the heterogenous nature of the relief leading to expressive difference in
elevations of levelled surfaces in midmontaneous and river systems. The morphological
analysis realized on the stereoscopical model confirmed this relief destruction into
various individualized blocks and strips, their héights extraordinarily differentiated. As

RuZomberok

. Area of the southern slopes of the Nizke Tatry Mits. (part of the LANDSAT image and its interpretation).

—
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it is indicated by contemporary investigations these are results of various, not yet sirictly
distinguished movements and of the selective exogenetic destruction of rocks. Neither
the extensive gravity movement on the southern slopes of the Nizke Tatry Mis. can be
excluded. This assumption is supporied by the height differentiation of the midmontane-
ous levelled surfaces (in absolute values from 850 to 1,400 m a.s.l.) and of the river
terrace system (100 to 300 m relatively above the Hron River valley). Due to the extreme
morphological conditions it was possible only to range following groups of levelled
surfaces:

I.less than 700 m as.l,,

2.700 0 1,000 m a.s.l.,

3. 1,000 to 1,300 m a.s.1., and

4, more than 1,300 m a.s.l.

Analysis of fauli and fracture systems of the rock mass

Three basic stages of the Alpine cycle are decisiv in the tectonic development of the
Nizke Tairy Mts. (Andrusov 1958, MaheTl 1986).

1. Upper Permian to Middle Cretaceous (Paleo Alpine), closed by the folding of the
central West Carpathians and by thrusting of the Mesozoic nappes in the Upper
Cretaceous.

2. Lower Cretaceous to Miocene (Meso Alpine) closed by folding of the outer Flysch
Belt and thrusting of flysch nappes in the Lower Miocene.

3. Lower Miocene (Badenian) to Quaiernary (Late Alpine) — neotectonic, with volcanic
activity, horizontal and vertical movements leading to the contemporary mosaic
configuration of the West Carpathians to ridges and depressions. The movements have
been taking place up to the present time and have manifested ihemselves by seismic
activity (Pospisil et al. 1985, Schenk et al. 1979).

The late Alpine movements resulted in the general uplift of the West Carpathians with
expressive differentiation of movements of individual blocks along transcurrent faults,
mainly of the NE-SW direction. This movement in the principal direction of horizontal
stresses from the south resulted in the motion of the eastern part of the West Carpathians
to the north and northeast.

Two areas with different uplifting-subsiding tendencies were distinguished in the
study region:

1. The subsiding Hron River valley from the ENE to WSW foliowing the post-Paleo-
gene megasynclinal depression and the adjoining depressions. The Mesozoic folds have
the characier of subhorizontal thrusts making sharp angles with post-Paleogene faults
causing the subsidence of the Hron River valiey.

2. The elevation area of the Nizke Tairy and Velkd Fatra Mts. and the northern pari of
the Vepor Mis. with an uplifting tendency where the key role in forming the fracture
tectonics was played by recent differential movemenis at the Late Alpine evolution stage.

It was impossible to find out on the satellite images which linear elements belong to
older evolution stages and which to the Late Alpine development stage. According to
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the development and diversity of the geomorphological features it can be assumed that
the majority of fault and stractural-tectonic features are from the laiest evolution stage
or are results of several stages. For instance, the linear Hron River valley is presumably
based on one ancient fault in partial segments documented by linear, steep and sporadi-
cally facetted slopes. The facets in valleys were taken as a criterion for interpretation of
faults (e.g. numerous facets along the northern part of the Korywmice River valley
indicating the Revica fault line).

The fault and fracture zones are best characterized by the configuration of the drainage
system. It can be assumed that the river follows the lines or zones of tectonic or
lithological "weakening”. In this way the principal directions of prevailingly linear
tectonic zones, dislocations and shorter fault-fracture elements were distinguished
(Fig. 2):

1. NE-SW, ENE-WSW systems {western branch of the Revica fault zone, the Hron
River valley and the system of lines in the east of the area). In this direction runs the
Hron lineament (PospiSil et al. 1986) interpreted as a transcurrent fault with a large
dextral strike-slip.

2. NW-SE, NNW-SSE (the eastern branch of the Revica fault zone and transverse
faults between Ludatin and Brusno, in the East the Rohoznd and Cierny Hron River
fault).

i
1
L
e i N
-1 & By
\f‘; | }(’Uaovskékog;
il .}r"\i'éﬁ\ L
\.9 s . ':::arqu'
iy ol
ENLE i
T £
e TR AT

S |

p
e rad e A 3 E

4.
X Ta
i 13
gt
()
hY
;’
3
PN
Yn oreme

d

X
A
>

!

,
N5y jovor .

- h
) s} od

2. Tectonic analysis of the southern slopes of the Nizké Tawry Mts. from aerial images. 1 — fanlt fractures,
2 - faceted slopes.
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3. N-S faults forming important valleys in this direction on southern slopes of the
Nizke Tatry Mits. as well as the northern part of Reviica fault system.

All the tectono-structural features are indicated by the forms of valleys, abrupt changes
of drainage system, spring lines, erosional features, morphological siructures, etc.

Analysis of geodynamic processes

Important secondary factors, demonsirating the dynamics of the geological environ-
ment, and of all exogenetic processes, are geodynamic phenomens.

The following factors were in the focus of the interesi:

1. slope deformations (creep, slide and fall gravity deformations, taluses, block
disintegration and block fields),

2. erosion elements (gully and sheet erosion, erosion edges),

3. surface karst phenomena (sinkholes, areal and linear surface karst elements),

4. forming of proluvia (young alluvial cones), and

5. weathering.

Slope deformations. The relatively new results of tectonics, engineering-geological
and geophysical investigations show that numerous siructures at the Earth’s surface so
far related to the dynamics and mechanism of tectonic (plicative and disjunctive)
movements are actually connected with gravitational tectonics. In the Vefkd Fatra Mts.
such deformations are represented on top ridges in the vicinity of elevation poinis Zvolen
Mt. (1,402 m a.s.l.), Chabenec Mt. (1,955 m a.s.l), Krizna Mt. (1,574 m a.s.l.), eic.
{(Nemcok 1982).

Along the mountain ridges they form a linear succession and may represent a boundary
of the active root area of an extensive gravity deformation.

The slides could be well identified on the Vefk4 Fatra Mits. slopes (Tureck4 valley),
on the Nizke Tatry Mits. slopes (S of the village Dolnd Lehoia, PraSivd Mis., Kozi chrbét
Mt, etc.), but namely on the slopes of intramontanous basins, e.g. near Lubietova village
(Fig. 3). Their direct connection with the significant iecionic Reviica zone cannot be
excluded.

Erosion phenomena. Two types of erosion can by encountered in the area of interest:
gully erosion and sheet erosion. Due to a large uplift of the mountain, an intensive
drowncutting of water flows took place and created a variable erosion relief with various
types of the water system. At the present time the size of the erosion downcutting and
its extension depend on the gradual disintegration of the rocks and on climatic changes.

In places of tectonic or lithological weakening mainly on the steep slopes a consider-
able progress of back erosion can be observed (Fig. 3). Scours, deep ravines and gorges,
and also flat closures of mountain valleys in the top parts of the ridges are formed. In
the greater part of the area, back erosion has modelled the top paris into sharply-cut
shapes and thus disintegrated ancient structural planes.

Karst phenomena. Karstification is scarce in the area of inieresi due to the relatively
rare occurrence of soluble karsi carbonate rocks. Its surface elements can be encountered
only in the south-western part near the village Poniky and Nemeck4 where the sinkholes
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3. Analysis of geodynamical phenomena. 1 — slope deformations generally, 2 - talus creep, 3 — block rifts,
block fields, 4 — individual blocks, 5 — scarps, 6 ~ landslides, 7 — alluvial fan, 8 — gully erosion, 9 - erosion
edge, 10 — sheet erosion, 11 — proluvial cones, 12 - sinkholes, 13 — karst valleys (after Varga - Lada 1988).

SR M
. y:L,l}., l

.,
g
DO
..

4. Geological scheme of main fauit and fracture systems. 1 — neogene, 2 — seovolcanic products, 3 — Paleogene,
4 — Mesozoic complexes, 5 — Paleozoic and crystalline complexes, 6 — granitoids, 7 — metamorphites, 8 —

amphibolites, 9 - known and interpreted faults.
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form small groups of greater or smaller depressions. Linear arrangement indicating
occurrences and systems of tectonic lines cannot be observed (Fig. 3).

Other phenomena. Among the best identified phenomena belong proluvial cones. On
images they are clearly visible by the tributaries of the Hron River.

The most intensive products of weathering in the diversified relief remodelled by
erosion and denudation activity were transported away.

Correlation of remote sensing,
regional geological and geophysical data

The position of fault zones, fault lines and other structural features manifested by
means of remote sensing, corresponds to regional geological and geophysical data in the
study area is in a good agreement. First of all, the stereoscopic interpretation of various
images produces much more continuous picture (and complex resulis) than geological
or other maps on different scales. Evidently, the interpretation criteria allow an identifi-
cation of faulis also in the places where they have not been the corfirmed by field
mapping. All the identified faults are mostly wide zones of the highest inhomogenity
rate in terms of secondary lithological changes, fragmentation or blockiness. They are
all very expressive in the morphology. In this connection of greatest significance is the
confirmation of extraordinarily manifested tectonic zone, corresponding partly to the
Reviica fault system. First of all the interpreted branching into the two separate sysiems
(Fig. 4) was of significance. One of them, N-S or NNE-SSW system, progresses along
the Reviica River valley and indicates the continuation of important regional tectonic

A Il P B ol T )

HARY Banckad T
LY anska » ©
i Bystricdy
y “E‘. Noa T

5. Map of vertical density boundaries and earthquake foci. 1 — interpreted fault, 2 - vertical density boundary,
3 — earthquake focus.
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boundary — so called PovaZansko-lhraésky fault system. The second branch in the
direction NNW-SSW could mark the indication of the west border of the Nizke Tatry
Mis. gravity deformation. The analysis of satellite, aerial and radar images confirmed a
great relief diversity, frequent changes in its morphological forms, development of
gravity elements on slopes, etc. within the entire Reviica system.

The map of vertical density boundary (Fig. 5) was based on the gravity data which
demonstrate the diversity and frequent tectonic delimination of structural blocks. the
interpreted tectonic lines often coincide with density boundaries or with places of
discrupted correlation. The loss of correlation can be observed along the entire lenght
of the Reviica fault zone, Hron lineament etc. Geophysical data focussed our interest to
the disruption of the NW-SE branch of the Reviica system. This not exactly limited wide
zone is deformed there and along about 5 km it is bending to the WNW-ESE direction.
It may be the crossing point of several tectonic faults with variable orientations.

The tectonic predisposition of the Hron River between Banskd Bystrica and Brezno
where two distinct NW-SE and NE-SW striking faults have been interpreted, can be
supported by an intensive gravity gradient. Many of interpreted structural and tectonical
boundaries, e.g. Myto-Tisovec fault zone, Certovica line have been confirmed by
geoelectric, magnetometric and gravity data.
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6. Relationship between the zone of the induced polarization anomalies and interpreted faults. 1 — fauits and
fractures, 2 — zones of interpreted faults, 3 — faces, 4 — creep deformations, 5 — alluvial fan, 6 - slope
deformation generally, 7 — horsts, 8 = block rifts, block fields, 9 — erosion edges, 10 — midmountaneous leveled
surfaces (850—-1,400 m a.s.l.), 11 — magnetic anomaly (+40 nt), 12 — induced polarization anomaly.
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The broader surroundings of the south slopes in the middle-west part of the mountain
has been the focus of investigations for ore prospecting. Geophysical measurements and
aerial photographs yielded a detail picture of the tectonics of the area. Mapping of the
so called "productive zone" showed equal values of resistivity and polarizability to those
of the immediate surroundings of the existing deposit (Vybiral et al. 1986). The zone of
the anomalous induced polarization values strikes from the NE to SW and it is evidently
bounded by fault zones (Fig. 6). Tectonic lines interpreted on the images disturb this
zone in form of shifts and disruptions so that it proves the particular inierest from the
viewpoint of tectonics, geological structure and mineralization in this area.

Obtained geophysical data from various methodological stages cannot be fully illus-
trated in the geological cross-sections, but only in a schematic section (Fig. 7). It is
because of an unclarity in the geological interpretation of the Nizke Tatry Mits. structure
itself. Moreover, new seismic and magnetoteluric data on transcarpathian profile 21
(Tomek et al. 1989; Varga - Lada 1988) provide a picture completely different from the
one so far assumed. In thai way the new proofs and criteria for verification of the so
called "gravity nappe" and the Hron lineament (Klinec et al. 1985, PospiSil et al. 1986)
do not exclude the influence of Late Alpine tecionics.

In geomagnetic data, the most expressive anomaly is the Myto-Tisovec fault zone
accompanied with Tertiary volcanites and the Revica fault zone which probably served
as the cahnnel way for volcanic products.
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7. Geologicat cross section over the Nizke Tatry Mts. with results of geophysical investi gations. A g p — gravity
curve, A T — magnetic anomalies curve, resistivity values interpreted from the magnetotelluric curves.
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8. Dynamics of the Reviica fault system. 1 — the Vajskové conglomerates, 2 — sediments of mottled series
(pre-Lutetian), 3 — dolomitic conglomerate facies, 4 — sediments of the Podkonice series, 5 — sandstone -
conglomerate facies, 6 — claystone lithofacies, 7 — regressive facies of Oligocene, 8 — gravel (Pliocene), 9 —
neovolcanics, 10 — known faults, 11 - interpreted faults and fractures, 12 — overthrusts, 13 — earthquake
epicenters.

Seismotectonics of the area

The data on the occurrence of strong earthquakes (Broucek 1987; Prochédzkovd -
Kérnik 1978; Schenkova - Kdrnik 1988) in Central Slovakia (Fig. 8) mostly come from
an earlier period so that the positions of some shock epicentres around the Reviica fault
system might be inaccurate. Nevertheless, it can be shown that except for the earthquakes
confined to the Verona-Semmering-V4h lineament in the West Carpathians (Schenk et
al. 1985; Buday et al: 1986), great part of the earthquakes in Central Slovakia are
confined to the surroundings of the Hron and Reviica fault systems.

The earthquakes originating in Central Slovakia are bound to the area of broader
surroundings of the town Banskd Bystrica. To a certain extent, their occurrence can be
correlated with the region of the intersection of the Reviica fault sysiem and the Hron
tectonic zone. The most interesting, and in fact unclarified, is the strong shock of June
5, 1443 (8°-9°MSK), which caused serious damage in a large area. In contemporary
writings a shock felt in Hungary, Moravia, Poland, Bohemia and in Austria is mentioned.
From the fragmentary information available, its position cannot be determined with
sufficient accuracy, however: its location was most probably in the broader neighbour-
hood of Bansk4 Bystrica (K4rnik et al. 1948). The depth of this earthquake is estimated
at 25 km. Its origin could be bound to the Hron tectonic zone, for even some other
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earthquakes (1855, 1862) of an intensity of 6°~6.5° MSK are found in this zone between
Bansk4 Bystrica and Cubieiovd. The focal depths of the earthquakes of this region vary
within a range of 4—12 k.

The earthquake occurrences (Figs. 5, 8) can be associated with the weakened places
of the Hron and Myjava-subTatra tectonic zones, among which the Reviica fault sysiem
passes or rather parallel zone lying 20-30 km west of the Reviica zone.

