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borne geophysical survey in southwest Bohemia (Sumava Mits. piedmont) and its
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Abstract: In southwest Bohemia an area of approx. 3 400 km? was covered by new
airborne maguetometric and gamma spectrometric survey on the scale of 1 : 25 000,
In the Barrandian Proterozoic of the surveyed area an expressive zone of magnetic
anomalies has been observed over the belts of the products of paleobasalt volcanism,
corresponding with the zones of decreased concentration of K, U apd Th. Petrological
and petrophysical studies proved pyrrhotite as the main carrier of magnetization in the
paleobasalts. The surveyed parts of the Central Bohemian Pluton do not exhibit
magnetic anomalies. The north-western boundaries of the partial apophyses of the
Pluten are distinctly marked in the field of X, U and Th concentrations. In the islets
of the Pluton crystalline mantle, the striking maguetic anomalies are associated with
products of mafic and also felsic voleanism, containing magnetite. The radiometric
anomalies indicate great variability of the rocks of the islet-zone. The Moldanubian
part of the siudy area is characterized by the regional magnetic zones, trending
NE—SW. The sources of these zones are metamorphosed volcanics of contrast chemism,
containing magnetite. The anomalies of radioactivity, trending E—W, ¢an be traced
several tens of kilometers. They are associated with the system of dykes of porpbyries
and porphyrites.
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introduction

In 1982 a new stage of airborue geophysical measurements (magnetometric
and gamma spectrometric) and geological interpretation of selected areas in the
Bohemian Massif has stard. teln each selected area (approx. of 3 500 km?) the
project is goingon in a three-year cycle. The first year is devoted to airborne measure-
ments. The results, i.e. contour maps of AT anomalies, total gamma activity and K,
U and Th concentrations, are used for planning of the ground verification and
selecting anomalies for a detailed survey. These works are carried out during the
second year and serve as a basis for geophysical interpretation. The maps of
primary data processing are verified and the set of airborne maps is enhanced
by the derived magnetic maps (continuation upward to 200 and 750 m above the
flight elevation, vertical gradient) and derived gamma spectrometric maps (ratios
of Th/U, Th/K concentrations). During the third year, the verified and derived
maps are used for complex geophysical and geological interpretation,

The area in southwest Bohemia (Sumava Mits. piedmont) where the airborne
survey and the subsequent geological interpretation were accomplished in 1985,
includes the southern part of the Central Bohemian Pluton and the adjoining part
of the Moldanubicurm and Barrandian (approx. 3 400 km?).

Geological review

The study area includes the following regional-geological units ffrom W to E):
1. The DomaZlice crystalline complex, 2. The Barrandian basin, 3. The Ceniral
Bohemian Pluton, 4. The Sumava section of the Moldanubicum (cf. Fig. 1).

The studied area covers the eastern part of the DomaZlice crystalline complex,
comnsisting of the Kdyn& basic complex and of the Stod granitoid massif. The
Kdyng¢ complex is represented by its uorth-sastern part where the Kdyn® massif
proper is built of quartz diorite and its crystalline mantle of metabasites represented
by various types ol amphibolites whose mafic components are Fe, Mg silicates
of the amphibole group and the main accessories are ilmenite and pyrrhotite.
Crystalline pelitic-psammitic schists are less abundant. Among them various
types of contact hornfelses, sometimes cordieritic, prevail. The Stod massif is
built up mainly of biotite granite in which numerous enclaves of quartz diorite
and pyroxene-amphibole hornfels occur at the contact with the Kdyné massif,

The study area includes the south-western part of the Barrandian, which with
increasing regional metamorphism passes into the rocks of the DomaZlice crystalline
complex. The boundary between the both units is indistinct and can be defined
by the conventional boundary of the biotite isograde. '

The lithofacial development of the pelitic-psammitic sediments changes from
NW to SE. In this direction the frequency and amount of black (graphitic) schist
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intercalations increase similarly as the number of pyrite shists and lydites. The
greywackes are separated into individual layers and lenses, between Klatovy and
Svihov attaining the thickness of hundreds of meters. The mineral association
of metapelites in this area is locally enriched with amphibole.

Facial changes can also be observed in belts of metabasites. The number of
bodies primarily corresponding to basalts increases also in the NW — SE direction.
Their chemical composition is that of tholeiites. Alkaline basalts of the DomaZlice
crystalline complex occur westwards, outside the study area. 3

The rocks, between Blovice and Nepomuk, belong also to the Barrandian, and,
similarly as in the environs of Klatovy, they are metamorphosed due to the thermal
effects of the Central Bohemian Pluton into various types of hornfelses. The
lithofacial development of metapelites is very similar to that between Klatovy
and Svihov. Strikingly different, however, is the development of paleovolcanites
which, besides tholeiitic basalts, include types ranging to andesite.

"The Cential Bohemian Pluton occupies the prevailing part of the studied area.
It is represented by the Klatovy apophysis and by its south-western and southern
branched out parts (Kolinec, Hory Matky BoZi and Stielské Hostice apophyses).

The Klatovy apophysis is composed of the Nyrsko biotite granite, the Klatovy
biotite-hornblende granodiorite, the Kozlovice biotite-cordierite granodiorite and
of marginal-type biotite granite. The petrography of the south-western part of the
Pluton is relatively monotonous, composed of the Blatna biotite granodiorite
and of the Cerven4 biotite-amphibole granodiorite. In the southern part the
Kozérovice (Sizava) biotite-amphibole granodiorite and the porphyritic biotite-
amphibole melanocratic granite of Certovo bfemeno occur.

The more important enclaves of the Pluton crystaliine mantle in our study
area, are represented by the Kasejovice islet, by the Mirovice islet, mainly its
southern part formed by the Mirotice orthogneisses, and finally by the southern
margin of the Sedlany—Krasna Hora islet, also composed of the Mirotice
orthogneisses.

The Moldanubian part of the study area consists of a lithologically varied
complex of rocks. Migmatized paragneisses, sometimes with sillimanite and
cordierte, prevail. Intercalations of different rocks comprise quartzites, erlans,
crystalline limestones, and amphibolites. Leptynites and orthogneisses can be
observed locally.

The local accumulations of various intercalations create in the Sumava section
of the Moldanubicum several regional-geological units. From W to E these are:
the Stra¥ov varied unit south of Klatovy, the Susice varied unit, and the Strakonice
varied unit. The above mentioned occurrences of migmatites of orthogneises can
be ranged to the Podolsko complex.

Local intrusions of granitoid rocks in the Moldanubicum, abundant especially
along the contact with the Central Bohemian Pluton, are represented by different
types of leucocratic granites, granodiorites and tonalites of the Cervens type, and
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in the eastern part of the area by porphyritic melanocratic Rastenberg granite,
which is equivalent to the Certovo bfemeno type of the Central Bohemian Pluton.

Minor Tertiary relics ranged to the South Bohemian basins, occur near Horazdo-
vice, Strakonice and Pisek, in a greater extent in the environs of Protivin and
Vodiiany where they are more or less associated with the Budgjovice basin.