Even though we know 18 earthquake shocks in the area under investigation, the paucity
of direct recordings did not allow us to determine the fauli plane solution for any of
them.The laiest earthquakes, from June and November 1989, have not been processed
yet. Nevertheless, the available seismological material enabled us to determine the
directions of decreased seismic energy (Fig. 8, Schenk et al. 1989). We made use of the
isoseismal maps known for some of the mentioned shocks, all of them being in the south
part of the area investigated. The radius differences of the isoseismals characterize a
different degree of seismic energy attenuation with distance; positive values correspond
to the direction of lower attenuation, i.e. to the direction of the structure-tectonic
elements. The performed analysis shows that in the valley of the Hron river, EW or
actually ENE-WSW directions prevail. Their coincidence with the hron tectonic zone
direction is very good (PospiSil et al. 1986).

In addition to the data on earthguake occurrence, we utilized the results of gravity and
magnetic measurements of this area (Obernauer 1980) and the correlations of seis-
mological data with the course of photolineations determined from satellite images
(Pospi3il et al. 1985). It appears that conirary to the previous interpretations, we can
include into the dexiral transcurrent system evan its broader surroundings, i.e. even the
tectonic zone that bounds the crystalline basement of the Velkd Fatra Mts. in the east
side. According to gravity data, the zone continues to the southwest as far as the western
margin of "the Staré Hory tectonic window" (Andrusov 1965). All the interpreted
disturbances are manifest in the gravity field by sharp gradients, which segment them
into a series of narrow elongated positive zones corresponding to incised mesozoic
carbonate complexes (young grabens).

1t is understandable that an analysis of the fault movement activity cannot account for
the entire time-and-space development of the study area. The character of fauis,
hawever, suggests the probable force conditions that must have existed in a given area
under the origin of the boundary sysiem. A paleogeographic analysis of the Tertiary
development of the area revealed an uplift tendency of the Low Tatra region with respect
to its surroundings until the Pliocene period (Klinec et al. 1985). The cyclic characier
(pulsations) of the uplift seams to have had a rapid course in the last period, which was
apparently evoked by the horizonial movements of the Carpathian blocks along the faults
of NE-WS and ENE-WSW direction (Janki et al. 1984; PospiSil et al. 1985, 1989). Those
faults are buried and seated under Tertiary sediments in the crystalline basement. On the
surface, only fragments of these faults can be seen (e.g. SirdZovské vichy Mis., the
Vysoké Tatry, Vepor part of Slovenské Rudohorie Mis., Vienna basin eic.). The Reviica
fault system, which has a dextral character of movement, connects Hron and Myjava-
subTaira tectonic systems of a higher order and can thus be regarded as a second order
system of wrench faults.
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The configuration of the faults of Revica disturbance system indicates that the origin
of the 2nd-order faults must have been sided by a tectonic predisposition of the area that
increased the depth reach of these boundaries. This is also evidenced by the rise of
intermedial magmas along these faults to the surface (volcano Polana). The liveness of
these Faults is also confirmed by the present knowledge of the earthquake occurrence in
the area under study. Present earthquake activity is known from the Reviica reiver valley
and its south continuation.

Conclusions

The purpose of contemporary studies on the southern and southwestern slopes of the
Nizke Tatry Mis. and Velka Fatra Mis. was to verify the important tectonic boundaries
and deformation structures interpreted on satellite images.

The interpretation resuits of serial photographs and radar images were included in
analytical maps of tectonic, geodynamic and morphostructural features on the scale of
1:50,000. This analysis showed their great heterogeneity rate in the area of interest. The
relief diversity is most probably due to the movements of Late Alpine active blocks, but
the theory of a large gravity deformation can by no means be excluded. The geodynamic
phenomena analysis and their relation to the tectonic features confirmes the intensivede-
straction of the "gravity nappe" area. Beside these conclusions also the continuity of the
Reviica fault system, its branching, further the Myto-Tisovec tectonic zone and the proof
of the existence of the so called Hron lineament was of great significance.

Despite the analyzed data we cannot draw the final decisive conclusion of the
development and destruction of the south slopes of the mountain. The explanation of
that problem is closely connected with an analysis of the development of the broader
area and with more detail analytical and complex data.

X tisku doporucil O. Fusan
Prelozil L. Pospisil
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Geodynamicka analyza Nizkych Tatier na zaklade DPZ a geofyziky

(Résumé anglického textu)
Soiia HalmeSova - Rudoif Holzer - Darina Marusiakovad - Lubomil Pospisil
Predlozené 20. decembra 1989

Pohorie Nizkych Tatier patri z hladiska vyvoja Centralnych Zapadnych Karpat ku
kld¢ovym tzemiam. Na ziklade $tidia kozmickych snimok bola na juznych svahoch
Nizkych Tatier interpretovana rozsiahla deformécia zatriedend do skupiny gravitalnych
prikrovov. Dal§ie vyskumy vak jej existenciu plne nepotvrdili. Preto sa prikrogilo k
podrobnej analyze leteckych snimok v mierke 1:35 000, predovSetkym s dérazom na
truktirno-tektonické, morfologické a geodynamické fenomény tohto hypotetického
modelu, doplnenej o interpretaciu vysledkov geofyzikalneho prieskumu.

Komplexna analyza izemia ukdzala, Ze pocas terciéru mala jz. strana Nizkych Tatier
pravdepodobne povahu hréste, ktorej zdvihy boli podmieiiované aktivnymi poruchami
vo fundamente. Boli zistené komplikované a rddovo velmi roznorodé zlomové poruchy,
zlomy alebo puklinové systémy, z ktorgch mali mnohé charakter horizontilnych po-
sunov. Rovnako aj mimoriadna disekcia reliéfu, chaotické usporiadani¢ trovni
zarovnavania a mnoZstvo geodynamickych javov naértava znani komplikovanost'stavu
geologického prostredia a neotektonického vyvoja celej Struktiry.

Relativne rychly vyzdvih pohoria dokdzany paleogeografickou analyzou bol pravde-
podobne spdsobeny pravostrannymi pohybmi karpatskych blokov pozdi zlomov 1. radu
smere VSV-ZJZ. Revucky zlomovy systém, ktory vykazuje tieZ pravostranny pohyb, je
aktivny od hlavnych faz alpinskeho vrasnenia aZ podnes. Tento systém zlomov II. ridu
(smer S-J) je povaZovany za nejddleZitejSie rozhranie pre vznik §tudovanej gravitatnej
deformacie.

Ako ukazuji doterajsie vysledky dialkového prieskumu a geologicko-geofyzikalneho
vyskumu, moZno predpokladat’ izku sivislost medzi vyskytom loZisk rad (W, Au, Sb)
a uvedenymi hilboko zasahujicimi tektonickymi poruchami.

V nemeniej miere ziskané poznatky mozno uplatnit’tieZ pri inZiniersko-geologickom
hodnoteni zakladnych zloZiek geologického prostredia a rieSeni seizmotektonickych
problémov.

Vysvetlivky k obrazkom

1. Ju¥né svahy Nizkych Tatier (vyrez zo snimku LANDSAT a interpretdcia).

2. Tektonicka analyza j. svahov Nizkych Tatier podla druZicovych snimkov. 1 - zlomova §truktira, 2 — facetovy
svah.

3. Analyza geodynamickych javov. 1 — skionové deformacie, 2 — osypovy tok, 3 - blokové rifty, 4— indivi-
dualne bioky, 5 — prikre srézy, 6 — zosuvy, 7 — aluvidlne kuZele, 8 — erézna rokla, 9 — erézna hranica,
10 - plogna erdzia, 11 — proluvidlny kuzel, 12 — krasové javy (Varga - Lada 1988).

4. Schéma hlavnych zlomovych systémov. 1 — neogén, 2 — neovulkanity, 3 — paleogén, 4 — mezozoicky
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komplex, 5 — komplexy paleozoika a krystalinika, 6 — granitoid, 7 — metamotfity, 8 — amfibolity, 9 — znime
a interpretované zlomy.

5. Mapa vertikdlnych hustotnych rozhranf a zemetrasngch ohnisk. 1 ~ interpretovany zlom, 2 — vertikdlne
hustotné rozhranie, 3 — ohnisko zemetrasenia.

6. Vziah medzi z6nou anomdlie vyzvanej polarizécie a interpretovanou tektonikou. 1 — zlomy, 2 — interpre-
tované zlomy, 3 — svahy, 4 — suiové deformécie, 5 ~ aluvidlne kuZele, 6 — svahové deformicie, 7 — hréste,
8 —rifty a bloky, 9 — erézna hranica, 10 — medzihorie vo v§3ke 8501400 m n.m., 11 ~ magnetickd anomd-
lia (+ 40 aT), 12 — anomdlia IP.

7. Geologicky rez Nizkych Tatier a geofyzikélna data, A g p — Bouguerova tia¥ova anomdlia, A T — anomé-
lia totdlacho vektoru geomagnetického pola, odporové krivky z magnetotelurick§ch merani.

8. Dynamika reviickeho zlomového systému. 1 — konglomeraty Vajskovej, 2 — pesiré séria (pre—lutenian),
3 — ficia dolomitick{ch konglomerdtov, 4 — sedimentérna séria Podkonice, 5 — ficia piestitych konglome-
ritov, 6 — flovcovd litoficia, 7 — transgresivay oligocén, 8 — pliocénoy $trk, 2 — neovulkanity, 10 — zlomy,
11 - interpretované zlomy, 12 — prikiovy, 13 — ohnisko zemetrasenia.
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Influence of position of measuring electrodes
on registration of the self-potentials

Vliv polohy méficich elektrod na registraci vlastnich potenciali
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Rysavy, F. (1992): Influence of position of measuring electrodes on registration of the
setf-potentials. — Shor. geol. V&d, uzitd Geofyz., 25, 83-90. Praha.

Abstract: The self-potential method (SP), as one of the main weil-logging methods up to now
permanently used, has never been considered from the view of position of a measuring tool. Every
measuring tool can be fixed only and only in one of two possible positions. The tool must be either
lie on the axis of the borehole or pressed on a wall of the borehole. An influence of technical and
geological parameters is given due to the so-called characteristic function which differs for each of
the above mentioned positions of the measuring tool. In recent time the leve] of electric noise is
increasing and that is why the SP potential is negatively. influenced by that noise. it seemed to be
better to consider again the SP lateral which had been early preferred, but later, geophysicists have
lost their interest because interpretation of this method was complicated and not exactly explained.
Now, the SP lateral described after the electric field theory can undertake a role of the SP potential.
In the past the characteristic function of the SP potential, when the tool is centralized, was described.
However, the characteristic function of the tool pressed on a wall of the borehole has never been
derived. Because of this we were not able to appreciate an influence of the measuring tool in either
of the mentioned positions and to compare it.

Any characteristic functions of the SP lateral for both of the above positions were aot derived and
therefore no comparison of both measuring lateral systems was possible. The aim of this paper is to
define all characteristic functions of both the SP potential and SP lateral. Only in this way we can
calculate an influence of all the mentioned systems.

But simultaneously it means we are able to use comrections for bed thickness, bed diameter and in
the case of the SP lateral also a correction for base of the tool. Since we are interested in the self
potential situated on a wall of the borehole, we can compute this potential not only from the SP
potential but also from the SP lateral due to its exactly defined characteristic function.

IKaC, a. s., Hodonin, Videniska 22, 695 30 Hodonin

Introduction

From the experience with registration of the self-potentials in their natural environ-
ment we know that using of a comection for the momentary position of the measuring
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electrodes in a borehole is nearly impossible. The electrodes oscillate in the borehole
within registration and they move between two extreme positions there.

The tool can be placed on the borehole axis, which is the first position or to touch a
wall of the borehole, which is the second position.

Theory

If we accept the condition to fix the measuring tool within registration in the first or
the second position, we can ensure constant conditions of registration in one of the above
positions. These conditions will be, of course, for each position different. They become
evident by means of different form of a so-called characteristic function, which is the
function describing an influence of the bed thickness and the borehole diameter on a
registration of the self-potentials.

We shall distinguish between the characteristic function of centralized tool in the
borehole axis and the characteristic function of pressed tool on the wall of the bore-
hole. The first case was described by Dachnov (1967) who dealt with the theory of the
SP potential. The SP lateral has been resolved by Maruiak (1956), who had used known
approach of Dachnov (1947). The second case, in the meantime, has not been concerned.

The SP potential Usp registered by measuring tool lying in 2 mud is defined by the
formula

Usp = . Esp ¢}

where 1 is facior of the electric current transmission.

Factor 7 depends on such physical factors as the specific resistance of an invasion
zoue, the specific resistance of mud and the specific resistance of adjacent rocks. This
fanction is given by following equation (2)
=2 Rin . Ri + Ry . Rs

"Ry.Ri + Rm.Rs + Ri . Ry )

n

where R; is the specific resistance of an invasion zone [Q m],
Rm the specific resistance of mud [Q m], and
R; the specific resistance of adjacent rocks [Q m)].
We have not taken notice to factor Esp up to now. Let us pay an attention to it, t00. We
can write if in the following form.

z B
Esp-ssp.f[d,d) 3)
where z is a distance between centre of the bed and the point of observing [cm], d
the borehole diameter [cm], and / thickness of the bed [cm).

The factor £sp holds the Nernst's formula. But the second term — function — is a
mentioned characteristic function of the SP potential expressing an influence of the
measuring tool position. For the SP lateral is accepted the formula (4):
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AUsp = 1. AESp. 4)

And for A Esp we can wriie then that

z h L
AESP_ESP‘f{d’d’ d]’ )
where L is base of the lateral tool e.g. a distance between both cenires of M and N
electrodes [cm].

The above function is called the characteristic function of the SP lateral. The charac-
teristic function of both the SP poieniial and the SP lateral has different form for a
different position of the measuring tool.

If we have the SP poiential iool ceniralized in the borehole axis, we shall use formula
(6) defined by Dachnov (1967).

[ z+F) oz ]

@h = - = {.
/e AN@Z+R?+1 \((23’+E)2@ (6)

If the SP potential tool is pressed on the wall of the borehole, we may use the formula
derived afier information about the space angle (see Dachnov 1967).

ol | &t 2 ___(Z-B) 2
TEn E’[\l(_ﬁ+ﬁ)2+4' [\/(22%)%4) VE-n*+4 (\/(zz-ﬁ)zm]]
™)

where K () is the complete elliptical integral of the first type.
For the SP lateral tool we are using similar formulas. If the SP lateral tcol is ceniralized

in the borehole axis, we shall write new equation (8) derived from (6).
E+I+h) ,_ (E-LI-K

V@ + I+ B2 +1 VE+I+RP+1
E+L-R) (Z-L+F)

NE+L- Rl V(ZE—Z+}:‘)2+1]' 8)

When the SP lateral tool is pressed on the wall of the borehole, we may use formula (9).

f(E,Z,E)=1[ (Z+L+F) K[\! 2 ]+

fEIR = [

N az+ P+ |[NQz+L+R)?+4
(@Z+L-R) 2
= K -
(\[(Z_E;Z—F)z-i-_l/\ N@EZ-L-R)*+4

_ (2z+L—-%) P 2 B
VZ+I+R?+4  |(NQZ+I-F +4
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(2Z-Z+h)

- K
N(Z-Z+R)} +4

Symbolsz, L, 7 are normalized by the borehole diameter e.g. it holds that

2
[\’mﬂ ©
s_zZ
d’ (10)
A= 5’ (11)
L= %' (12)

Both potential characteristic functions are symmetrical after the bed centre. The lateral
characteristic functions are asymmetrical after bed centre. MaruSiak (1956) defined
formula of the SP lateral by means of derivation the equation (6). The character of the
lateral curves was similar like in our case, but the mathematical form was another. He

studied only the centered lateral tool.

The characteristic function has two extreme positions — centered tool in the borehole
axis and pressed tool on the wall of borehole. It was given by situation that the space
angle of an observing point was not defined for a general position of this point but for
each of the extreme positions as well. But in practice we need to use only the tool steady
fixed in one of the above positions and therefore I did not define the general formula.

f(z,h}
=30

"

h=10
———"‘—’~_’

[ _‘_,_,_—B=5
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1. The SP potential curves of a measuring tool
centralized in the borehole axis for beds of differ-
ent thickness.
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2. The SP potential curves of a measuring tool
pressed on the wall of borehole for beds of different
thickness.
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Discussion

The resulis of mathematical analysis of all four events are completed by illusirations
of the characteristic functions. On Fig. 1 and 2 there is the SP potential centered in the
borehole axis and the SP potential pressed on a wall of the borehole. The graph of the
characteristic function is made for several beds having different thickness. It is evident
that bounds of the bed lay in points of inflection of the characteristic function and this
holds for both centralized and pressed measuring systems. Moz, it is evident the thick
beds of both above systems have almost identical characteristic function. But the thin
beds are betier characterized by centralized measuring tool having higher deflections of
the characteristic function and this function has also higher stecpness.

For the SP lateral tool is a similar situation. On Fig.3 and 4 there is the characieristic

/
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3, The SP lateral curves of a measuring tool 4. The SP lateral curves of a measuring
centralized in the borehole axis for k2 L tool centratized in the borehole axis for #< L.
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function of the SP lateral illustrated. We must distinguish between events, when 2 > L
and /4 < L, because it has a fundamental significance for an evaluation of bed thickness.
By comparison of curves we shall conclude that the characteristic function of thick beds
is almost identical for both the centralized and pressed tool. However, the thin beds or
a short spacing of the tool are better characterized by centralized tool.

A graph common for both mentioned lateral systems is drawn on Fig. 5. It is the
technical characteristic curve transforming the apparent bed thickness into the real bed
thickness. From illustration 1t is evident that in all events for 2 < L it holds #* = L. In
contrary for 2 > L it holds " = h. The event 4 = L is common for both mentioned cases.

Pay a little attention to the SP lateral. Up to now there has it been held to determine
the bed thickness only when /2 > L. But from the made analysis we can evaluate the bed
thickness als at that case, when 4 < L. Even though the apparent bed thickness equals
tobasee.g. " = L, the real bed thickness is coded for a such event in latitude of positive
and negative lateral deflection, which is determined by distance between both pair points
of inflection. And just this fact we must use.

&
L

oL b
01 1 10 L

5. The transforming characteristic curve of the SP laieral from the apparent bed thickness into the real bed
thickness.
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Conclusions

Finally, we can summarize the procedure analysis to the following conclusions :

1. The bounds of beds are defined by position of inflection points for every beds in
the case of the SP potential.

2. By comparison of pressed and centralized systems it is evident that for thick beds
the both systems are equivalent but for thin beds the centralized system is giving more
outstanding deflections. This holds both for the SP potential and the SP lateral.

3. For the SP lateral the bounds of beds are directly determined only if # 2 L. When
h < L, for an evaluation we must use another method of interpretation, because the bed
thickness is not defined by distance between maximum and minimum of deflections but
by distance between the pair inflection points of positive and negative deflection.

4. As the potential is influenced by very large electric noise we can calculate now with
the repeated evaluation of the SP lateral. The characteristic function can give for it all
prerequisites.

For interpreters this method can have quite new significance, because they will be able
to use corrections for the bed thickness, the borehole diameter and in the case of the SP

lateral also a correction for base of the tool. Due to them it will be possible to compute

facior ggp situated on the wall of the borehole, which has the direct significance for
interpretation.

K tisku doporucil A. TéZky
Prelozil F. Rysavy

References

Dachmov, V. N. (1947): Promyslovaja geofizika. — Gostoptechizdat. Moskva.

Dachnov, V. N. (1967): Elekiritcheskije i magnitnyje metody issledovanija skvazin, — Nedra. Moskva.

Dachnov, V. N. (1985): Geofizitcheskije metody opredelenija kollektorskych svojstv i nefiegazonasytchenija gomych
porod. — Nedra. Moskva,

De Witte, L. (1950): Relations betweenresistivity and fluid contents of porous rocks. — Oil Gas 1., 49, 16, Tulsa, Oklaho-
ma.

Doll, H.G. (1950): The SP in shaly sands. — J. Petrol. Technol,, 2, 7. Dallas, Texas.

Kozel, J. (1965): Difuznsadsorpéni potencidly ajejich vztah kekolektorskym vlastnostern homin. — MS Geofyzika, as.,
Bmo.

Marusiak, 1. (1956): Vyuzitie krivky gradienta viastnjch potencidlov pre uréenie hranic vrstiev. — Sbomik praci Ustavu
pro nafiovy vyzkum, 31-33. SNTL. Praha.

Segesman, F. (1962): New SP comrection charts. — Geophysics, 27, 6.

Tezky, A. (1961): Prekticka pouzitelnost metod pro interpretaci elekirické karotaze v jilovitych piscich. — UZita geofy-
zika, 1. Brno.

Tixier, M. F. (1949): Electric fog analysis in the Rocky Mountains. — Oil Gas J., 48, 6. Tulsa. Oklahema.

Vendelshtejn, B.J. (1966): Issledovanije razrezov nefijanych i gazovych skvazin metodom sobstvennych potencialov. -
Nedra. Moskva.

Applied Geophysics 25 89



v vy

Vliv polohy méFicich elektrod na registraci vlastnich potenciali
(Résumé anglického textu)
FrantiSek RySavy

Predlozeno 3. dubna 1990

Vliv polohy méficich elektrod ve vriu miiZeme posoudit prostfednictvim tzv. charak-
teristické funkce, udavajici vahové zastoupeni vlivu priméru vriu, mocnosti vistvy au
gradienta SP navic i baze sondy, coZ je vzdalenost stiedii obou méficich elektrod.
Existuji dva krajni pfipady polohy méficich elektrod hlubinné sondy :

- kdy je centrovana v ose vrtu,

- kdy je piitlacovana na sténu vriu.

Byly studovany charakieristické funkce pro ob€ polohy jak pro potencial SP, tak i pro
gradient SP. V piedloZené prici jsou tyto charakteristické funkce uvedeny. Nasleduje
diskuse vysledki a analyza vyslednych rovnic, doplnéna fadou obrazkil.

Na zakladé této diskuse je moZno dojit k zavérim:

1. Hranice vrstvy u metody potencialu SP jsou jednozna¢né uréeny polohou inflexnich
bodi kiivky charakteristické funkce.

2. Z porovnani centrovaného a piitlatovaného méficiho systému vyplyva, Ze u moc-
nych vrstev nevznikd takika Zadny rozdil. U tenkych vrstev je centrovany systém
vhodngjsi, nebot’dava strm&jsi a vyrazngjsi vychylky. To plati jak pro potencial, tak pro
gradient.

3. AZ dosud bylo mozno u gradientu SP urlovat ty vrstvy, jejichz mocnost byla vétsi
nez baze sondy gradientového systému. Price ukazuje na mozZnost interpretace i té€ch
vrstev, jejichz mocnost je mensi neZ baze sondy gradientového systému. Vzdalenost
mezi pozitivai a negativni vychylkou je v takovém pfipadé rovna bazi sondy, avSak
informace o mocnosti vrstvy je dana vzdalenosti mezi parovymi inflexnimi body
pozitivni a negativni vychylky.

4. Pro interpretaci Nernstovy rovnice je potfebné znit parametr esp. Pomoci charak-
teristické rovnice uréime tento parametr nejen podle potencidlu SP, ale i podle gradientu
SP. V dobg, kdy dochazi ke zvyseni trovné elektrickych Sumd, je méfeni gradientu SP
vyhodngjsi, nebot’ vypolet parametra sp je potom piesngjsi.

Vysvétlivky k obrazkam

1. K¥ivky potencidlu SP méFici sondy centrované v ose vriut pro vrstvy rozdilné mocnosti.

2. K¥ivky potencidlu SP méfici sondy pritladované na sténu vrtu pro vistvy rozdilné mocnosti.
3. K¥ivky gradientu SP méfici sondy centrované v ose vrtu, kdyZ plati 2 2 L.

4. Kfivky gradientn SP méfici sondy centrované v ose vitu, kdyz plati # 5 L.

5. Transformaéni charakteristika gradientu SP mezi zdanlivou 2 skuteSnou mocnosti vrstvy.
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Numerical modelling of electromagnetic induction
in the Earth magnetic polarization
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Numerical modelling
Magnetotelluric method

Miecznik, J. - Borzemski, P. (1992) : Numerical modelling of electromagnetic indu-
ction in the Earth magnetic polarization. — Sbor. geol. V&d, uzita Geofyz., 25, 91-100. Praha.

Abstract: The basis for interpretation of magnetotelluric observations is the knowledge of the
distribution of electromagnetic field for two- and three-dimensional geoelectrical models. For some
models analytical solutions are available while for others there are only numerical methods of
solution of induction problem and, among them, pasticularly differential methods. For two-di-
mensional (2-D) models the cases of electric and magnetic polarization must be considered
separately. In the paper algorithm for computation of electromagnetic field, induced with the plane
wave, is given for iwo-dimensional model and magnetic polarization. Geometrical and physical
parameters of the model are arbitrary. The resulis of the computations are given as the curves of
magnetotelluric profiling and soundings. The computing program is written in Turbo C language
for IBM PC-AT microcomputers.

I nstytut geofizyki Akademii gérniczo-hutniczej,A.Mickiewicza 30, Krakow,Polska

Introduction

The effectivity of magnetotelluric methods is much increased with the knowledge of
distribution of electromagnetic field for two- and three-dimensional geoelectrical mod-
els. The essence of the problem is the solution of the Helmholtz equation for the
particular polarization of the plane wave as the field source. Analytical solutions are
possible for the models having simple geometrical forms ( Rikitake 1960). Such models
include cylindrical or spherical body buried in a layered medium (Kaufmann-Keller
1981). The solution of the problem needs the relation of ficld presentation in rectangular
coordinate system and in spherical or cylindrical systems. The effect is obtained by
representing the plane wave as a sum of spherical or cylindrical waves. Analytical
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solutions have limited range of application but, on the other hand, they allow to establish
explicitly the relations between field characteristics and physical and geometrical
parameters of the studied model. Accuracy of the analytical solutions may be determined
in relatively simple way.

For the models with complex geometrical forms and arbitrary electrical conductivity,
numerical methods are effective. Of these, differential methods are widely applied. There
are several solutions in these methods. The most general case is when the node of
approximating net lays on the contact of four different conductivities o1, 02, 63, 04 or
corresponding wave numbers ki, k2, &3, k4. In the below . In the below given algorithm
for electromagnetic field the method of the Varga approximation (1962) of the Helmholtz
equation is used.

Differential methods may be used for arbitrary distribution of conductivity in geoelec-
trical model. The difficulties are related with the solution of large system of equations
generated in the whole region. For electric and magnetic polarization of primary
field,completely different boundary conditions are formulated for upper and lower
border of the region.

In the paper the case of magnetic polarization is discussed.

Algorithm of electromagnetic field computation

Let us consider two-dimensional geoelectrical model in which the axis of homogeneity
agrees with the axis of the Cartaesian x, ), z coordinate system (+ z axis is directed
vertically down). The primary field is the plane electromagnetic wave harmonically
dependent on time £, i.e. exp. (— i ® 1), where @ is frequency of field changes. Electric
conductivity of the medium is the function of position, G =G (x, z). Assuming that the
field induced in the medium does not change along y-axis, electric polarization has the
following components

1 6=0 EE(0,E;, 0)
~3d 0 - 4 ~3d
|
! HE (Ha, 0, Hy) (1)
i
M, My : My and for magnetic polarization
1 he
] el E (B0, F)
; H7 (0, Hy, 0) @)
2= ! On the Earth’s surface £z = 0.
6=0 It may be easily proved that field com-
| Two. dimensional seoclectrical model ponents directed along the homogeneity
. Iwo- gimensional geoele cal moael. x, ), z — . < . . .
rectangular coordinate system; d — width of inhomno- . :satmfy the followmg differential
geneity; M, Mz, Mp— inhomogeneous, left and right equation
regions; 61, Op — electric conductivity; AL Ar —
depth of high resistivity basement. (A2 +¥)E, =0 G)
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for electric polarization, and

0 (19Hy), @ (1eHy) . _
8x[c 8x)+82{6 % |Towfy=0

for magnetic polarization.

in the above given equations A z stands for two-dimensional Laplace operator and
K=im 1 © is a wave number of the medium. it may be easily found that for G = const,
equation (4) becomes Heimholtz equation.

We divide the siudied medium into three regions. The central region, My, has width d
and is the region of inhomogeneity. The boundaries of the left, 4z, and right, /z, regions
are shifted from the boundaries of inhomogeneous region for such the distance that the
distortion due to inhomogeneity can be neglected and one-dimensional model, depend-
ing only on z-coordinate, can be assumed on the boundaries. Inthe upper and lower parts
of the region we assume the medium for that 6 = 0 (Fig. 1). Onto the constructed region
the net is superimposed whose nodes lie on the contact of four different conductivities

c1, 02,03, 04 (Fig. 2). We replace Helmholtz equation in the nedes of the net by
differential approximation. It is much simplified if Helmholtz equation is integrated over
the area §

4

jAZAdS = -IkZAdS
s s 6)

where A is an arbitrary amplitude of the field. The integral on lefi-hand side is trans-
formed using Green’s equation after Piskorek (1980)

lisj-1

: _[A 24d8 = o4 dL

7 fi-12; ]-1}2! fiet ; j-1l1| S L an (7)
g

ke | ko[

il L is the boundary of the region S, and » is
b1l - het)) its external normal.

ke ke The continuity of Exand Ez components for
- magnetic polarization is the continuity of
2 li-¥7 : j*¥2) J tisiy ; je

s o - g ! a—HZ,
Xi-1 Bx; dz ox

{f5 i1k
2. Diagram of the net approximating the Helmholtz

equation, /,j — coordinates of the net node; A x, Az -
net size, K1, K2 K3 Ks.-wave number; S — area of
the net.
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jk’z My 41 = —ijdS
on
L s 8)

Substituting central differences for normal derivates and putting them into equation
(8) and assuming that magnetic field inside the region S is constant and has the value of

Hy (4,7 ), we have
By () =Clf [E] By Gl ) + M G7=1) + W Hy G- 1) + S HyGj+ 1]

®
where
g M2 AG +kE Ay g K2 Axiel +KTE Ax
Y 2Ax Y 2A 271
i Az vhF Ay oy 6% Axiel +k3 Axi
Y 2 A xi-1 Y 24z
1 .
Cf = [+ N + W+ s - J(@nv s Bz +az0]T

The boundary conditions are relatively simply formulated for magnetic polarization.
On the upper boundary of the region, for z = 0, and having £ = 0, from equation

(VxH),=0F=20
we get
Hy (x,0) = const. 11
On the lower boundary, with insulating basement, we assume
Hy(x,z2=f(x)) =0 (12)

On the left and right boundaries of the region we assume, as it was already mentioned,
one-dimensional model. The component Hy(z) must satisfy Helmholtz equation as well
as conditions (11) and (12). Thus, we take

Hy(z) = Csh ik (h-2z) (13)

where C is an arbitrary constant.