As regards Quaternary sedimentation, this is an area of predominant denuda-
tion with minor local deposits, chiefly deluviums and alluviums. In the Otava
valley, only relatively thin terraces can be observed.

Outline of previous geophysical measurements
Regional geophysical measurements

At the end of the 1950s the entire area of interest was covered by feconnaissance
airborne mapping 1 : 200 000. Much more detailed, however, was the airborne
geophysical mapping 1 : 25 000 conducted during the 1960s. Measurements of the
total magnetic field were carried out using flux-gate magnetometer with the accuracy
ranging between 8 and 13 nT. For radiometric measurements scintillation counter
was used.

The entire area of interest was also covered by gravity mapping 1 : 200 000,
some parts on the scale of 1 : 50 000. B '

Physical properties of rocks

The previous petrophysical studies in the area concentrated on the Kdyng-
&t&novice magnetic anomaly. Physical properties of so called spilites in the area
were studied by Cejchanova (1971).

K rsova (1976) measured magnetic properties of a set of rock samples from the
so called Prestice zone of the Kdyné-St&novice anomaly.

Chlup4a&ova (1984) studied magnetic properties of rocks in a gallery and in
a horizontal drillhole at the locality Struhadlo in the PfeStice magnetic zone.
She found out that the magnetic susceptibility characterized the pyrrhotite distribu-
tion. The study of magnetic anisotropy implies that magnetic and metamorphic
foliations are interrelated and presumably formed by the same deformation. It
implies that the pyrrhotite mineralization was pre-deformational or perhaps
syndeformational owing to the forming of metamorphic foliation.

In other parts of the area of interest physical properties of rocks were studied
separately at individual localities. Physical properties of rocks of the Kasejovice
islet were examined by Hron (1963), who collected 75 samples from anomalous
magpetic zones and measured their susceptibility and density. Samples described
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as quartzitic hornfelses exhibited large values — susceptibility 20.5% 1073 to
4311073 SI units, density 2.82 to 3.03g.cm™3. Amphibolites were strongly
magnetic — susceptibility 12.6 X 10~ to 80 x 18~ 3 SI units. Orthogneisses exhibited
susceptibility values 3.4x 1073 to 23.3x 1073 SI units. Other rock samples from
the Kasejovice islet did not show increased susceptibility.

Physical properties of rocks of the Kasejovice islet and of the Proterozoic spilite
series between SedliSté and Stary Smolivec were studied by Krsova and §fovid-
kova (1975). Their results show relatively high susceptibility and remanent magne-
tization of Proterozoic spilitic rocks. The chief carrier of magnetization was found
to be pyrrhotite, in places magnetite. The northern part of the Kasejovice islet is
characterized by the presence of magnetite in amphibolites, quartzites, and ortho-
gneisses. On the contrary, in the southern part of the islet some amphibolites con-
tain also pyrrhotite. This is what they have in common with the spilite series. It is
also manifested by higher mineralogical densities.

Hron (1963) studied the susceptibilities of various types of Moldanubian
orthogneisses from the area of Hartmanice. The obtained values ranged from
0.2x107* (two-mica sillimanite paragneiss) to 9.2 1073 SI (biotite feldspathized

paragneiss).

Locai geophysical measurements

The relatively large area of approx. 45 km? between Sedli’té and Siary Smolivec
where the Proterozoic spilite series contacts on the Klatovy apophysis was surveyed
by Benda (1973). The network of profiles at 100 m intervals and points at 20 m
intervals made it possible to delimit with sufficient accuracy the individual magnetic
anomalies. Resulis can serve for comparison of ground and airborne measurements.

Ground rodiometric medsurements

Almost the entire study area was covered by a systematic radiometric survey
carried out by Uranovy prizkem Liberec. Emanometry prevailed namely in the
1950s when it was applied on the scale of 1 : 25 060 (with 250 m intervals between
profiles) and in more perspective area on the scale of 1 : 5000, in places on even
more detailed scales. Since the 1970s the survey concentrated on selected localities
(1 : 5 000), radiometric sounding moved to greater depths and the gamma method
spread. Attention focused mainly on the Klatovy apophysis in the Central Bohemian
Pluton, on its north-western exocontact and on the Chanovice apophysis.

Since the 1970s ground gamma spectrometry has been applied on parametric
profiles in order to verify the distribution of radioactive elements in the Central
Bohemian Pluton and in adjoining geological units, and to estimate the known
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anomalies of total radioactivity and emanation. At first the measurements were
executed in dug holes, later on in drilled holes 150 mm in diameter, predominanily
in eluvial-deluvial covers.

New airborne geophysical survey

irborne magnetometric and gamma spectrometric sarvey was earried out using
the proton magnetometer G 801/3 B (Geometrics) and the difference four-channel
gamma spectrometer DIGRS 3001 (Exploranium).

The magnetometer detector is mounted at the edge of the right wing of the air-
craft. Detectors of the gamma spectrometer are eight Nal(Tl) crystals of the total
volume of 14 830 cm?® which are placed inside the aircraft.

The equipment comprises electronic navigation system Mini Ranger 11, Moto-
rola, which epables navigation of the aircraft along the planmed path, digital
recording of the local coordinates of the points of measurements and calculation
of the real flight path. Owing to the accurate location the quality of the resuliant
geophysical maps is greatly increased. A limiting factor of the electronic naviga-
tion, however, is the condition of direct visibility between the aireraft and two
ground reference stations. Where this is impossible, the aircraft must be navigated
by the navigator and the coordinates are interpolated using orientation points
that he has chosen. Then, of course, the accuracy of locating the measured data is
decreased.

Of basic importance for the airborne survey is the field verification system which
was used together with the desk-computer Olivetti M 20. The system enables
immediate processing of daily measurements on test profiles, processing of diurnal
variations and their introduction to the measured values, subtraction of the back-
ground and reduction for altitude.

Furthermore, in all channels on all measured profiles the obtained data were
tested for gross errors. Simultaneously, flight paths were checked. The system as
a whole enabled daily checks of the quality of measuremenis. '

The eatire area was surveyed on the scale of 1 : 25 000, i.e. the flight lines were
parallel, at 250 m intervals. Moreover, so called tie lines, perpendicular to the
flight lines at 2.5 km intervals, were fiown. Measurements on both flight and tie
lines were conducted at a ground clearance between 60 and 100 m (the average
was 80 m). The velocity of the aircraft ranged from 130 to 140 km per hour. The
azimuth of the flight lines was 145° (325°).

Measurements in calibration zones with known concentrations of radio-clemenis
were used to calculate the sensitivities for the given system and altitude of 80 m:

50.0 c.p.s./1% K (in K-window)

6.0 c.p.s./1 ppm U (in U-window)
2.5 ¢.p.s./1 ppm Th (in Th-window)
20.0 c.p.s.{1 Ur (in TC-window)
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The evaluation. of daily measurements of the natural gamma spectrometer
background showed that in 1983 the variability of radioactivity in atmosphere
was favourably low.