In each internal node of the region we get the linear equation on account of unknown
values of magnetic field. In the whole region, i x j linear equations are generated that
can be writien in matrix form

A.x=B (14)

where 4 is an adjugate, five-diagonal matrix.
Matrix B is expressed in terms of coefficients E‘,’f , Nf , W‘;’ Sff , and Cf," and field
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values on the boundary of the region. Column vector x is the vector of searched field
values Hy(ij).
Electric field is calculated from equation

-138,
G (15)

x:

The z-coordinate derivate of magnetic field intensity is computed numerically. Then,
for electric and magnetic field, we compute apparent resistivity and phase shifi according
to relation

Ex

Hy

2 Ex
. =4 =4
. or = |4rgl ,

(16)

Theoretically, the most reasonable method of solution of the equation system (14) is
Gauss-Seidel method, but in practice, it proved to be too slow. Thus, system of equations
(14) is solved using the overrelaxation method which gives the expected results in the
problem. Before iteration process, the system (14) must be conditioned in relation to
diagonal element A;;. After the operation, iteration loop has the form

AHE (G, ) = —ot [H;’, G, )+ Eyy HE (1, )+ Ny i (i, j~ 7+ Wy H =1, ))+ Sy H} G, j+1):|
HY (L)) = Hy (L)) + AHpG.)) (17)

where n is the number of iteration, and ¢ is the parameter of overrelaxation. The error
of successive iteration is defined as

N ,3—2 ]\J;_2
=3 Y laminl s

The iteration process is stopped when " <107% The proper choice of the overrelaxa-
tion parameter o is essential for optimization of parameter and speed of computations.
The applied method of solution of the linear equations system enables the computations

starting from the valueh)/#1 = 5, where A = (107 p1 T)% is the wavelength in the
medium with resistivity p1 , and T is the period of field variations. Below this boundary
wave-length, the system of equations is improperly conditioned and the process becomes
divergent. In the range of short waves the initial value of overrelaxation parameter must
be carefully chosen. For longer waves, the value of o praciically does not depend on
the wave length and the previously computed value of overrelaxation parameter may be
taken as the starting value in computation of the field value shorter wave.

The program is written in Turbo C language for microcompuier IBM PC. The actual
version of the program allows using the nets Nx x Nz < 7200 (Nx and Nz — numbers of
nodes in a net). The speed of computation is comparable to the speed of programs in
FORTRAN. ‘
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Results of computations

The geoelectric cross-section, taken into computations, is shown in Fig. 3. Morphol-
ogy of high-resistivity basement with resistivity p3 is created by horst of width 42 and
trough of width d3. Between the Earth’s surface and the basement there is a horizontal
layer with thickness H and resistivity p2. Resistivity of the environment is p1. The
variable parameters of the model are: d3/d2 and p2/pi . The remaining parameters are
constant and have the values: A1 = sz2= 7.94 unit, 13 = H=1/2, ha; ha=1/2.h1.

Such geoelectric model enables to analyse the reproducibility of morphology of high
resistivity basement and the problem of screening of electromagnetic field with the
intermediate layer.

Electromagnetic response of the imposed geoelectric model is presented as the plots
of apparent resistivity versus position, for given wave length (profiling) and as the curves
of magnetotelluric soundings in points A, B, C, D (see Fig. 3).

If p2 = p1 i. e. there is no intermediate layer in geoelectric cross-section, then
electromagnetic field changes are related mainly to the changes of morphology of high
resistivity basement. The rate of its reproducibility for various wave lengths is shown in
Fig. 4. In the range of low frequencies, impedance is inversely proportional to the
longitudinal conductance of the overburden and, hence, all elevatiors of high resistivity
baseinent are reflected in the ficld image.

The rate of reproducibility of basement depressions depends on the ratio of their widths
to the length of electromagnetic wave and to the width of the surrounding elevations. In
the case of narrow depressions, the structure is flown round by electromagnetic field and
the depressions cannot be registered. This is shown in Fig. 5.

A B8 C D
© 4 ! { ]
o hy Q2 TH
dz
o o
]
& .
dy ds
° [— hz
d3
93 e
h3
i} 1 3 3 N
] 10 20 30 %0 50

3. Geoelectrical cross-section used in computations. 10, 20, 30 — number of net nodes; A, B,C, D — sounding
sites.
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4, Magnetotelluric profiling curves. daldy - 2.39, p2 = 1, parameter of the curves —relative electromagnetic
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5. Magnetotelluric profiling curves. h1/# = 1000; parameter of the curves — ds/dy; p2/p1=1.
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6. Magaetotelluric profiling curves. A/ =1000; parameter of the curves — p2/p1 .
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7. Amplitude magnetotelluric sounding curves. p2/p1 = 1; A, B, C, D — sounding sites.
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8. The changes of magnetic field intensity.
pz = p1; 0.005 — value of isoline of mag-
netic field intenmsity; x, z — coordinates of
rectangular system.

Low resistivity intermediate layer acts as electromagnetic screen which damps the
effects from the basement. The rate of screening depends, of course,on the ratio of layer
resistivity to environment resistivity, what is shown in Fig. 6. The presence of high
resistivity layer in geoelectric cross-section (particularly for low frequencies) does not
lead to significant distortion of the image of high resistivity basement (see Fig. 6).

The sounding curves, compuied for various poinis of the profile, generally behave
similarly as in the case of one-dimensional medel. The shape of the curves depends
mainly on resistivity changes in vertical plane in the sounding point. Right, low
resistivity asymptotes of amplitude sounding curves, reflect, first of all, the value of
longitudinal conduciance of the overburden in the sounding point. The rule does not
apply to the sounding sites lying over narrow depressions of high resistivity basement,
because of the above mentioned effect of electromagnetic field flowing around the
structure (Fig. 7).

The changes of magnetic ficld amplitude in vertical plane x z are presented in Fig. 8,
for geoelectric model without intermediate layer. On lower and upper boundary of the
region, magnetic field satisfies the imposed boundary conditions. It is seen from the field
image that in the regions where high resistivity horizon lies horizontally, magnetic field
for low frequencies changes with depth approximately lineatly.

The effect may be possibly used to develop the direct method of computing the depth
of high resistivity basement.

K tisku doporucil J.Gruntorad
Prelozil P. Borzemski
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Numerické modelovani pole elektromagnetické indukce
pfi magnetické polarizaci

(Resumé anglického textu)
Julins Miecznik - Przemyslaw Borzemski
Piedlozeno 24. listopadu 1988

Z#kladem pro interpretaci magnetotelurickych méfeni je znalost rozdéleni elektromag-
netického pole pro dvou- a tfrozmérné geoelektrické modely. Pro nEkteré modely je
znamo analytické feSeni, zatimco pro jiné zname pouze diferencidlni postupy FeSeni
problému indukce. V pfipadé dvourozm&mych modeli musi byt elektrickd a magneticka
polarizace uvazovana oddélend. V praci je podrobnéji popsan algoritmus pro vypolet
elektromagnetického pole, vyvolaného rovinnou vinow pro pfipad dvourozmérného
modelu a magnetické polarizace. Rozméry a fyzikalni parametry modelu jsou volitelne.
Vysledkem vypoétu jsou teoretické kfivky pro magnetotelurické profilovani a son-
dovani. Program by! napsan v jazyce Turbo C pro osobni po€ital IBM AT.

Vysvétlivky k obrazkam

1. Dvourozmérny geoelektricky model. x, 3 z — pravouhly soufadnicovy systém; d - Sifka nehomogenity;
My M Mg - nehomogenni, levostrannd a pravostrannd oblast, 6L,Or ~ elekiricka vodivost; Az, /R - hloubka
vysokoodporového podloZi.

2. Diagram aproximace Helmholtzovy rovnice. i,j — soufadnice sitovych uzid; Ax, Az — velikost sit&; ki, k2, k3,
ks — vinové &islo; S — plocha sité.

3. Geoelekiricky Fez, pouZity pii vypoitu. 10, 20, 30 - body uzid sits; A, B, C, D - umisténi sond.

4. Krivky magnetotelurického profilovéni. da/dz — 2,39; p2 = p1 ; parametr kiivek — relativni délka elektro-
magnetické viny. '

5. Ktivky magnetotelurického profilovani. A/ = 1000, parametr kiivek — da/dz; pa/pi = 1.

6. Kfivky magnetotelurického profilovani. A1/ = 1000; parametr kiivek — p2/p1.

7. Kiivky amplitud magnetotelurického sondovéni. p2/p1 =1, A,B,C, D - umisténi sond.

8. Zmény intenzity magnetického pole. p2 = p1; 0,005 — hodnota izolinie intenzity magnetického pole; x, z —
soufadnice pravouthiého systému.
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Gruntorad, J. - Karous, M. - Knéz, J. - Vacek, V. (1992): Methodology of geophy-
sical investigations in the area of the Jeseniky Mts. — Sbor. geol. V&, uzitd Geofyz., 25,
101-116. Praha.

Abstract: Within the framework of methodology of geophysical investigations in the area of the
Jeseniky Mis. mathematical statistics was applied in evaluation of this area. The methods of resultant
information content, of discrimination functions, and factor analysis were used. Geoelectric
methods, namely the induced polarization method and the transient method were modified in order
to achieve large depths of investigation. The procedure for constructing vertical sections of apparent
resistivities and chargeabilities was proposed. It was shown that the actual distributions of resistivity
and chargeability are best presented by deep vertical sections of standardized resistivities and
chargeabilitis in a newly devised way which is described here.

'Pfirodovédeckéfakulta Univerzity Karlovy, Albertov 6, 128 43 Praha 2

Introduction

The geological investigation conducted in the Jeseniky Mis. in the years 1975 - 85
were oriented towards resolving actual geological problems. On a smaller scale, also
methodological research was carried out to develop the method of mathematical statistics
for prediction purposes, an introduction of geoelectric methods with larger depth of
investigation, and also new methods of geoelectric data processing.
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Delimitation of prospective areas
by mathematical statistics methods

Ore prospecting, using geophysical and geochemical methods, is not easy and requires
a complex approach. But also the sequence of individual survey phases and the closest
possible link with geological data must be taken into consideration. These principles
were observed in the course of prospecting in the Jeseniky Mts. There, in the first phase,
the survey by gravity, aitborne, and geoelectric methods was applied on the scale of
1:25,000 for the purposes of regional hydrogeochemical and lithogeochemical investi-
gation. In the next phase, a complex of geophysical methods was employed in prospec-
tive area in a regular network of profiles, on the scale of 1:10,000.

The choice of areas for the expensive complex survey on the scale of 1:10,000 is a
very responsible task because it directly influences the success and cost of the prospect-
ing. Owing to methods of mathematical statistics, individual types of geophysical and
geochemical fields (indications) can be objectively evaluated and the information
contained in them evaluated and summed up in one resultant parameter. Depending on
the knowledge of deposits and geology of the investigated area, a larger or smaller

@ 0 60 "0 80 number of positive and negative
A " "%  standards can be introduced. Thus
an important methodological prin-

"2 i ciple will be observed — the link
i — ’ «jOSOBLARA . .
g aig pory T N L between geophysical, geochemical
303 ] fields, and data on the deposits and
7 geology of the area.

The following methods of
mathematical statistics were used
for making the deposit prognosis
. for the Jeseniky Mits.: the method
of resultant information content,
the method of discrimination func-
tions, and the method of factor
analysis.

The investigated area is built of
Devonian rocks of the Rejviz,
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geophysical indications were detected, i.e. 1- magnetic field (A T), 2 — magnetic field
pattern, 3 — residual gravity anomaly of zero order,4 — residual gravity anomaly of the
third order, 5 — pattern of residual anomalies of zero order, 6 — pattern of residual
anomalies of the third order, 7 — residual isostatic anomalies of the third order, 8 —
spontaneous polarization field, 9 — spontaneous polarization field paitern, 10 — topofac-
tor; hydrochemical indications: 11 — relative contents of Cu, 12 — of Pb, 13 — of Zn;
physical properties of rocks: 14 — porosity, 15 — mineralogical density. The values of
geophysical indications were read from a square kilometre grid in 1,200 elementary
areas.

According to the method of resultant information content the information contained
in each indication is given by the distribution of its positive and negative standards. If
no negative standards are specified, the distribution of indications in the whole area can
be used instead. The information content of each indication was tested using the
Kolmogorov-Smirnov test.

D=muj|Ff'—Ff|

where F; and F; represented relative camulative frequency of the j‘h gradation of
indication values on positive and negative standards or on positive standards but in the
whole area. The mutual dependences of individual indications were evaluated through
a correlation matrix.

The resultant information content was obtained by the equations:

s + : +
IP=2 M’ orly = Z log M
me1 F (Ami) mei P mi)

where P (Awi) or P (Ami) represent the probability of the i gradation of the ™
indication on positive or negative standards, s represents the number of indications from
which the parameter is calculated. The probability is expressed by relative frequency. /p
or I1, is calculated for each elementary area on the basis of indication values in that area,
and the resulting map is constructed.

The display of results of statistical processing of regional geophysical and geochemi-
cal data is variable. The quality of the resulting prediction map depends on the number
of indications included and on the manner of calculating the information content which
can be, according to the formula chosen, either proportional or logarithmic. Out of the
thirty resulting maps, the map of proportional resultant information content of indica-
tions 2, 3, 7, 8, and 10 is presenied as an example in Fig. 2.

The Zlaté Hory ore district and its broad surroundings, especially the prolongation of
the Zlaté Hory ore structure in the SE direction under the Culm sediments are the most
conspicuons in the prediction map. Well indicated is also the adjoining part of the Rejviz
series and the whole Devonian Vibno group stretching in the direction of the towns of
Vibno, Karlova Studanka, Rymafov, Horni Mésto to the Upper Moravian depression.
Also the Devonian Sternberk-Horni Benesov belt, the deposit of Horni Benesov, and all
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2. Map of summary ratio informativeness of indications 2, 3, 7, 8 and 10. 1 - boundaries of the studied area;
2 - state border with Poland; 3 — coordinaie of kilometre square net; 4 — deposit; 5 — ore occurrence; 6 — ore
indications; 7 — values of summary informativeness.
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ore occuirences found in the places with high resultant information conient show
positive indications. Less conspicuous are the indications west of TiemeSna, south of
the town of Albrechtice and between the municipalities of Bruntél, Lomnice and Mutkov.
These indications are disiributed along the boundary between the Andéiska Hora and
Homi Benefov Culm series. In these places an elevation of the Devonian can be
anticipated beneath the Culm.

The resulis obtained by the method of discrimination functions are similar, the future
prospect of individual areas is not, however, graded.

The method of factor analysis was applied on the same basis as the method of resultant
information content. Its task is to study the inner structure of covariance matrix obtained
from the set of m indications characterizing a certain phenomenon, in this case the
geological stmcture and prospects of the investigated area as to the polymetallic ore
deposits. The individual indications are usually statistically interconnecied. Some indi-
cations can significantly contribute to resolving the problem under study while the
remaining ones do not coniribuie to it at all. It is advisable to reduce the number m of
the variables (indications) so that a smaller number p of new variables (p < m) contained
as much information from the original non-reduced vatiables as possible. At the same
time it can be assumed that the new variables (factors) gather the initial indications in
such a way that they always characterize a certain aspect of the investigated phenome-
non.
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This assumption is clearly confirmed in contour maps of the resultant factors in Figs.
3 and 4. The factor in Fig. 3 canbe regarded as a physical- chemical factor closely related
to ore mineralization because a prevailing influence of the spontancous polarization
(electrochemical) method is obvious. The factor in Fig. 4 detects a structural-tectonic
sitnation. Methods reflecting the geological structure (residual gravity anomalies of the
third order, A T field) contribute to its value most.