Every day the system was checked during flight on a test line. Nevertheless, the
accuracy of individual measurements in the study area can be better evaluated
by a new method of adjustment of field values on the basis of a network of basic
and tie lines. In the point of intersection of a basic and a tie line the obtained values
should be equal. The difference between these values is given by the sum of errors
of both measuremenis. By evaluating several tens of thousands of differences
obtained at the points of intersection throughout the study area we get the mean
error of one measurement as shown in Table 1.

Table 1

Mean error of measurement

Mean error of measurement
Channel -

measured guaatity processed quantity
Magnetometry 11-21nT ' 1.16~2.1nT
Potassium 4.5-6.2¢.p.s. 0.09-0.12% K
Uranivm 1.8—-2.5¢c.ps. 0.30-0.4 ppm U
Thorium 1.2-18c¢.p.s. 0.50—0.7 ppm Th
Total count 11-18c.p.s. 0.60—0.9 Ur

The presented range of mean errors follows from the fact that in some parts
of the study area the variability of the measured quantity is small, while elsewhere
anomalies are more abundant and thus, naturally, the error of one measurement
increases.

To process the results of measurements and compile contour maps we applied
a new method, making full use of navigation data and of an accurate location
of the points of measurement.

Observing the planned flight velocity, we take measurements at 35—40m
intervals on profiles 250 m apart. The obtained values of magnetic channels are
corrected for geomagnetic field diurnal variations, reduced for the normal geo-
magnetic field and adjusted according to points of intersection of flight and tie
lines. Gamma spectrometric values are corrected for natural backgrounds and
adjusted according to the points of intersection.

Another important step was evaluating the secular variation between the time
of measurement and the epoch 1981. The presented magnetic maps of contour
lines are related to the normal field for the epoch 1981.0 for which was used the
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relation
Tlggi‘o(z, (D) =48 012 -+ 66.7(2 - 15) + 262.6((13 - 50),

where A is longitude and ¢ latitude in degrees.

This particular way of data processing employs all the obtained values including
location data of the navigation system in order to construct the resultant maps.
Thus reliability of results is guaranteed.

The airborne geophysical survey yielded contour maps of the measured para-
meters and derived magnetic and isoradiation contour maps. Also the maps of
analytical continuation of magnetic field upwards to 200 and 750 m above the
flight level and the vertical gradient of the analytical continuation of magnetic
field at 200 m above the flight level. Radiometric data are presented in the form
of contour maps of total count, K, U, and Th concentrations. The K, U, and Th
concentrations were used to calculate maps of Th/U, Th/K ratios.

The scale of maps was 1 : 50 000, in some cases 1 : 200 000. The contour map
of magnetic field continued upward 200 m above the flight level is in Fig. 2. As
an example of radiometric map the contour map of K concentration is shown
in Fig. 3.

Ground verification of airborne data

Interpretation of acromagnetic measurements was based on previous geophysical
works, namely reports of Salansky and Manova (1966, 1974, 1976) and on
available geological material. Moreover, to obtain more information we carried
out detailed ground geophysical measurements at some anomalies and collected
rock samples for petrographic studies and measurements of physical parameters.
Interesting results yielded ground measurements over the so called Prestice
anomalous zone near Tetétice (cf. Fig. 4) in the Kdyn&-Sténovice anomaly whose
interpretations by various authors differed a great deal.

Geophysical measurements at the locality Tetétice (Struhadlo)

West of Tetétice over the Velky Bitov ridge, measurements were carried out
along two parallel profiles A and B situated at a distance of 100 m over a gallery
and an underground horizontal borehole SP-1 (Uranovy priazkum). The applied
methods were magnetometry, the VLF method, symmetric resistivity profiling
(SOP), and the 1P method. Resulis of measurements on both profiles projected
in the axes of the gallery and of the borehole are in Fig. 4 together with a geological
section and with the results of susceptibility measurements by kappameter in the
gallery and on cores from the horizontal borehole. The data are taken from the
report of Chiupéacova et al. (1984).
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According to the geological profile, two high susceptibility zones (Fig. 4)
correspond with zones of spilites. The samples collected by ChiupaZova in the high
susceptibility zone in the gallery, mostly hornstones and metabasites, have an
average Q-coefficient 3.25. The highest susceptibility of approx. 120x 103 SI
units was exhibited by a sample of dark metatufi, collected 4 m to the NW of
point BM5. Samples from the high susceptibility zone in borehole SP-1, described
as hornstones, tuffs and spilitic rocks, have an average Q-coefficient 2.77 and the
highest susceptibility is approx. 60 x 10™2 SI units.

The distinct magoetic anomalies detected above the gallery and horizontal
borehole were shifted by approx. 30 m to the NW of both increased susceptibility
zones, obviously, due to dipping of the strata. The smooth shape of the magnetic
anomaly over the increased susceptibility zone in the gallery indicates that the
zone does not reach the surface. On the contrary, the increased susceptibility zone
in the borehole, approx. 70 m wide, comes out at the surface, as it can be seen
from the gradient of the magnetic field which changes from —2 500 nT to 4-5850nT
over a short distance (on profile A).

Resistivity and IP measurements were carried out on profile A only, with ABf2 =
= 50 m. Both magnetic zones are manifested by decreased resistivity (below
30 Qm) and by a continuous increased polarization zone (up to 15 %). It shows
that the carrier of magnetization is a sulphidic mineralization, i.e. pyrrhotite.

Kovalova and Mrazek (1986) determined the contents of minority elements
in the horizontal borehole SP-1. In the high susceptibility zone (66 to 135 m from
the face) the contents of economic elements, except for Ag, were lower. It can be
said that the pyrrhotite mineralization is basically monomineral.

A comparison of ground geophysical data, petrophysical data from the borehole
and from the gallery, and the petrographic descriptions of rocks shows that the
source of the anomaly are paleovolcanites (metabasites) with a high content of
pyrrhotite. »

Ground radiometric verification

In the past few years ground preliminary verification of airborne geophysical
maps became an essential part of airborne geophysical mapping. The verification
is aimed at beiter reliability of airborne radiometric maps and at obtaining informa-
tion about the disiribution of radio-elements in eluvial-deluvial covers which is
necessary for geological interpretation. Detailed ground verification is carried
out by the users of airborne geophysical maps according to their own prospection
tasks.

In the course of the airborne survey in PoSumavi we accomplished preliminary
verification on 34 ground gamma specirometry profiles. Moreover, to evaluaie
the contour maps of K, U and Th concentrations we used data obtained by Uranovy
priizkum from their own. prospection.
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- On certain parts of the profiles we used ground spectrometers to measure K, U
and Th concentrations in boreholes 150 mm in diameter at a depth of 1 m at most,
in dependence on local conditions. In this way obiained values mostly represent
the concentrations of radio-elements in the eluvial cover.

Some profiles, aimed at verification of the airborne spectrometric data in the
cases when preliminary processing cast doubt on its reality, were measured con-
tinuously. The detector was carried 50 cm above the ground and apparent con-
centration values were read at 80 m intervals. In case of disproportions the maps
were corrected. In this way obtained concentrations were close to the airborne
values.

The ground verification showed a good agreement between airborne and ground
measurements in a majority of profiles. In a number of cases ground measurements
revealed great variability of concentrations which could not be recorded by air-
borne measurements. Airborne maps show the shielding effect of forests which
must be taken into account in interpretation.

Comparison of K, U and Th concentrations on ground profiles with airborne
gamma spectrometric data provided valuable information for geological inter-
pretation of airborne maps.

Ground data were statistically processed (Tab. 2). Average concentrations and
other statistical parameters were calculated, characterizing the radiogeochemical
distribution in eluvial-deluvial covers, ranging to the main rock types of the
study area. Fig. 5 shows radioactive anomalies classified in the following groups:
a) Anomalies without geological foundation (Group V) comprise anomalies due

to devastation of natural radioactivity field by civilization effects.

b) Anomalies caused by known objects due to spoil maierial from prospected
or exploited localities (Group X).

¢) Regional anomalies of concentrations (Group Y) indicate extensive geological
wnits with primary radiogeochemical distribution different from the distribution
in neighbouring geological units (e.g. granitoids of the Klatovy apophysis where
the concentration of radioelements is increased compared with the surrounding
Moldanubian and Barrandian Proterozoic complexes — Y8 or, on the contrary,
paleobasalts and crystalline limestones with low contents of radio-elements).
Often, the contours of these anomalies do not coincide with the delimited geo-
logical boundaries.

d) Regional gradients of concentration (Group Z) indicate important boundaries
of rocks with different radiogeochemical “distribution (e.g. the north-western
boundary of the Chanovice apophysis of the Central Bohemian Pluton with
the Moldanubicum — Z1).

¢) Local anomalies (Group L) indicate less extensive geological bodies, often
of not well defined genesis, with an anomalous radiogeochemical distribution,
Some of them can be significant as indications for prospecting for non-radio-
active raw materials.
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interpretation of airborne geophysical survey
. Magnetic bﬁomalies ,

.. On the basis of magnetic contour maps we constructed a scheme of magnetic
structures (see Fig. 6).- According to. maps of analytical continuation of magnetic
field upward to 200 and 750 m we delimited zones including anomalies of the same
type. The scheme also sliows some imporiant contours of gravity field with indicat-
ed directions of the gradients and axes of positive and negative gravity anomalies
to make possible comparison of gravity and magnetic data for easier interpretation.

The magnetic field in the surveyed area is greatly varied. The individual geo-
logical formations differ by magnetic anomalies, each having a specific character.
Distinct in the westernmost part of the study area is the so called Kdyn&-8ténovice
anomaly. This area of intensive magnetic anomalies is accompanied by a gravity
high and is divided into several partial zones (a to f). The most distinct and most
continuous one is the so called Piestice zone (e) in the east, fringing the Kdyné-
Sténovice anomaly. Results of geophysical measurements and petrographical
verification of some anomalies in this area prove that the magnetic anomalies
are associated with Proterozoic metabasalts, so called “spilites” with a high content
of pyrrhotite, or with rocks of similar genesis, e.g. tuffs and tuffites.

The distinct Zinkovy magnetic zone (g,, g,) in the Proterozoic closely follows
the north-western margin of the Klatovy apophysis. Occurrences of magnetic
metabasites were found in the north-eastern part of the Zinkovy zone (g).

The rocks of the Central Bohemian Pluton are practically non-magnetic; some
minor anomalies within the Pluton, e.g. zone () in the vicinity of BieZany, were
most probably caused by mantle relics or by younger dyke rocks, or by amphibolite
enclaves [zone (1) near Hradek]. ' '

Striking anomalies are associated with rocks of the Mirovice islet zone (o). The
Kasejovice islet zone (§) and Staré Sedlo orthogneisses in the southernmost part
of the Sedl¢any-Krasna Hora islet zone (#) are very clearly manifested too.

Approximately NE—SW trending zone of magnetic anomalies can be observed
in the Moldanubicum. In Fig. 6 they are designated h, k, n, g, r and ¢. It can be
assumed that they coincide with occurrences of migmatized paragneisses in the
Moldanubicum. They do not substantially differ in lithology, but contain more
magnetic minerals, presumably of volcanic origin. Most striking of them is the
Pisek zone (¢), the northern part of which between Pisck and Razice follows the
boundary (Z-6) in Fig. 5 of low K, U and Th concentrations in the northwest
and high concentrations in the southeast. Farther to the southwest this boundary
can only be assumed because the field of concentrations is disturbed by the presence
of other anomalies. This implies that the Pisek zone most probably represents
zone of metamorphic volcanic rocks, fringing the Podolsko complex, the radio-
activity of which is higher compared with the surrounding Moldanubian rocks.
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The W —E striking radioactivity anomalies Y-18, Y-19 and Y-20 (Fig. 5) in the
area east and south of Volyng are believed to be due to accumulations of dykes
‘of anomalously radioactive porphyries or porphyrites (see below). These radio-
activity anomalies fill the gaps in the zone (¢) magnetic anomalies. The older suiie
of volcanic rocks of the Pisek zone is disturbed by younger E— W striking dykes.

Anomalies of different directions can be observed in the southern part of the
study area. They follow mostly the foliation of the Moldanubicum. An exception
is the anomalous zone (s) whose western part forms a kind of knot from which
the amomalies strike in various directions. Obviously, both older and younger
tectonic activity left traces there. In the anomalous zone (x) submeridional and
subequatorial directions play a part besides the NE—SW strike. '

As mentioned above, the Central Bohemian Pluton is composed of non-magnetic
rocks. However, its tectomic position evidently influences the distribution of
anomalies in the area. Magnetic and radioactivity anomalies clearly mark the
north-western margin of the Klatovy apophysis. Its south-castern margin can be
traced only in the field of Th-concentrations (anomaly Y-8 in Fig. 5) and does net
affect the magnetic field.

An analogy is the Chanovice apophysis from both sides bordered by the
Moldanubicum. The magnetic anomalies in the south-eastern margin of zone (k,)
fringe the Chanovice apophysis. It seems that they are linked with the Pluton
contact zone. In the field of concentrations of radio-elemenis as well the north-
western margin of the Chanovice apophysis is indicated by the distinct boundary
Z-1. The south-eastern margin has not been traced by airborne mapping.

Magnetic anomalies occur also south of HoraZzdovice in the north-western margin
of the Stielské HosStice apophysis of the Pluton. It suggests that the north-western
boundaries of the Pluton are well defined in physical fields and petrophysical
properties of rocks change there. On the contrary, south-eastern bouadaries
cannot be definitely traced by geophysical measurements in the study area. Sinece,
there are practically no petrophysical conirasts between the rocks of the Pluton
and of the Moldanubicum.

These facts presumably reflect the tectonic features of the Pluton. It is not
easy to explain this asymmetry from geophysical viewpoint. It may be associated
with the emplacement of the Pluton which obviously was noti vertical. The
anomalies of the Petrovice zone (j) also delimit the zone of the emplacement of
granodiorite bodies, in this case in NW —SE direction.