The map of contours of the factor in Fig. 3 delimits the area prospective for ores. The
results are in agreement with the map of proportioned information content (Fig. 2).
However, the delimination of prospective areas is more detailed and the contour pattern
is clearer.

Methodology of frequency domain IP measurements

The induced polarization method (IP) is the most important geoelectric method in
direct ore prospecting. This is why it was used in all field geophysical investigations in
the Jeseniky Mits. The methodological research was focused on the application of
frequency domain IP measurements and on the development of modification with great
depth of investigation.

The frequency domain IP measurements were carried out using the Canadian device
IPRF-2 Scintrex operating at frequencies 0.1, 0.3, 1, and 3 Hz. The correct function of
the instrument was verified by laboratory model measurements and by comparative

measurements at the Rejviz-Bleskovec
locality. During the following phases fre-
quency domain measurements were car-

] ried out in the Jeseniky Mis. at the

S <11 - B 1 Zamecky vrch, Vidly, Bleskovec, and

,é’ ;g _____ -0em Zlaté Hory-Pafenec localities. In general

: Z) the measurements confirmed the main ad-
vantage of IP measurements in frequency
domain, that means a three times higher
field work productivity and the possibil-
ity of obtaining sensible data in areas with
high background noise caused by disturb-
ing fields. The only disadvantage of the
frequency domain IP method is the influ-
ence of induction for resistivities under
100 Qm. The experience with the appli-
cation of frequency domain IP measure-
ments in Czechoslovakia were described
in detail by Knéz (1980).

In order to achieve the greatest possible
depth of investigation by the IP method,

s
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5. Model measuring of IP by combined middle gra-
dient (KSG) and middile gradient (SG) above con-
ductive and nonconductive sheets at variable mutual
distance of the sheets p.
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the electrode arrays with a fixed current
circuit are the most advantageous. The
corresponding methods are the combined
middle gradient method (MG) or the
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three-electrode gradient method. Besides the standard middle gradient method which
was used at the Zamecky vich and Bleskovec localities, also the in-line middle gradient
method was applied at the Zlaty Chlum locality. Using the in-line middle gradient
configuration, maximuin IP anomalies can be detected as it was already proved by earlier
laboratory model measuremenis (Knéz 1972).

The combined middle gradient modification represenied another improvement in
applications. This assumption was verified through a series of laboratory model meas-
urements. The results of model monitoring confimmed the advantages of the combined
middle gradient method over the classical middle gradient method, namely at resistivity
inhomogeneous environment (Fig. 5). The IP anomalies obtained by the combined
middle gradient method are more striking and the position of the conductive body can
be much more accurately located by the point of intersection of both branches of the
curve. These obvious advantages of the combined middle gradient method outweigh the
only disadvantage as compared with the classical middle gradient method, which
consists in a more complicated technology of field works (the third grounding elecirode
is placed in the "infinity"). The combined middle gradient method was used with success
at the Supikovice locality.

Another modification of IP measurements with fixed current circuit is the three-elec-
trode (one pole) gradient profiling which, with regular intervals (200 m) between fixed
current electrodes, makes it possible to present the resulis in the form of depth sections.
The way of acquiring and processing the data was described in detail in previous
publications and reporis (c.g. Gruntorad - Knéz 1973). A number of such measurements
were taken in the Zlaté Hory ore disirict and also at the Vidly locality.

There are several ways of transforming the results of measurements into vertical depth
sections: situating the measured value of chargeability (resistivity) to various depths
(according to the length of the array) below the current electrode, below the centre of
potential electrodes or below the centre between the current electrode and the potential
electrodes of the amay. However, in all these cases the distribution of anomalous values
in the depth section does not correspond to the real position of the sought body as it was
proved by model monitoring. That is why another way of presenting the depth sections
was sought that would correspond better to real positions of the studied objects. The
suggested method of constructing multiple parameters sections makes use of the Koma-
rov method (Komarov 1980) of interpreting the centres of isometric bodies (spheres)
from two measurements with current electrodes at different positions (Fig. 6). The body

6. Determination of centre position of
k isometric bodies by IP method at two
1 different positions of a current electrode.
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7. Vertical section of standardized polarizabilities at the locality Vidly.

centre lies at the point of intersection of circles whose centres lie in the corresponding
current electrodes and the radii are given by the distance of the IP curve maximum.
Generalizing this principle the points of intersection of individual circles can be attrib-
uted the value of normal product of chargeabilities at corresponding points of curves
obtained from measurements in various positions of current electrodes. The values are
used for construction of depth sections. This method was used for the processing of
measured data at the Vidly locality (Fig. 7). In the depth interval 180 — 200 m the values
in the product chargeability section correspond to known ore mineralization. The course
of contours indicates its continuation to depth.

Processing of measured resistivity and IP data
into vertical sections

The method of constructing vertical sections of apparent chargeability or of apparent
resistivity was gradually developed and generalized also for other configurations with
mobile current electrodes. To construct sections of normal chargeabilities or resistivities
it is necessary to have two values from each point obtained by measurements with current
electrodes or current dipoles at two different positions. The sections can therefore be
constructed from data obtained by methods using composite arrangements, i.¢. the above
mentioned combined middle gradient method, combined profiling or dipole profiling.

While with the combined middle gradient method the analysis of both theoretical and
model curves showed that the isometric inhomogeneity lics on the circle below the
anomaly extreme, with other electrode configuration the curve differs from the circle
(Fig. 8b).

The position of the anomalous object must therefore be sought at the point of
intersection of the two curves corresponding to two different positions of grounding the
current electrodes. It is possible to construct vertical normal pseudosections manually
using the above mentioned curves but it is not suitable to process them by computer.

For computer processing it is convenient to record the values of normal chargeabilities
at the points Pj; defined by positions x;; on the profile and by depths 4;; below the
measured profile
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ties from a combined dipele-dipole profiling. a - position of points Py in vertical section below the measured
profile, b — so called depth-related curves for localization of an isometric body below the anomaly extreme.

Mzd (). MNeza (i)
Nz0

n=

or to record the values of normal resistivity

Pza{x;) . PzB{(xi)
Pz0

Pn =

where Nz4 (X and P24 ( % correspond to measurements at the point x; with ground-
ing at point A (at dipole measurements it is the centre of current dipole) and the values
MzB (xi) and pzz (x;) correspond o measurements at the point x; with grounding at point
B. The values N0 and pz0 are the estimated mean values on a certain profile or in a

certain area.
In the vertical sections below the profile the positions of poinis Py are specified by

coordinates (Fig. 8a):
1 i+j , )
x,-,-=5(x;+xj)= 5 Ax, xi=i Ax, x;= j. Ax

hU: hm= L. q;i,-:[:_a%,n:j—i,

where n = L/ A x is the ratio of the measurement interval A x and the array length
L = AO = OB (with combined profiling) or L = O0'= AM = BN (with dipole profiling).
Depth coefficients oy, are derived from depth curves for isometric inhomogeneity and
listed in Table 1.
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Table 1. Depth-related coefficients n

combine profiling dipole profiling

n= n=
m= m=
3 4 S 6 7 3 4 5 6 7
0 0.00 0.00 0.00 0.00 0.00 0 0.00 0.00 0.00 0.00 0.00
1 0.54 0.47 0.42 0.39 0.36 1 0.38 0.32 0.28 0.25 0.23
2 0.77 0.66 0.60 0.54 0.50 2 0.54 0.46 0.42 0.38 0.34
3 0.99 0.92 0.73 0.66 0.62 3 0.92 0.58 0.50 0.46 0.42
4 099 0685 |077 (072 |4 0.91 062 |054 |049
A 0.9% 0.88 0.80 b 0.91 0.66 0.56
& 0.99 0.89 6 0.92 0.68
7 099 |7 0.91
78l
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9. Standardized vertical pseudo-sections of po-
larizability derived from theoretical curves of com-
bined profiling above isometric polarized body at
two different ratios of the length of arrangement to
the depth of body center L/h.
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The above ways of the vertical section
construction were verified by processing
the chargeability curves above isometric
bodies for various clectrode arrange-
ments (combined middle gradient and di-
pole profiling). For example, there are
sections of normal chargeabilities above
the sphere derived from combined profil-
ing surveys in two different modifica-
tions :

a) for the array length L much greater
than anomalous body depth (Fig. 9a), and

b) for the L, the same as the depth
(Fig. 9b).

In both cases the contour patterns in
normal chargeability sections corre-
spond, unlike in classical sections, to the
anomalous body shape. Extreme values in
sections define almost precisely a centre
of the distwrbing body. This conclusion
holds also for other electrode arrange-
ments.

The distribution of normal chargeabil-
ity values or of resistivities in sections
correspond very well to an actual physical
section even under very complicated cir-
cumstances. In Fig. 10 vertical section of
normal resistivities from the locality Re-
jviz is presented as an example, together
with interpreted geological profile.
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In conclusion the suggested way of processing tested in the Jeseniky Mits. areas
promising as it is another step to objectivization of geophysical data interpretation.

Methodology of measurements by the transient EM method

The transient EM method is an inductive electromagnetic method for ore prospecting.
It is one of electromagnetic methods which have recently undergone a rapid development
both from the instrament and the interpretation point of view. The ground, airborne and
well logging versions of this method are used worldwide. The method can be used for
direct prospecting for conductive ore bodies and for resolving structural problems in
sedimentary basins.

So far only ground variant of the method has been used in Czechoslovakia due to lack
of instrumentiation. The methodology was oriented towards direct prospecting for single
conductive geological bodies (Vacek 1979). The time constant T of the conductive
body, which characterizes the quality of the conductor, was studied as a function of the
conductive body shape. From profile curves it is possible to deduce, under favourable
conditions, the shape, extent and depth of the conductive body. As interpretation
processes and technical equipment abroad were improved, transient EM sounding is
more and more used. The sounding can be carried out either in a far or in a near zone.

The principle of the transient EM sounding in the far zome is very similar to that of
frequency sounding. Magnetic and electric field componenis of the horizontal field of
the electric dipole are registered most frequently. The values of the electric field

e [nm]
3000 1

3000

4000

10. Example of standardized verti-

cal resistivity pseudo-section de- 2000
rived from terrain measuring using
combined profiling at the locality 0
Rejviz.

a - resistivity curves of combined
profiling; b — vertical resistivity
standardized section; ¢ — interpreted
geological section;

1 - conductors in isoohmic section;
2 - non-conductors in isoohmic sec-
tion; 3 — interpreted conductive e
sheets (graphitized rocks); 4 — inter- E R ‘W

preted non-conductive sheets ]/- //- /

(quartzitic rocks); 5 — weathering

products of graphitized rocks in elu- K278l 2 L 713 @4 5 6

vium; 6 — debris of quartzitic rocks.
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component and time derivation of the magnetic field component do not depend on time
in the wave zone. The wave zone is given by the equation:

uzr\f%&t>>l

where r is the interval between the generating {electrical) and measuring (magnetic)
dipole, the interval corresponding approximately to the depth of the investigated inter-
faces, o is the conductivity, f is the time and p is the magnetic permeability. The
registration point is in the middle of the arrangement. At discrete times induced voltage
£ (f) is registered. Values € (¥) for different times ¢ and calculated resistivities pr
correspond to various depths of investigation. For the interpretation asymptotes and
extreme points on the curves are used.

In remote zone, sounding is, in regard to the large size of the arrangement, unsuitable.
A way of measuring in near zone for small distances between source circuit and
measuring circuit was therefore developed. At first, electric dipole was used as a source.
Vertical magnetic element was measured. This methodology is very sensitive to changes
in inclination of the underlying rock and therefore it was abandoned. Nowadays the
loop-loop systems are largely used. The most common arrangement is a concrete
configuration of emitting and receiving loops of equal dimensions. In this case EMS e(?)
induced in the measuring loop for t <<1 can be defined by the equation (valid only for
thin conductive layer)

-4
el = MaMu o g (gL
165% pneS

where Mg =L*and M = I* are the moments of the generating and measuring loops,
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11. Transient ¢lectromagnetic method, map of isolines pr [2m] for t = 1 [ms], locality Zamecky vrch.
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12. Transient electromagnetic method, map of isolines A [m] for locality Zamecky vrch.

L atil / are the side iengths of the generating and measuring loops and / is the current
flowing through the generating loop. S is the longitudinal conductivity of the layer and
H is the depth of the position of equivalent conductive layer. The solution of the e(#)
and e(t ;+1 ) set of equations provides us with expressions for longitudinal conductivity
S and for the corresponding depih / (Isajev 1979).

2(_22= ) fw =t )2
Mo | 3 Mo Mirpio 1 1

1 1
e(ta1)s  e(ti

3 Mo My i—i
16w Se(t) oS

In this case of sounding for isometric bodies and generally deposited sheet-like bodies
extreme points on the sounding curve (fmin, Ptmin) are used to determine the depth
of conductive objects.

The measurements carried out at the Zamecky vich locality in the Jeseniky Mis.
exemplify the use of the above described method. The measurements were carried out
along five profiles P10 — P15 using the Soviet device MPP-3 with a 100 x 100 m loop.
Different kinds of gneisses are mapped on the whole territory. Only ends of profiles P10
and P12 reach the area where quartzites are mapped. In the study area the average noise
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level was found out to be about 8 MV, which is quite low. In Fig. 11 the course of
apparent resistivity p. is shown. The course of conductive structures depths is in Fig.
12 where the isolines Hr are depicted. In the western part of the investigated area
comparatively regular variations of conductive plane depths can be observed. It may be
due to e.g. several slab-like or lenticular conductive bodies that are dipping roughly in
the southeast direction. The conductive zone can occasionally be folded. In order to
confirm the interpreted data, it would be necessary to carry out measurements in a denser
grid and to measure the transition characteristics at earlier and later times which could
be done with a better-quality Soviet device Impuls-C.

If the time constant T, which reaches the maximum value of 9,6 ms on profile 15 at
150 m, is used for the interpretation there is either an inconspicuous ore mineralization
or several conductive zones reflecting tectonic lines or resistivity inhomogeneities in
rocks.

It can be said that the first results of sounding with the transient EM method suggest
new possibilities of this method in ore prospecting and in resolving some structural-geo-
logical problems.

Conclusions

In the course of investigations in the area of the Jeseniky Mits. the following main
results were obtained: :

a) It was proved that the mathematical statistics methods can markedly contribute to
the prognosis concerning the evaluation of areas where regional geophysical and geo-
chemical data are at disposal. It is possible to evaluate the contribution of individual
methods to the resolution of the given problem and to delimit prospective areas for
detailed geophysical investigations.

b) The induced polarization method is the most important geoelectric method for ore
prospecting. Advantages and disadvantages of IP frequency measurements were verified
and higher productivity of field measurements using its modifications was proved. The
method can successfully be applied also in areas with high industrial noise. In order to
study the depth of polarizable bodies it is recommended to use cither three-electrode
gradient or combined middle-gradient profiling methods.

c) Vertical sections of normal resistivities and chargeabilities can be constructed using
the data obtained by the three electrode gradient profiling, combined middle gradient
method, and combined and dipole profiling. The proposed way of processing the data
provides resistivity and chargeability patterns which are close to reality.

d) In the course of research in the methodology of TM measurements a new way of
interpretation was proposed for the construction of contour maps of apparent resistivities
and of depths to conductive bodies. Time constant can be used to determine the character
of the studied conductor.

K tisku doporucil J. Datiko
Prelozila D. Malikovad
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Metodika geofyzikainich vyzkumi v oblasti Jeseniku

(Resumé anglického textu)
Jan Gruntordd - Milo§ Karous - Jaroslav Kn&z - Viadimir Vacek
Predlozeno 16. Servna 1988

V ramci metodickych geofyzikalnich vyzkumi v Jesenikach byly ovéteny moZznosti
metod matematické statistiky pfi prognéznim ocenéni ploch, na nichZ jsou k dispozici
kompletni geofyzikalni a geochemické podklady. Byly pouzity metody sumarnich infor-
mativnosti, diskrimina¢nich funkci a faktorové analyzy.

Dale byly rozpracovany geoclektrické metody s velkym hloubkovym dosahem,
piedev§im metoda vyzvané polarizace a metoda piechodovych jeva. Byly navrieny
postupy méfeni vhodné ke konstrukci vertikalnich tez zdanlivych polarizovatelnosti.
Bylo zji§téno, Ze nejlepsi pfedstavu o skutetném rozloZeni odporii a polarizovatelnosti
poskytuji vertikalni hloubkové fezy normovanych mémych odporé a polarizovatelnosti,
konstruovanych nové navrzenym zpiisobem.

Vysvétlivky k tabulce a obrazkdm

Tabulka 1. Hloubkové koeficienty 5.

1. Prinik ploch siedovanych piiznakd. 1 - hranice zpracovévaného tizemi,2 — stétni hranice s Polskem,3 -
kladny etalon, 4 — soufadnice kilometrové Stvercové sité.

2. Mapa sumami podilové informativnosti pfiznakix 2,3, 7,82 10. 1 — hranice zpracovavaného izemi, 2 -
statni hranice s PLR, 3 - soufadnice kilometrové tvercoveé sité, 4 — lozisko, 5 — rudni vyskyt, 6 — rudni
indicie, 7 — hodnoty sumérni informativnosti.

. Mapa izolinii fyzikalng chemického faktoru.

. Mapa izolinii strukturné tektonického faktoru.

. Modelova méfeni VP kombinovanym stfedovym gradientem (KSG) a stfedovym gradientem (SG) nad
vodivou a nevodivou deskou pfi proménné vzajemné vzdalenosti desek p.

6. Uréeni polohy stiedu izometrickych téles metodou VP pii dvou réiznych polohach proudoveé elekirody.

7. Hloubkovy ez normovanych polarizovatelnosti na lokalit Vidly.

8. Princip konstrukce vertikalnich fezi normovanych polarizovatelnosti pfip. normovanych mérnych odpord z

kombinovaného a dipélového profilovani. a — poloha bodii Py ve vertikdlnim fezu pod méfenym profilem,
b — tzv. hloubkové kiivky pro lokatizaci izometrického télesa pod extrémem anomalie.

9. Normované vertikalni pseudotezy polarizovatelnosti odvozené z teoretickych kivek kombinovaného profi-
lovani nad izometrickym polarizujicim se objektem pii dvou riznych pomérech délky usporidéni k hloubce
stredu objektu L/h.

10. Priklad normovaného vertikainiho odporového pseudofezu odvozeného z terénniho méFeni kombinovanym
profilovanim na lokalit® Rejviz. 2 — odporové kiivky kombinovaného profilovani, b — vertiklni odporovy
normovany ¥ez, ¢ — interpretovany geologicky fez.

1 — vodite v izoohmickém fezu, 2 — nevodide v izoohmickém fezu, 3 - interpretované vodivé polohy
(grafitizované horniny), 4 - interpretované nevodivé polohy (kvarcitické homniny), $ - zvétraliny grafitizo-
vanych hornin v eluvin, 6 — suté kvarcitickych hornin.

11. Metoda PJ, mapa izolinii pr [Q m], pro #= 1 [ms], lokalita Zamecky vrch.

12. Metoda PJ, mapa izolinii H: [m], lokalita Zamecky vrch.

o W
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Abstract: The electromagnetic method with small induction number is applied to direct and
contactless measurement of apparent conductivity of magnetic dipoles in a near field. The detection
of sufficiently large horizontal conducting and nen-conducting sheets with vertical and herizontal
magnetic dipoles is explained and the detectability curves are drawn. Detectability of small-size
inhomogeneities is discussed and estimated. The method has been applied in archaeological
prospection.

'Geofyzika.a. 5., Brno, Jecna 29a, 612 46 Brno

Iniroduction

The direct contactless measurement of rock resistivities is based on the dependences
of the measured components of electromagnetic ficld on apparent resistivity of an
equivalent conducting half-space. These dependences are much more simple if the
induction number N = »/8 is small (or if there is a near zone), i.e. the skin depth & is
much greater than the transmitter-receiver separation and than the thickness of a
horizontally layered half-space, i.e.

N=£<<1, f’—"<<1
5 8 4y

where 8 = -\IZ/mpc is the depth of skin.
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Direct contactless measurement of apparent conductivity

Let us consider a vertical transmitter-receiver magnetic dipole array located on the
surface of a horizontally layered conducting half-space, as it is illustrated in Fig. 1. The
conductivity of the layers is 6; and their thickness is 4. Let us assume that the condition
of a small induction number given by equations (1) is satisfied. Then approximately

v L, OUGCs 2

wo 1T @)
where v is complex amplitude of voltage in the receiver induced by the total vertical
magnetic field,
vo amplitude of voltage induced in the receiver only by the primary (direct) magnetic
field, i.e. in an entirely non-conducting space,
® angular frequency of current / in the transmitter dipole,
r transmitier-receiver separation,
pL=po =4%. 107 H/m permeability of the medium,
and G, apparent conductivity for a horizontally layered conducting half-space (Fig. 1)

n
Ca = Z Gi O
i=1 (3)
Coefficients Q; are called geometric factors (for the vertical component of the

magnetic field) as they only depend on the thickness of individual layers 4; and on the
distance » between the dipoles. They are given (Kaufmann-Keller 1983) by equations

O1=1-R(t1)

Qi = R(u-1) - R(w) 4

fr—‘
TD. &5 RD.

TTITIT TTTITITT r
" & fori=2,3,4 .. n—1,0n=R (Tn-1)
hs 2 " where the function R (t) for vertical dipole
2 array
R@) = Re(ty = ==
T & v ’ U )
D s
{ s o1 .. WhereT; = zi/r normalized depth level,
e zi = hj + hz +.... hi depth of the foot of i-th
layer.
1. Vertical magnetic dipoles over a horizontally From equation (2) follows
iayered half-space.
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v—vo=_A_v__Hs_z= mucarz__@
vo vw gl 4 ng
ie c . Ho__4 Ay
L. . = =
opr? H  aeps? v (6)
wherefﬁ-j 6m ZGxQz
1-‘1 )

is the complex amplitude of the vertical component of the secondary magnetic field in
the receiver induced by eddy curents in a layered conducting half-space

H‘J:_L
f T ans (8)

is the amplitude of the vertical component of the primary magnetic field in the receiver
induced by current in the transmitter only,

The secondary component of the magnetic field carries information on apparent
conductivity. In regard to the primaiy component (current in the dipole) it is shified in
phase by ®/2 and it is directly proportional to apparent conductivity. That is the principle
of measurement of apparent conductivity with magnetic dipoles in the'near field
(induction conductometers). Induction conductometers are ¢.g. EM-31, EM-38, M-34 of
Geonics Lid., Canada and DIKO of Geofyzika Brno, Czechoslovakia. Their form
depends on the required depth range. These devices facilitate geoelectric measurements
at shallow depths in eleciromagnetic profiling and in some cases in electromagnetic
sounding.

The input signal voltage A v as well as the measured apparent conductivity (or vertical
component of the secondary magnetic field H ) are given by the sum of r-terms (eqs.
3,6 and 7). Each term of the sum corresponds to a layer and is defined by its geometric
factors and conductivity. We may afford this simplification because eddy currents in
individual elementary horizontal layers of a conducting half-space are independent. The
magnetic ficld of eddy currents in the surrounding medium, with small induction
number, can be neglected. A change of conductivity in one horizontal layer will only
cause a change of current in the layer and will affect neither the geometry of current
lines, nor current densities in other layers. Therefore, the measured apparent conductivity
is given by the sum of independent contributions of individual layers on the assumption
that each congribution is dependent on the depth of the respective layer, its thickness and
conductivity.

As it follows from egs. (4), (7) or (3), the function R (T; ) denotes a relative
independent contribution to the secondary magnetic field (or measured apparent conduc-
tivity) of the medium as a whole under the normalized level 7;. lis derivative then
determines the dependence of the relative contribution of a unit layer at the normalized
depth T , which for vertical magnetic dipoles is
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47
Fy(t) = —

[4‘!.'2 + 1]5 (9)

Relationships analogous to egs. (5) and (9), characterizing relative independent
countributions, can be written for horizontal magnetic dipoles (coplanar):

R (t) = Va2 1 - 2% (10)

Fy(t)=2-—2

Va2 + 1 (11)

The above simplifications following from the condition of the so called "small
induction number" considerably simplify solution of the direct problem, in this case
calculation of apparent conductivity of the studied medium (particularly a horizontally
layered half-space) as well as solution of the inverse problem in some simple cases.

Detectability of horizontal sheets

Functions 7,(7) and Fp(T) illustrated in Fig. 2 demonstrate that the depth of the layer
affects each type of dipole array in different way. Functions Ry(T;) and Ry{t;) which are
used for a simple calculation of apparent conductivity of a horizontally layered medium
are illustrated in Fig. 3. The rather simple analytical representation of these curves
greatly simplifies solution of many practical problems, e.g. the problem of detectability
of horizontally layered conducting or non-conducting sheets.

Fig. 4 presents a model of this problem including assumed profiles of apparent
conductivity for conducting and non-conducting bodies exhibiting rotational symmetry.
Horizontal dimensions of sheet / with thickness 4 and depth 4 are considered suffi-
ciently large compared with the distance between dipoles, i.e. / >> r. The maximum
apparent conductivity Savax at 62 > 61 (conducting body) and the minimum apparent

2
(AL
1
Fl )

2. Dependence of the relative response to the
secondary magnetic field of a unit layer on its

o i ] normalized depth for vertical Fy (1) and horizon-

0 6s 10 s 20T tal Fy7 (1) magnetic dipoles.
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3. Relative contribution to the secondary 4. Model for specification of conditions for detecting a hori-
magnetic field from below to normalized zontally layered sheet.

depih level 7, for vertical Ry (1) and hori-
zontal Ry (T4 magnetic dipoles.

conductivity Camiv at G2 < 61 (non-conducting body) will obviously appear above the

cenire of the body (Fig. 4).
Let us denote

o2 _ pPi
—= = =k
c1 P2 conductivity contrast
H= h .

r normalized depth of the sheet
A= d . .

v normalized thickness of the sheet (12)

The magnitudes of conductivity anomalies (amplitudes of anomalies) are defined by

2 = JaMAX = O1
v 1 (13)

for a conducting body (positive anomaly)

O1 — GaMIN
471 (14)

for a non-conducting body (negative anomaly).
The conditions of detectability will be characterized by the dependence of the normal-

aN =
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ized thickness of the sheet on its normalized depth for induction of a conducting anomaly
of the fixed magnitude a.(an) at a given conductivity contrast £, i.e.

A = f(H) (15)

for parameters av(an), k.
These dependences will be established for a conducting and for a non-conducting body,
at vertical and horizontal magnetic dipole array.

Anomalies of conducting bodies

Above the centre of a sufficiently large sheet (/ >> ») the apparent conductivity will
presumably be the same as over a hali-space formed by three layers with conductivitics
o1 and 02, and o©; the thickness of the middle layer 4. Then the maximum apparent
conductivity, regarding egs. (3) and (4), is

Camax = G1 [1-R(H)1+6G2[R(H)-R(H+A)] + c1iR(H+A)
Reducing it, with regard to (13), we get

RH-RH+A) = k"_—vl =v

(16)
fork> 1.
A/ Vertical magnetic dipoles
From eqs. (16) and (5) it follows that
v = Ry(H)=Ru(H+A) = 1
Var 41 VaH+ AP +1
Hence
1 AH* +1
A=-H+ 5 i 5~ |
1-—— V4H* + 1
k-1 a7
The limits of changes of argument /7 follow from the inequations A >0
1>~ \ a1
k-1
hence
2
1 k-1
H < = -1 =H,
2 ( av ) pax (18)
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For amplitudes of anomalies and conductivity contrasts corresponding to real condi-
tions the obtained Hymayx is sufficiently large and always exceeds the actual depth range
of vertical magnetic dipoles.

B/ Horizontal magnetic dipoles

From egs. (16) and (10) foliows

v= B Ry (B = Rer (H ) = VAR + 1 =20~ [Na + 67+ 1 -2+ )]

hence
2

Qy ) Qy
k-1 k—1N4H +1

A=
4[2H+—av—-\]4ﬁz+1]

k=1 (19)

To satisfy the condition A >0

2
D ) W AurP i1 2H+ T < NP+ 1
P k-1 k-1

must be true, or inverse inequations, which will never be satisfied for the considered
magnitudes of anomalies and conductivity contrasts. Then
2

ay
1-
N 7 o M

42
K- 1 (20)

In this way limited depths are sufficient and in almost all cases exceed the maximum
depth of horizontal dipoles, which is generally half the depth of vertical dipoles.

Anomalies of non-conducting bodies

A non-conducting sheet (if / >> r) induces minimum apparent conductivity (Fig. 4)
above its centre. The minimum can be defined by a three-layer model. Then

Gamw = O1 [1-R{H)|+ 62 [R(H)-R(H+A)]+G1R(H+A)
Consideiing eq. (14)

an
=u

—-R(H+A) =
RED-RU+H =74 @1)
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for £<1.
Equations (16) and (21) differ only by constants #, v on their right-hand sides. Substi-
tuting # for v for vertical magnetic dipoles (if k<1), we get

2
A=_H+% 4H+1 __
1-—2 \ap? 41
1-% (22)
1 A
H< = —= | -1=
2 [aNJ L= Huwx 23)

for k<1.
Similarly for horizontal magnetic dipoles

2

ay -2 an
1-% l—k\MHi"'l

A =
4|2+ _~Naw? + 1
1-% (24)
o ¥
1_ N
H < = Huux
4 A
1-% 25)

All electromagnetic methods detect conductors much better than non-conductors. It is
s0 with our electromagnetic method for direct and contactless measurcment of apparent
conductivity. Let us consider two sheets with the same geometry and depths. First of
them is conducting (X > 1), the second is non-conducting (k¥ < 1). The conductivity
contrast in (16) for a conducting sheet will be & = %, >1 and in (21) for a non-conducting
sheetk=rky <1,

Then

Qy
kv—1

RED-RHE+A) = (fork>1), R -REH+A) = 1_aN7N (for kn<1).
The left-hand sides of the equations are equal, assuming that their thicknesses A and
depths H are the same. We shall also assume that in regard to the surrounding medium
both sheets have the same, though reciprocal, conductivity contrasts, i.c.
ky = UVky > 1.
Then

av  _ _av _ _an__ kan
k=1 1-ky |1 k-1
ky (26)
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1e. av=ky.an.
The conducting body induces k.-times larger anomaly than the non-conducting body
at the conductivity contrasts &y = 1/ky > 1.