In the south-castern corner of the study area near Husinec the arcuate zones
of magnetic anomalies (y, z) follow the margin of a granulite body.
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Resuits of gamma-ray spectrometry

Radioactivity of the rocks in the investigated area is much varied. The geological
units there mutually differ in the distribution of radio-clements. The different
concentrations are due to the different origins of geological umits and to the
primary contrasts in composition of prevailing types of rocks. While 2 majority
of magmatites of the Central Bohemian Pluton belong to felsic rocks with relatively
high K-concentrations and associated Th and U-concentrations, the weakly
metamorphic Proterozoic sediments and volcanites range to rocks with low
concentrations of these elements. Then, radioactivity of the metamorphites of the
Sumava Moldanubicum is on average lower compared with granitoids of the
Central Bohemian Pluton and higher compared with sediments and volcanics
of the Proterozoic. Radioactivity of the Moldanubian rocks on average increases
from NW to SE. According o Matolin (1970) it is apparently associated with
increased K,U and Th concentrations in the metatect component of some
migmatized complexes. The generally increased concentrations in the southern
part of the Moldanubicum are also due to porphyric and porphyritic dykes with
anomalous radioactivity.

In the Proterozoic there prevail rocks with low K and Th concentrations. The
average U-coucentration is lower than in the Moldanubicum and in the Central
Bohemian Pluton. The distribution of radio-elements in both investigated paris
of the Proterozoic in the western neighbourhood of Klatovy and in the vicinity
of Blovice is rather different, though.

The western neighbourhood of Klatovy between the Klatovy apophysis of the
Central Bohemian Pluton, the Kdyné and Stod massifs exhibit the lowest K,
U and Th concentrations (zores Y-1, Y-2 and Y-4 in Fig. 5). The relatively mono-
tonous concentrations in weakly metamorphic Proterozoic schists and in the diorite
apophysis of the Kdyn€ massif are contrasted by extremely low values in mafic
Proterozoic volcanites. An almost continuous zone of loew concentrations Y-1
coincides with the Kdyng-Sténovice magnetic anomaly and indicates a large body
of mafic paleovolcanites. Increased K, U and Th-concentrations, without contrasts
however, can be observed in the southern part of the Stod massif (zone Y-3).

Several local anomalies occur in low K- and Th-concentrations in the vicinity
of Blovice. Greater differences can be observed between U-concentrations where
numerous local anomalies (X-2, X-1) occur. It can be assumed that the generally
increased and varied U-concentrations were affected by numerous inclosions
of rocks with anomalous U-concentrations (particularly silicites) and by secondary
redistribution of U.

Majority of granodiorites in the Central Bohemian Pluton exhibit similar K,
U and Th-concentrations. Therefore, also their indications in airborne maps are
analogous. In the area of the Klatovy apophysis marginal type granites and grano-
diorites (Y-9 and Y-10) differ from the remaining granitoids (Y-8) by higher K,

28




U and Th-concentrations: ‘As it can be seen in radiometric maps, the contours
of the anomalies deviate from the geological boundaries of these rocks, namely
where the Klatovy apophysis links with the Central Bohemian Pluton. According
to airborne maps the marginal granites do mot occur there.

Roth contacts of the Klatovy apophysis and the south-western contact of the
Chanovice apophysis (Z-1) relatively distinctly differ from their neighbourhoed.
Similarly as in the magmatites of the Klatovy apophysis, the K, U and particularly
Th-concentrations in the Blatnd granodiorite are higher than in the surrounding
rocks and compared with the Moldanubicum their contrasts are big enough to
‘enable drawing of the boundary. On the contrary, the south-eastern boundary
of the Ceniral Bohemian Pluton, cannot be easily interpreied on the basis of
concentrations because of a gradual decrease of concentrations in the Ceniral
Bohemian Pluton towards its southern margin. Moreover, interpretation of the
southern margin of the Pluton is influenced by random locations of shielding
forests. The Blatné granodiorite contrasts with the metamorphic islets of Kasejovice
(Y-11) and Mirovice (Z-3). The highest concentrations of radioactive elements
within the Blatn4 type coincides with its porphyric facies in the vicinity of Blatna.

East of the Mirovice islet high concentrations are exhibited by durbachite of the
type of Certovo biemeno near SobZdraZ (Z-5). The occurrence of this type near
VraZ (Y-13) is also manifested by anomalous K, U and Th-concentrations. Accord-
ing to airborne maps these concentrations outcome the extent of the assumed
geological body.

Concentrations of radio-elements in most of Moldanubian rocks are very similar.
Therefore in airborne radiometric maps it is impossible to distinguish paragneisses
from orthogneisses. From NW to SE the radioactivity of both para- and ortho-
series gradually increases. In the eastern part the high concentrations (Z-6) are
obviously associated with migmatites of orthogneiss appearance of the Podolsko
complex. Extremely high concentrations in the vicinity of Pisek indicate a durbachiie
body (Y-22).

As seen in radiometric maps, the lowest concentrations in the Moldanubicum
coincide with occurrences of erysialline marbies (Y-14, Y-14), e.g. the well known
bodies in the vicinity of Rabi. A total decrease of concentrations can be observed
in some parts of the varied group with numerous marble occurrences. Striking
E~—W trending linear anomalies (¥-17 to Y-20) in the arca delimited by KaSperskée
Hory, Volyn&, Bavorov and Vimperk are due to accumulations of paraliel dykes
of porphyries and porphyrites. They indicate disjunctive tectonic structures of
regional significance. Some of them can be traced in airborne radiometric maps
at a length of several tens of kilometers. According to the magnetic contour map
we can assume that they dislocate the Pisek metavolcanic zone. On the contrary,
partial discontinuities may indicate younger disjunctions, presumably striking to
the NE. Resulis of statistical evaluation of the ground spectrometric survey are
given in Tab. 2.
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Petrophysical and petrological characteristics
of aeromagnetic anomalies

Field samples were collected during the summer and avtumn of 1984, Owing
to the large extent and to geological diversity of the study area we were not able
to carry out field reconnaissance of all detected magnetic anomalies. Therefore
we focused on expressive anomalous zones and on some significant anomalies,
regardless of previous studies. We did so in an effort for overall understanding,
also taking into account the preceding stage of airborne measurements, namely
in regard to the original petrophysical interpretation of important aecromagnetic
anomalies. Measurements by KT-5 kappameter were taken in the broader sur-
roundings of the anomalous maxima on all rocks from outcrops and artificial
exposures, from skeletons in fields, pastures and forests, and on loose boulders
and blocks which presumably had not undergone transport. We executed tens to
hundreds of measurements at every locality and collected representative samples
of autochthonous maximally magnetized rocks and for comparison samples of less
magnetic or non-magnetic rocks. At 62 localities (Fig. 1) we collected 148 samples
for laboratory studies — determination of bulk and mineralogical density
(0, and 6,), porosity (p), magnetic susceptibility (x), remanent magnetization
intensity (J,) and calculation of the Koenigsberger ratio (Q-coefficient). The values
of physical properties of respective samples (PS ] -62) of microscopically identified
rocks are listed in Table 3. At another 23 localities we did not found either any
rock material at all (because of thick, either Quaternary or Tertiary, cover), or
only non-magnetic rocks.

Subsequently, we microscopically examined all samples with the aim to identify
rocks types and carriers of anomalous magnetization. We believe that this very
approach to interpretation of anomalies with evidently surface sources yields
realistic results. Of 148 samples collected at 62 localities we made 83 thin sections
for qualitative petrographic analysis.

Anomalous rocks will be described from W to E, similarly as in the chapter
of geology.

L. In the westernmost part the attention was paid to rocks within the Kdyné-
Sténovice anomaly where individual NE — SW striking zones of magnetic anomalies
precisely coincide with morphologically apparent belts of Proterozoic basalts
(so-called spilites). These basalts are almost non-metamorphosed in the south-
western part of the Barrandian and both regionally and thermally metamorphosed
in the DomaZlice crystalline complex. We attempted to elucidate this zone, one
of the most significant magnetic zones in the Bohemian Massif, whose previous
interpretations had been somehow confused.

In the major metabasalt belt contoured by the PieStice anomaly in the area
Zdeslav — Chudenice — Jezovy the predominant magnetized rocks are weakly
regionally metamorphosed basalts (metaspilites) — PS 45, 46, 47, 48, 50 and 51
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(of Table 3). They are identified as greenschists with chlorite and actinolite ofien
with striking relic structure of original basalts and their tuffs (with clearly re-
cognizable compressed pyroclastic clasts, maybe plastic at the time of deposition,
partly dynamometamorphosed). They contain actinolite, chlorite, clinozoisoite,
albite, calcite. Lava equivalents contain phenocryst palimpsests. An ore-component
is ilmenite, but the predominating ferromagnetic mineral is pyrrhotite, often
forming macroscopically recognizable impregnations. It is present in the form
of small grains in the ground mass, they often mobilize and create tiny veinlets.

We have never observed that it would originate from pyrite. Magnetic suscepti-
bility of metaspilites in this zone attains 0.82—5.12x 1072 SI. The Q-coefficient is
generally more than 20. The maximum remanent magnetization value is 9°871 nT.
The north-western belt of metabasalts between Kdyné and Kolovet which under-
went intensive regional and contact metamorphism is the source of linear, though
dispersed, anomalies. The collected magnetized samples PS 52,53, 56,57 and 58
are metabasalts metamorphosed, however, even to pyroxene-amphibole hornfelses
with mosaic or poikiloblastic structure almost without relics of original lava or
pyroclastic structures. The association comprises green amphibole, brown or
orange granoblastic or nematotlastic amphibole, pyroxene of salite nature, fresh
non-lamellar plagioclases, titanite, apatite, ilmenite, and above all pyrrhotite.
Magnetic susceptibility ranges from 0.67 to 6.11 x 1073 SI. The Q-coefficient is
mostly high. Remanent magnetization. values attain up to 29 000 nT. This belt
also includes the diorite bodies of the Kdyn& complex which, sporadically, are the
sources of anomalies. It is e.g. amphibole-pyroxene-biotite diorite up to quariz
diorite (PS 52b — » = 2.22x 1072 SI, Q = 5.94) where the only ore mineral found
was ilmenite (or titanomagnetite), similarly, in the southernmost belt between
Libkov, Loudim and Tetétice (including the locality Struhadlo studied by Chlu-
padova et al. 1984) metaspilites (greenschists — PS 59a) strongly impregnated
with pyrrhotite (x = 7.42 x 1072 S, I, = 15 864 nT) as well as pyroxene-amphibole
diorites with titanomagnetite (PS 60b — % = 11.61x 1073 SI, Q = 4.5) occur.
A reliable identification property of all metabasites is their high mineralogical
density, mostly around 3.0g.cm™3. It can be conciuded that the magnetic
anomalies in the south-eastern margin of the extensive Kdyné-Sténovice zone are
presumably due to pyrrhotite primarily associated with Proterozoic basaltic
volcanism regardless of the degree to which it had been affecied by younger regional
and/or contact metamorphic processes as it is evidenced by high remanent
magnetization values of almost all paleobasalt samples of various metamorphic
degrees. :

2. The rocks of the Central Bohemian Pluton in the study area do not reveal
anomalous magnetization. An exception is e.g. foliated amphibole-biotite grano-
diorite, containing magnetite, in the Stfelské Hostice apophysis (PS 32 — x =
= 25.44x 1073 SI). It is presumably an assimilaied remnant of the manile, i.c.
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original leptynite. Sample PS 38 from the Hory Matky BoZi apophysis belongs
to an enclave of pyroxene amphibolite with magnetite (x = 16.66x 1073 SI),
similarly as numerous rocks from locality PS 40 near Cejkovy (Table 3) are mantle
enclosures in surrounding plutonites, in this case leucocratic biotite orthogneisses,
quartzitic erlans and amphibolites, all of them containing accessoric up to abundant
magnetite.

3. Islets zone rocks constitute one of the most important sources of anomalies
in the study area. In many cases they were the subject of previous petrographical-
petrophysical studies. For instance, in the Kasejovice metamorphicislet (Krsovi —
Stovigkov4a 1975) various types of rocks exhibit anomalous magaetic values:
quartzites with magnetite, biotite-muscovite orthogneisses, leucocratic ortho-
gneisses, hornfels paragneisses, various types of amphibolites mostly containing
magnetite, often, particularly in the southern parts of the Kasejovice islet, contai-
ning pyrrhotite.

The southern part of the Mirovice islet fringed by striking anomalies has recently
been studied (PS 19, 20, 21, 22). Not only the mentioned Mirotice orthogneisses,
but also the rocks of diorite to gabbrodiorite composition exhibit anomalous
magnetization. Thy typical Mirotice orthogneisses are of the nature of leucocratic
biotite or non-mica orthogneisses in association with biotite, acid plagioclases,
quartz, orthite, titanite and magnetite (P$ 19b — » = 27.51x 1073 SI, Q = 0.16;
PS 20a — % = 5.39x1073 SI, Q = 0.13). Biotite metaporphyrite PS5 20b contains
altered phenocrysts of plagioclases, zonal, with Baveno twinnings, in the ground
mass biotite, plagioclases and magnetite (% = 55.75x 1073 SI, Q = 0.11). Biotite-
amphibole quartz porphyrite PS 214 is characterized by phenocrysts or aggregates
of dark minerals (amphibole and biotite), phenocrysts of automorphic zonal
plagioclases, very fine-grained ground mass composed of feldspar, quartz, titanite
and magnetite (x = 37.85x 107 SI, Q = 0.32). Amphibole biotite quartz diorite
up to granodiorite PS 2]a in addition contains orthite, zircon and ample magnetite
{» = 21.71x 1073 SI, Q = 0.26). Amphibole gabbro with phenocrysts of altered
plagioclases PS 20c has a high content of magnetite (x = 57.58x 1073 SI, Q =
= 0.11). Of the collected samples paragneiss with association of biotite, muscovite,
plagioclases, quartz, magnetite (PS20d — x = 96.58x1073SI, Q = 0.29)
exhibited the highest magnetization. In the southernmost corner of the Mirovice
islet southwest of Sedlice the rocks with highest magnetization are leucocratic and
biotite orthogneisses (PS 42z — % = 9.76x1073Sl, Q =0.92; P§ 426 — % =
= 12.67x1073SI, Q = 0.21) and fine-grained amphibolites with association of
green amphibole (up to 40%), plagioclases, rare quartz and ample magnetite
(PS42c ~ % =41.25x1073SI, Q = 0.26; P§ 42d — » = 35.24x1073SI, Q =
= 2.24). Magnetite is the carrier of anomalous magnetization of the Mirovice
islet rocks. Majority of the mentioned rocks, both acid and basic, showed
characteristic features of originally volcanic structures (porphyritic, very fine
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-grained ground mass). They had undergone recrystallization of various degrees,
most intensive in the southern corner of the islet (PS 42).