Smali-size sheets

The detectability problem for small bodies whose size is comparable or smaller than
the distance between dipoles will be considerably more difficuit to resolve as it requires
use of multidimensional models. Zahora in Hasek et al. (1988) calculated the response
for induction conductometers of a small ¢ylindrical body with rotational symmetry
whose axis is identical with the axis of the transmiiter dipole, and discussed its
detectability. Apparent resistivity over a model consisting of n rotational symmeizy areas
Q; in a conducting finite cylindrical body of the normalized height tv , shown inFig. 5,
approximating a non-finite conducting half-space, is given by the relationship

n
0':1:20? Wi
i=1

where Wi=—l—ﬂg(§,'c)d§d’5

o, @n

is the geometric factor for the i-th area Q.
Then

3 1 i ]
g€ 1)=2 o Kv)+ EW)
[§2+T2]/’ Va+8P+7 [ (1-&+1° %)

where K(v), E(v) are elliptic 1st and 2nd kind integrals

E —j% 1-Vsiifa d
o =] —visin'a da

5. Model substituting the conducting haif- P
space under the measuring dipole system.

K()_f’z_ﬂ__
= :
0 ‘\Jl—vzsinzon

Applied Geophysics 25 125



where

WE

By numerical integration it has been confirmed that for sufficiently high surface integral
upper limits ©y, &y (over 10)

y =

T
oN=0 Em10) = Jlt fg(é,r)d'r > %
L

where £, T......o...... cylindrical coordinates (normalized variables)
(7 7R an arbitrary small positive number.

R(t)=1-— _[ti jgN €1 dtdr

N=1-— T
=1 Iy o 8 (29)

Equation (29) for a sufficiently high &y is in agreement with the corresponding
function for the 1-D model given by equation (5). Substituting (28) into (27), we get the
geometric factor for small-size inhomogeneities having small, even negative, values. It
implies poor detectability of small-size, namely non-conducting inhomogengities. Such
bodies can induce conductivity inversion, depending on their thickness and depth. It
means that a conducting inhomogeneity produces a negative anomaly and a non-con-
ducting inhomogeneity a positive anomaly. The conductivity inversion is due to a
negative geometric factor. This relates to the geometry of an inhomogeneity and to the
considered measuring system, as it is obvious from the distribution of the secondary
magnetic field increases in the receiver dipoles due to eddy current conductors within
the inhomogeneous body and in the surrounding environment. Inversion does not take
place in vertical dipoles (e.g. in well-logging), and does not relate to non-linear depend-
ence of the quadrature component of the secondary magnetic ficld on apparent conduc-
tivity when with increasing real conductivity of the environment over a certain limit the
measured apparent conductivity decreases to negative values (as it can be observed in
field measurements with induction conductometers).

In a conducting inhomogeneity the absolute value of the anomaly is

ay=lal = | -1] > ¥ for >>1
while a non-conducting inhomogeneity induces the anomaly
av=la| =W 1=K <

The maximum absolute value of an anomaly induced by a non-conducting inhomo-
geneous body ((<1) is always limited by the corresponding geometric factor |#].
Anomalies due to conducting bodies are generally large.

To estimate the detectability of small horizontal sheets, we shall introduce some
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simplifications. First, we shall assume a cylindrical body with the diameter /. It will also
be assumed that the space under the dipoles, from the greater part (¢.8. 90%) contributing
to the secondary magnetic field, is cylindrical with the diameter p. Further we shall
assume that all elementary parts of a particular elementary cylinder of the diameter p,
height dh and depth 4 equally participate in the relative contribution of this elemeniary
cylinder, with weight coefficients 6 or 62. On these rather "rough assumptions" the
maximum apparent conductivity (for p > /) of a conduciing body (k¢ > [) is given by the
relationship

2 T .2 2
~lI+o1—-(p° -1
024 614(17 )

Gamax= O1 [1-R(H)+R(H+A)] + [R(H)-RH+ A)] —
rid (30)

and its minimum value for a non-conducting body (& < 1) is given by the same
relationship when G, pzax  on the left-hand side is substituted by Gaaan
Reducing (30), we get

RH)-RH+A) = v for k>1 31)
2
ay m 2
where Vp = : =mvy (32)
m = p/l and
R(HY-RH*+AY=up fork<1 (33)

2
aym 2

h == )
wWhnere Up 11—k m u (34)

Equations (31), (16) and (33), (21) characterizing anomalies of conducting and
non-conducting bodies differ by constants v, vp,u, uponly. Equations for "infinite" bodies
can therefore be used for estimating the detectability of small bodies by substituting vp
for v and up for u.

Detectability curves

The detectability curves defined by egs. (17), (19), (22) and (24), and by corresponding
equations for m>1 were calculated with the HP 9845A computer for conducting and
non-conducting bodies and for both dipole arrays for large ranges of anomaly ampli-
tudes, conductivity contrasis and coefficients m. Some of the curves are presented in
Figs. 6 to 24.
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6. Dependence of the normalized thickness of 2
conducting body on its normalized depth for anom-
aly a=10.1, m = 1 and conductivity contrasis ¥ = 2,
4, 6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.
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8. Dependence of the normalized thickness of a
conducting body on its normalized depth for anom-
aly a=0.4, m = 1 and conductivity contrasts k= 2,
4, 6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.
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7. Dependence of the normalized thickness of a
conducting body 6n its normalized depth for anom-
aly a= 0.2, m = 1 and conductivity contrasts ¥ = 2,
4,6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.

9. Dependence of the nomalized thickness of a
conducting body on its normalized depth for anom-
aly a= 0.8, m = 1 and conductivity contrasts k = 2,
4, 6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.
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10. Dependence of the normalized thickness of a Fig. 11. Dependence of the normatized thickness of
conducting body on its normatized depth for anom- a conducting body on its normalized depth for
aly a = 0.2; i = 4 and conductivity conirasts k=6, anomialy a = 0.4, m = 4 and conductivity contrasts
8, 10, 25, 50, 100, 1000. Vertical magnetic dipoles. k=18,25, 50, 100, 1000. Vertical magnetic dipoles.

The coefficient m characierizes the horizontal dimension of a body exhibiting rota-
tional symmetry. It is m = 1 for I>>r. Greater values of m correspond to small bodies
whose horizontal dimension is comparable or smaller than the distance between coils.
Figures 6 to 11 show the detectability curves for conducting bodies at vertical dipole
array, amplitudes a»=0.1, 0.2, 0.4, 0.8 and a large range of conductivity conirasts. Two
values of parameter 7 are taken for comparison — 1 and 4.

Figs. 12 and 13 demonsirate the considerable influence of amplitude and parameter m
on detectability curves if £ = 10.

For horizontal dipoles and conducting bodies similar curves are drawn in figs. 14, 15,
16 and 17 form = 1, 2, 5, amplitudes 0.2 and 0.6, and for the corresponding range of
conductivity contrasts. Detectability curves for non-conducting bodies for both dipole
configurations for amplitudes ay = 0.05, 6. 1 and 0.2, coefficients » = 1,2 and conduc-
tivity conirasts 1/2, 1/4, 1/6, 1/10, 1/50, 10" are in Figs. 18 10 24.

The dependence on amplitude and coefficient m can be observed on all curves, see
Figs. 12 and 13, and in the case of conducting bodies also on the conductivity contrast
k. For instance, with vertical magnetic dipoles at m =1, ky = 1/50 a large negative
anomaly ay = 0.2 over a nonconducting sheet at the relative depth 7 = 1 can be created
if the relative thickness of the body A = 1, for ay = 0.1 over a sheet at ihe same depth
the thickness A = 0.36 (i.e. 2.8 times smaller) and for ay = 0.05 the thickness must be
only A =0.16 (i.e. 6.3 times smaller). All curves confirm that it is much easier to detect
conducting rather than non-conducting bodies. For instance, in the case of vertical
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12. Dependence of the normalized thickness of 2
conducting sheet on its normalized depth for con~
ductivity contrast £ = 10, m = 1 and anomalies a =
0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1. Vertical magnetic

dipoles.

14. Dependence of the normalized thickness of a
conducting body on its normalized depth for anom-
aly a =0.2, m =1 and conductivity contrasts £= 2,
4, 6, 8, 10, 25,50. Horizontal magnetic dipoles.
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13. Dependence of the normalized thickness of a
conducting sheet on its normalized depth for anom-
aly a = 0.1 ,conductivity contrastx= 10 and m = 1,
2,3, 4, 5,6, 7, 8. Vertical magnetic dipoles.

1 2h

15. Dependence of the normalized thickness of 2
conducting body on its normalized depth for anom-
aly a= 0.6, m = 1 and conductivity contrasts & = 2,
4, 6, 8, 10, 25, 50. Horizontal magnetic dipoles.
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16. Dependence of the normatized thickness of a
conducting sheet on its normaltized depth for anom-
aly a= 0.2, m = 2 and conductivity contrasts k=4,
6, 8, 10, 25, 50, 100, 1000. Horizontal magnetic
dipoles.
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17. Dependence of the normalized thickness of a
conducting sheet on its normalized depth for anom-
aly a=0.2, m = § and conductivity confrasis k= 10,
25, 50,100, 1000. Horizontal magnetic dipoles.
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18. Dependence of the normalized thickness of a
non-conducting sheet on its normalized depth for
anomaly a=0.05, m=1aad conductmty contrasts
k=112, 1/4,1/6, 110, 1/50, 10°°, Vertical magnetic
dipoles.
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19. Dependence of the normalized thickness of a
non-conducting sheet on its normalized depth for
anomaly a = 0.1, m =1 and conductnnty confrasts
k=1/2, 1/4, 1/6, 1/10, 1/50, 10°® Vertical magnetic
dipoles,
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20. Dependence of the normalized thickness of 2
non-conducting sheet on its normalized depth for
anomaly @ =0.2, m =1 and conducuvny contrasts
k=112, 1/4, 1/6, 1110, 1/50, 10°S. Vertical magnétic
dipoles,

>
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22. Dependence of the normalized thickness of 2
non-tonducting sheet on its normalized depth for
enomaly a = 0.1, m = 1 and conducuwty contrasts
k=1/2,1/4,1/6, 110, 1/50, 10°S. Horizontal mag-
netic dipoles.
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21. Dependence of the normalized thickness of &
non-conducting sheet on its normalized depth for
anomaly ¢ =0.1, m =2 and conduc'uv:ty contrasts
k=112, 1/4, 176, 1110, 1/50, 10°°. Vertical magnetic
dipoles.
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23. Dependence of the normalized thickness of a
non-conducting sheet on its normalized depth for
anomaly a = 0.2, m = 1 and couducuwty contrasts
k=1/2, 1/, 1/6, 1110, 1/50, 10°. Horizontal mag-
netic dipoles.
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24. Dependence of the normalized thickaess of a non-conducting sheet on its normalized depth for anomaly a
=0.1, m=2and conductivity contrasis k= 1/2, 1/4, 1/6, 1110, 1/50, 10°S. Horizontal magnetic dipoles.
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25. Resistivities distribution in Milovice, district Bfeclav. a) map of resistivity lines, b) subsurface geological
section; 1 — Testiary clay, 2 — Tertiary gravel, 3 — Tertiary clastics,
embankment, 7 - loess.

— turbid matter, 5 — erosion scar, 6 —
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26. Map of pr contours according to measurement by the DIKO induction conductometer in Slavkov, district
Bmo-venkov.
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27. Map of p‘gM contours according to measure-

ment in Predklasteri near TiSnov, district Brao-
venkov.

28. Map of mutual correlation coefficient according
to measurement in Predkiaste¥i near Tisnov, district
Bmo-venkov.
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29. Comparison of profile curves pzop) and o2 according to measurement in Predklastes{ near Tidnov,
district Brno-venkov.

magnoetic dipoles with m = 1, a positive anomaly ay = 0.2 of a conducting body at the
relative depth A = 1, conductivity conirast £ = 50 will be induced if the relative
thickness A = 0.0115, at the conirast & = 10 the relative thickness A = 0.065 (i.e. 5.6
larger). However, for a negative anomaly an=0.2 over a non-conducting body with
k= 1/50 the thickness mustbe A =1, if k= 1/10 the thickness A = 1.17. In the case
of non~conducting bedies the conductivity contrast £<1/10 affects the cuives only very
slightly. If the coefficient values are low, the effect can be neglected. On the contrary,
in the case of conducting bodies the thickness A of the sheet markedly decieases with
increasing conductivity contrast. For m = 1, i.e. for large-scale bodies, the detectability
curves reflect the reality quiie well. For smaller bodies, i.e. for m > 1 the curves offer
rather a qualitative judgement on the possibilities of detection. The different curve for
vertical magnetic dipoles on the one hand, and for horizontal magnetic dipoles on the
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30. Map of ng contours according to measurement in Rybarna, area A, Staré Mésto near Uherské
Hradi§ts.
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31. Map of pEM contours according to measurement in Rybérna, area B, Staré Mésto near Uherské Hradit&.
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32. Comparison of geophysical measurement in Rybérna, area A, Staré Mésto near Uherské Hradisté.1 —- DEMP
axes of non-conducting zones, 2 — DEMP azes of conducting zones, 3 — axes of positive A T anomalies, 4 -
axes of negative A T anomalies, 5 — extent of morphological elevation structures,

33. Map of pEM contours according o measurement in Pierov, Horni namésti ( Upper Square).
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other with small & (from 0 to approx. 0.5) reflect the different effects of near-surface
"layers on the secondary magnetic field in the receiver at respective configurations
(Fig. 2).
The sharp growth of curves for non-conducting bodies (m > 1) suggests a very poor
or zero detectability of small non-conducting bodies from certain limit depth.

Field measurements with induction conductometers

The prototype of a device for direct and contactless apparent conductivity measure-
menis (DIKO) has been developed in Geofyzika Brno. It is similar in principle to the
EM-31 from Geonics Ltd., Canada. The prototypes are used for geophysical measure-
ments in archacological prospection, e.g. at Predklateri, Staré Mésto, Uherské Hradists,
Bitov, Moravské Kninice, Milovice, Buchlov, Pierov-Zabich. Some results from reports
by HasSek et al. (1988,1989) are presented here.

At the locality Milovice (district Bieclav) experimenial geophysical measurements
(DEMP - induction conductometer, VLF, magnetometry) were aimed at mapping of
assumed erosion furrows and occurrences of Tertiary clastics in the Quaternary basement
which are related with an assumed Palaeolithic settlement. A detailed geologic survey
conducted along a profile running across interpreted occurrences of rocks exhibiting
increased resistivity revealed two erosion furrows and a layer of Tertiary clastics
(Fig. 25).

In the environs of the Slavkov u Brna castle conductivity measurements were carried
out over an area of 26x20 m in a grid of 3x1 m in search for the stone foundations of the
studied object. Results of measurements were processed into map of p5 isolines (Fig.
26) in which a number of local anomalies can be found. Increased resistivity zones (e.g.
A’) well correlate with magnetic data.

Resistivity profiling and conductivity measurements at Pfedklasteti near TiSnov were
conducted to verify the assumed site of a church in the area of the museum was
reconstructed. p5* isolines (Fig. 27) and the map of correlation coefficients (Fig. 28)
indicated foundations of a small oval stone object. Results of measurements on profiles
PF3 and PF4 (Fig. 29) show a good correlation between data obtained by both methods
(resistivity profiling configuration was A2 M1 N2 B).