4. Some Moldanubian crystalline schists, namely of the varied units south of
Klatovy, in the broader environment of SuSice, Strakonice, and finally southwest
of Pisek are the sources of continuous anomalous zones and of numerous minor
and major isolated anomalies. Passing again from west to east, within the StraZov
unit the main source of local intensive anomalies in the vicinity of Radimovy
and B&iny are metabasic rocks (PS 446 —~ banded amphibolites with magnetite —
% =7679%x10"3SI, Q =0.17; PS6la — feldspar amphibolites with ample
magnetite and highest magnetic susceptibility within the entire study area — x =
= 249.72x 1073 SI, Q = 0.07). However, we also encountered leucocratic biotite
orthogneisses with association of chlorite, biotite, plagioclases, microcline, quartz,
magnetite, macroscopically resembling erlans (P§ 44a — x = 38.15x 1072 5l,
Q = 0.11).

The zone of anomalies north of Nemilkov, of NW —SE direction parallel with
elongated minor intrusions of Cervena granodiorite remains petrophysically not
well explained in spite of very detailed ground geophysical verification. Although
samples were collected on all profiles, particularly in their parts crossing zones of
anomalies, only one of them exhibited weakly anomalous magnetization: erlan
in association with biotite, amphibole, pyroxene, basic plagioclases, titanite,
pyrrhotite (PS 39a — x = 1.30x1073 8I, Q = 8.21). This is not sufficient for
adequate petrophysical explanation — the source of anomaly is probably deep.
The belt of anomalies in the Kolinec Moldanubicum near Vidhosf, so far unexplain-
ed, is presumably due to the effects of intercalations of erlan with amphibole,
diopside, quartz, plagioclases, titanite, pyrrhotite (PS62 — x = 7.67x 1073 SI,
Q > 20).

The minor and major isolated anomalies and continuous zones of anomalies
in the Susice varied group between SuSice and KaSperské Hory have various sources.
They are predominantly paragneisses and migmatite gneisses in association with
sillimanite, cordierite, biotite, K-feldspar, magnetite, sporadically garnet and
hercynite (PS 33, 35¢, 36b, 37b, 37d). The sillimanite-cordierite paragneisses reach
magnetic susceptibility values up to 44.4X 107381, Q = 0.33 (PS' 35¢) and often
high mineralogical density values — o, = 2.88g.cm™? (P33 — garnet-silli-
manitic paragneiss with hercynite and maguetite). Anomalous magnetization is also
exhibited by some migmatites of orthogneiss appearance, with amphibole, biotite,
titanite, chlorite, quartz, plagioclases, magnetite and orthite (PS 35b) as well as
rocks of the nature of leptynites and erlans in association with diopside, amphibole,
biotite, titanite, garnet, quartz, K-feldspar, and magnetite (PS" 35a). Similar may
be the source of another group of striking anomalies, forming an almost continuous
NW —SE trending belt between Strasin, Male€ and Pietin NNE of Javoraik. The
rocks there are cordierite-sillimanite-biotite paragneisses containing quartz, plagio-
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clases, K-feldspar, garnet, zircon and maguetite, often migmatitized and musco-
vitized (PS 27a, 27d, 29b, 29c, 26d, 26b). Magnetic susceptibility values vary from
% =945%1073SI to x = 71.05%x10°3SI at Q = 1, exceptionally Q = 2.23.
Densities attain o,, = 2.80 g. cm™>. Moreover, anomalous magnetic values are
exhibited by quartz and migmatitized amphibolites in association with amphibole,
biotite, pyroxene, epidote, titanite, plagioclases, quartz, magnetite (PS27b —
% =21.88x1073SI, Q =0.13; P§ 262 — x = 43.04x107% 81, Q = 3.35) and
finally by pyroxene-amphibole erlan gneisses, often strongly gquarizitic with
pyroxene, amphibole, garnet and magnetite (PS 25a, 25b, 25¢c, 25d — 3,y =
= 31.99x 1072 SI). A relatively isolated zone of anomalies ENE of SobéSice is
again due to sillimanite-cordierite-biotite paragneisses with magnetite (PS 305 —
s = 82.61x1073 SI, Q = 0.29; PS 30c — % = 3.70x 1072 SI, Q = 0.08) and to
migmatites of orthogneiss appearance, i.e. amphibole-biotite trondhjemites with
magnetite (PS 30a — » = 56.13x 1073 SI, Q = 0.4; P$ 30d — » = 47.17x 1073 S,
Q = 0.08). W of Radomys] leucocratic amphibole orthogneisses with epidote,
clinozoisite, titanite, orthite and magnetite (PS 4/a ~ » = 5.65%10°3 81, Q =
= 0.31) together with fine-grained amphibolites (PS 41b — x = 15.61x1073 S,
Q = 1.18) occur. To the NW of the zone, an isolated anomaly near Katovice is
caused by biotite migmatites with high susceptibility (PS 3Ja — » = 126.23x
x10"2Sl, Q = 0.53; P§31b ~ » = 62.96x 1073 SI, Q = 2.89). These samples
were strongly weathered and therefore the thin sections could not be made from
them. High o, values (up to 2.88 g . cm ™~ %) indicate that these rocks are cordierite-
-sillimanite paragneisses as in many already mentioned cases.