Measurements at Staré Mésto u Uherského Hradisté (locality "Rybarna") were aimed
at defining the course of a fortification revealed by archaeological prospection. The
measurements were conducted over two areas — A (200x50 m) and B (80x80 m) in a grid
of 5x2 m. The results were processed into a map of p5" isolines (Figs. 30 and 31) and
into DEMP and magnetometry correlation diagrams (Fig. 32). Increased resistivity areas
revealed by conductivity measurements correspond with positive A T anomalies which
may indicate remnants of stone masonry and a bank.

Conductivity measurements on 15 profiles (30 m each) at Horni square in Pierov were
aimed at defining the course of a 10th century ditch revealed by archacologists in the
vicinity of profile 15, station 25 m. The map of p3” isolines (Fig. 33) and comparison
with archaeological findings showed that the fortification is indicated by increased
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apparent resistivities mainly in the northern part of the measured area, i.e. around
20-30 m. Decreased p5” values indicated a filled in fountain.

Conclusions

If the condition of small induction number (or a near field) is satisfied, there is almost
linear dependence of the secondary component of the magnetic field induced by eddy
curmrents on apparent conductivity of a conducting half-space. The measured component
of the secondary magnetic field in the receiver is shifted in phase by %2 in regard to the
primary magnetic field. Devices based on this principle (so called induction conduc-
tometers) enhance geoelectric investigations at small depths particularly in areas af-
fected by human activity. They are applied in electromagnetic profiling, partly also in
sounding to0 solve many practical tasks.

The present article concentrates on detection of horizontal conducting and non-con-
ducting sheets at depth, using vertical and horizontal magnetic dipoles. The relatively
easy handling of the task is due to the simple analytical representation of the relative
contributions of elementary horizontal layers to the total apparent conductivity. It is
conditioned by mutuai independence of eddy currents in individual horizontal layers of
the near field. The detectability curves were calculated using a one-dimensional model,
which is suitable for sufficiently large horizontal bodies (i.e. for />> ). To calculate the
detectability of smaller bodies whose dimensions are comparable or less than the
separation of dipoles, a multidimensional model is required. In the present article,
simplified assumptions were used for detectability estimation.

Positive anomalies induced by conducting bodies prevail (they are k-times lazger) over
negative anomalies induced by non-conducting bodies. The calculated detectability
curves show dependence on amplitude, and for conducting bodies on conductivity
contrast. In the case of non-conducting bodies the influence of contrast & < 1/10 on the
curves is very litile. For m = 1 when horizontal dimensions of the body many times
exceed the distance between dipoles, the detectability curves reflect reality quite well.
For small bodies (m > 1) the curves, with regard to simplifying starting arguments,
provide rather a qualitative idea about the detectability and testify to the very poorchance
of detecting smaller non-conducting bodies by means of this method.

Field measurements with the developed induction conductometer prototypes confirm
the positive features of the method when used at small depths. It is also obvious from
the presented examples of measurements by means of induction conductometers at
archaeological siies.

K tisku doporucil J.Chyba
Prielozila D. Malikovd
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Detekovatelnost horizontalnich deskovitych téles
pomoci elektromagnetickych konduktometri

(Resumé anglického textu)
Richard Zihora
PredloZeno 11. dubna 1990

Prispévek pojednava o elekiromagnetické metodé s malym indukénim &islem, kdy
hloubka vniku (skinu) znaéné pievySuje vzdalenost mezi vysilacim a pfijimacim
dip6lem. Tato metoda realizovani magnetickymi dipoly v blizke zon€ je vyuZivana pro
bezkontaktni uréovani odporovych vlasinosti hornin. Pfimé a bezkontakini méieni
zd4nlivé vodivosti je v tomto pfipadé podminéno monoténni, téméf linedrni zavislosti
sekundami slozky magnetického pole, vybuzené vifivymi proudy na zdanlivé vodivosti
vodivého poloprostoru. Vyhodnocovand slozka sekundarniho magnetického pole v misté
piijimaciho dipélu je navic fizové posunuta o = /2 oproti primamimu magnetickémn
poli. Aparatury, kieré vyuZivaji tento efekt ( tzv. indukéni kondukiometry ) znalné
zefektiviiuji geoelekiricky prizkum malych hioubek zejména v oblastech s intenzivni
lidskou Zinmosti. VyuZivaji se pfi elektromagnetickém profilovani a Castetn€ i son-
dovani, které pro mnoho praktickych uloh je dostaCujici.Jsou to napi. piistroje EM-31,
EM-38,EM-34, vyrabéné kanadskou firmou Geonics, Ltd. a DIKO a.s. Geofyzika Brmo,
jejich# provedeni z4visi zejména na poZadovaném hloubkovém dosahu.

Hilavni pozornost &lanku je vénovana hloubkové detekovatelnosti horizontdlng
ulozenych vodivych a nevodivych deskovitych nehomogenit pii vertikalnim a horizon-
t4lnim uspofadani magnetickych dip6ld. Hloubkovou detekovatelnost definujeme zavis-
losti normované mocnosti A deskovité nehomogenity na normované hloubce & jejiho
uloZeni pro vytvoieni vodivostni anomdlie fixované velikosti ay (an ) pii daném kon-
trastu vodivosti k, tj. zavislosti A=f{H) pro parametry av (an ), k.

Pomé&rné snadné ¥eSeni této Glohy vyplyva z jednoduchého analytického vyjadieni
relativnich nezivislych ptispévkil elementarnich horizontilnich vistev k celkovému
sekunddrnimu magnetickému poli & celkové méfené zdanlivé mérné vodivosti. Tyto
piispévky jsou charakierizovany funkcemi Fy(t} ¢i Fr(T) nebo Ry(%) a Ru(7) pro
vertikélni a horizontalni uspofadani magnetickych dip6ld, kieré jsou znizornény na obr.
2 a 3. Jednoduché vyjadfeni t&chto funkei (viz rovnice 5,9, 10 a 11) vyplyva ze vzajemné
nezavislosti vifivych proudi v jednotlivych horizontalnich vistvach blizké zony.

Pro stanoveni k¥ivek deickovatelnosti je vyuZit jednorozmé€rny modelkiery je
opravnény pouze pro dostateéné rozlehlé nehomogenity v horizontalni roving, 1j. pro
1 >>r (viz obr. 4). Uloha detekovatelnosti mensich nehomogenit, jejichz rozméry jsou
priblizné stejné jako rozestup mezi dipbly nebo mensi, je podsiatné sloZit€jsi, nebot’
vyzaduje tedeni vicerozm&rnych modelii. Pro pfiblizné hodnoceni detekovatelnosti
mensich horizontilnich deskovitych nehomogenit byly zavedeny znaln€ zjednoduSujici
piedpokiady.

Kiivky detekovatelnosti byly vycisleny pro vodivé a nevodivé nehomogenity a obé
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uspoiadani dipolft pro znaénd rozmezi amplitud anomalii, vodivostnich kontrastit a
koeficienti m. Nékteré z téchto kiivek jsou vyneseny na obr. 6-24. Koeficient m
charakierizuje horizontalni rozlehlost nehomogenity, ktera je uvaZovana rotaéné symet-
ricka, pro ! >> r je m = 1. VEt§i hodnoty m odpovidaji mensim nehomogenitam, jejichz
horizontdlni rozmér je porovnatelny s rozestupem mezi civkami nebo mensi.

Popisovana elektromagnetickd metoda pro piimé a bezkontakini méfeni zdanlivé
vodivosti detekuje podle o&ekavani daleko vyrazngji vodi¢e nez nevodife, jak dokumen-
tuji véechny kiivky. Kladné anomalie vytvoiené vodivymi nehomogenitami pievySuji
k-krat amplitudy zapornych anomalii nevodivych nehomogenit pii jejich stejné
geometrii 1 hloubce uloZeni. Vechny kiivky vykazuji ofekdvanou pomérné znaénou
zivislost na amplitndé anomalie a koeficientu m (jak je patrno zobr. 12 a2 13) auvodivych
nehomogenit na poméru vodivosti k. U nevodivych homogenit pii £ < 1/10 pom&rné
milo ovliviinje pritbéh viech kiivek, pfi & << 1/10 je jeho vliv prakticky zanedbatelny.

Pro m = 1, j. pro znaéné rozlehlé nehomogenity, odpovidaji kfivky detekovatelnosti
veelku dobie skuteénym poméram. Pro mensi nehomogenity pii m>1 poskytuji piisluSné
kfivky s ohledem na zna&né zjednodusené vychozi pfedpoklady pouze orientalni Gdaje.

V zavéru pfispévku jsou uvedeny vysledky méieni s popsanou elektromagnetickou
metodou pii archeologickém prizkumu lokality Milovice, okr.Bieclav, zamku Slavkova
u Brna, v Predklasteti u Tisnova, ve Starém Mésté a v Perové. Visledky téchto méfeni
potvrdily efektivnost a vyhodnost této elekiromagnetické metody pfi priizkumu malych
hloubek.

Vysvétlivky k obrazkom

—

. Vertikalni magnetické dipoly nad vrstevnatym poloprostorem.

2. Zavislost relativaiho prisp&vku (odezvy) k sekundérnimu magnetickému poli jednotkové vistvy na normo-
vané hloubce jejiho vloZeni pro vertikalni F() a horizontilni Fu(t) magnetické dipoly.

3. Relativni prisp&vek k sekunddrnimu magnetickému poli celého prostfedi nalézajiciko se pod normovanou
hloubkovou trovni t; pro vertikdini Ry (T ;) a horizontalni Rg(1; magnetické dip6ly.

4. Model pro stanoveni podminek detekovatelnosti horizontdlng uloZené deskové nehomogenity.

5. Model nahrazujici nekoneny vodivy poloprostor pod méFicim dipblovym systémem.

6. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho ulozeni pro
anomélii a = 0,1, m =1 a poméry vodivosti ¥ =2, 4, 6, 8, 10, 25, 50, 100. Vertikilni magnetické dip6ly.

7. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hioubce jejiho ulozeni pro
anomélii a =0,2, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50, 100. Vertikalni magnetické dip6ly.

8. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro
anomalii a =0,4, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50, 100. Vertikaini magnetické dipaly.

9. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro
anomalii @ =0,8, m =1 a poméry vodivosti X =2, 4, 6, 8, 10, 25, 50, 100. Vertikdini magnetické dipély.

10. Zavislost normované mocnosti vodivé deskové nehomogenity ne normované hloubce jejiho uloZeni pro
anomalii a =0,2, m =4 a pomery vodivosti k =6, 8, 10, 25, 50, 100, 1000. Vertikaini magnetické dipoly.
11. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro

anomalii @ =0,4, m =4 a pomeéry vodivosti k =10, 25, 50, 100, 1000. Vertikdlni magnetické dipoly.

12. Zavislost normované mocnosti vodivé deskové nehomogenity na aormované hloubce jejiho uloZeni pro
pomér vodivosti k =10, m =1 a anomaélie a =0,05, 0,1, 0,2, 0,4, 0,6, 0,8, 1. Vertikdlni magnetické dipoly.
13. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro

anomailii @ =0,1, pomer vodivosti k =10 am =1, 2, 3, 4, 5, 6, 7, 8. Vertikalni magnetické dipoly.
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14. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejitio ulozeni pro
anomalii @ =0,2, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50. Horizontiln{ magretické dipsly.

15. Zavislost normované mocnosti vedivé deskové nehomogenity na normované hloubce jejiho uloZeni pro
anomalii @ =0,6, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50. Horizontiln{ magnetické dipély.

16. Z4vislost normované mocnosti vedivé deskové nehomogenity na normované hloubce jejiho utoZeni pro
anomélii 2 =0,2, m =2 a poméry vodivosti k =4, 6, 8, 10, 25, 50, 100, 1000. Horizont4lni magnetické dipoly.

17. Zavislost normované mocnosti vodivé deskové nehomogenity na normevané hloubce jejiho uloZeni pro
anomalii @ =0,2, m =5 a poméry vodivosti ¥ =10, 25, 50, 100, 1000. Horizontélni magnetické dipbly.

18. Zavislost normované mecnosti nevodivé deskové nehomogenity na normovane hloubce jejiho ulozZeni pro
anomalii @ =0,05, m =1 a poméry vodivosti k =1/2, 1/4, 1/6, 1/10, 1/50, 10°S. Vertikalni magnetické dipoly.

19. Zavislost normované mocnosti nevodivé deskové nehomogenity na normované hloubcee jejiho uloZeni pro
anomalii a =0,1, m =1 a pom&ry vodivosti ¥ =1/2, 1/4, 1/6, 1/16, 1/50, 108, Vertikalni magnetické dipély.

20. Z4vislost normované mecnosti nevodivé deskové nehomogenity na nonnovane hioubee jejiho uloZeni pro
anomalii @ =0,2, m =1 a poméry vedivosti k =1/2, 1/4, 1/6, 1/10, 1/50, 105, Vertikalni magnetické dipoly.

21. Zavislost normované mocnosti nevodivé deskové nehomogenity na normované hioubcee jejiho uloZeni pro
anomalii a =0,1, m =2 a pomé&ry vodivesii k =1/2, 1/4, 1/6, 1/10, 1/50, 10°S. Vertikalni magnetické dipoly.

292, Z4vislost normované mocaosti nevodivé deskové nehomogenity na normovane hloubcee jejiho uloZeni pro
anomalii a=0,1, m= 1 2 pomeéry vodivosti k=1/2, 1/4, 1/6,1/10, 1/50, 10°%. Horizontélni magnetické dip6ly.

23. Zavislost normované mocnosti nevodivé deskové nehomogenity na normovane hloubce jejiho uloZeni pro
anomalii @ =0,2, m =1 a poméry vedivosti k=1/2, 1/4, 1/6, 1/10, 1/50, 10, Horizontalni magnetické dipély.

24. 7Z4vislost normované mocnosti nevodivé deskové nehomogenity na nonnovane hloubce jejiho uloZeni pro
anomalii 2 =0,1, m =2 a poméry vodivestik =1/2, 1/4, 1/6, 1/10, 1/50, 10°®. Horizontlni magnetické dipoly.

25. Rozlozeni odport v Milovicich, okr.Bieclav.
a) mapa odporovich profilll, b) podpovichovy geologicky Fez; 1 - terciérni jil, 2 — terciémi Sterk,

- terciémni klastlka., 4 — splachové sedimenty, 5 — erozni r¥ha, 6 - navazka, 7 — sprad.
26. Mapa izolinii pz podle méFeni s indukénim kondukiometrem DIKO ve Slavkovs u Braa.

27. Mapa izolinii pz 2 m3¥eni v Piedklasteti u Tisnova,okr. Brno - venkov.

28. Mapa koeficienth vzajemné korelace z méfeni v Predklasteti u TiSnova,okr. Brno-venkov.

29. Porovnani proﬂlovych kiivek pzor) 2 p‘EM z méfeni v Predklasteti u TiSnova,oks. Bmo-venkov.

30. Mapa izolinii pz z méfeni v Rybams, plocha A, Staré Mé&sto u Uherského Hradidté.

31. Mapa izolinii p5" 2 m&Feni v Rybamé, plocha B, Staré Mésto u Uherského Hradists,

32. Korelagni schéma z m&feni v Rybarns, plocha A, Staré Mésto u Uherského Hradisté.
1 — osy nevodivich pisem 2 metody DEMP, 2 — osy vodivych pasem z metody DEMP, 3 — osy pozitivaich
anoméalii AT, 4 — osy negativnich anomalii AT, 5 — rozsah morfologickych elevagnich struktur.

33. Mapa izolinii pz z mé&feni v Pierovd na Hornim namssti.
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