Relatively most samples were collected in the eastern NE—SW trending chain
of magnetic anomalies, the so called Pisek zone. Only its north-easternmost part
could not be verified because of lack of outcrops due to thick cover. First indication
in the form of skelet outcrops south of Cehnice are occurrences of leucocratic
amphibole-biotite orthogneisses with magnetite, plagioclases, microcline, quartz,
apatite, orthite, zircon and epidote (P3 1a, 1b, 1d with maximum magnetic suscepti-
bility » = 28.32x 1073 SI, Q = 0.19) and diopside amphibolites with magnetite
(PSle — x=6890x10"3Sl, Q=0.11, o, = 3.0g.cm™%). In the further
continuation of the Piseck zone contrast rocks can be encountered: leucocratic
biotite-amphibole orthogneisses with magnetite (PS 2b — »x = 24.42x1073 S],
Q = 0.26) and amphibole-pyroxene leptynites with titanite, orthite and magnetite
(PS 2a — » =24.02x1073SI, Q = 0.19) on the one hand, and amphibolites
with magnetite on the other hand (PS 2¢c — » = 87.36 x 10~ 3 SI, Q = 0.07). At the
next locality predominate the biotite-amphibole gneisses with apatite and magnetite
(PS 4a — x = 59.96x1073S1, Q = 0.26) and fine-grained biotite paragneisses
with magnetite (PS 4c — % = 22.76 x 1073 SI, Q = 0.16). The same rocks occur
east of Litochovice (P$2b — » = 30.48x 1073 SI, Q = 0.30) and not far from
there again migmatitized and quariz amphibolites with magnetite (PS6b — »x =
= 45.22x 1073 SI, Q = 0.20) together with biotite orthogneisses (PS 6¢). In the
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centre of the Pisek zone prevail biotite paragneisses with magnetite (PS7 — % =
= 60.94x1072SI, Q = 0.10), various migmatites of orthogneiss appearance
(PS 8 and 9). The conirasis in composition of rocks with anomalous magnetic
values can be observed also in the south-western linear termination of the Pisek
zone where acid biotite-amphibole orthogneisses to leptynites (PS 70a, 1ic) and
amphibolites and pyroxene amphibolites (PS§ 10a — » = 46.66x1073S], Q =
=492;PS12b — x = 52.74x1073SI,Q = 049, PS 12¢ — » = 111.14x 10~ 2SI,
Q = 0.20) both contain ample magnetite. Near Vlachovo Biezi similarly as in the
Strakonice varied group occur biotite-cordierite gneisses extremely highly magne-
tized containing abundant magnetite (PS /3¢ — x = 203.59x 1072 SI, Q = 1.3).
In its southern termination the Pisek zone crosses a NW—SE trending zome,
similarly as the northernmore Strakonice zomne. The sources of anomalies there
are analogous: leucocratic orthogneisses (PS 170 — x = 5.49% 1073 SI, Q = 25.0)
and quartz amphibolites with garnet (PS 17¢ — x = 95.29x 1072 S, Q = 0.7).
Unfortunately, the high remanent magnetization of the rock was not explained
because in thin section any ferromagnetic ore mineral was not found. Noteworthy
is the occurrence of garnet-amphibole skarn containing pyrrhotite (PS 15b —
% = 3.24%10738Si, Q = 2.08) near Husinec and of dymamically compressed
biotite porphyrite to kersantite at the locality Skafez near Sumavské Hostice
(PS18 — » = 5.88%x1072SI, Q = 1.28).

Taking into account the given observations it is possible to conclude two inter-
pretational facts: firstly, the clearly zonal, though often irregular, trend of magnetic
anomalies and secondly, the defined lithology of rocks occurring in the zomes. The
dominating trend of seven zomes of magnetic anomalies in the entire study area
is NE - SW, while part of the Kdyné-Sténovice zone displays an azimuthal devia-
tion (NNE-SSW). The source of the Kdyné-Sténovice zone is doubtlessly associated
with producis of Proterozoic basalt volcanism, more precisely with pyrrhotite
genetically connected with it. Moreover, pyrrhotite mineralization occurs also
in contact-metamorphic paleobasalts (spilites) at the northern margin of the
Kiatovy apophysis, in some rocks of the Kasejovice metamorphic islet and rarely
in the Moldanubian rocks (e.g. near Nemilkov, Husinec).

The zones of magnetic anomalies in the Moldanubicum are, as a rule, characteriz-
ed by the presence of magnetized rocks of three kinds: 1. the sillimanite-cordierite-
biotite paragneisses containing magnetite and exhibiting the highest mineralogical
density within the paraseries; 2. rocks of a relatively very acid nature which may
be leucocratic orthogneisses or migmatites of orthogneiss appearance or leptynites
with a low content of mafic minerals (amphiboles, pyroxenes, garnet, titanite)
and with magnetite, most probably representing metamorphic products of acid
volcanic or subvolcanic trondhjemite rocks; and 3. amphibolites with magnetite,
sometimes pyroxene-bearing, rarely garnet-bearing often with mineralogical densities
only rarely attaining the value of 3.0 g. ¢cm ™2 typical of amphibolites. The educt
of these amphibolites are presumably mafic volcanites in which the content of ihe
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light component can be either primary or 2 product of migmatitization or mutual
interaction of products of volcanism of bimodal chemism on linear tectonic zones.
The occurrences of both these bipolar types of rocks can be observed, as a rule,
at majority of studied localities. It is especially remarkable along the entire Pisek
belt of anomalies assumed to be a linear zone of contrast volcanites in the NE fring-
ing the Podolsko complex of the Moldanubicum. Occurrences of contrast anomal-
ous rocks can be encountered also in the islet zone, particularly in the Mirovice
islet where these rocks evidently have volcanic nature. it is noteworthy (all over
the entire study area) that almost all NE — SW treading zones of anomalous mag-
netization at their southern termination “spread” into perpendicular (NW —SE)
anomalous areas, representing some belts of crossing from the southern end of the
Kdyné-Sténovice anomaly to the southern end of the Pisek zone. Unfortunately,
this perpendicular zone is located at the boundary of the surveyed area and there-
fore it cannot be accurately delimited.

It can be concluded that in the study area aeromagnetometry indicated several
NE-SW trending tectonic zones with occurrences of non-metamorphic and
metamorphic paleovolcanites exhibiting anomalous magnetization. The western-
most of them (the Kdyng-Sténovice zone), according to petrological and petro-
physical results, is due to the presence of pyrrhotite genetically connected with
products of Upper Proterozoic basalt volcanism. The zone correlates with the
linear discontinuity indicated by geophysical data (Pokorny, Stovigkova,
Benes, 1985) corresponding to the Kladno deep fault (RGhlich, 8fovickova,
1968). The neighbouring Zinkovy zone of anomalies, on the contrary, strikes from
ENE to WSW and according to petrophysical and petrological results is also due
to the presence of Proterozoic paleobasalts (mainly contact-metamorphic “spilites™),
containing not only pyrrhotite, but also magnetite. This zone correlates with the
northern border of the Klatovy apophysis of the Central Bohemian Pluton, and
above all with the fault discontinuity detected by geophysics (Pokorny, Stovié-
kovéa, Benes, 1985), i.e. with the Klatovy deep fault (R5hlich, Stovigkova, l.c.).
Both discontinuities are important gravity linear structures of the Bohemian Massif
and in part form the boundary between the Tepla-Barrandian and the Moldanubian
blocks. It can be assumed that the significant transport of material from subcrustal
portions took place in the Upper Proterozoic. Then the Kladno deep fault evidently
acted as an important linear zone of the spreading of the ocean floor with all its
attributes including hydrothermal, especially sulphidic mineralization. Pyrrhotite,
obviously the primary carrier of anomalous magnetization, is recently regarded
as sulphide which might originate at great depths within the Earth body (Ander-
son, Ahrens, 1986).

Another NE — SW striking linear zones, indicated by magnetometry, occur in the
Moldanubian block, but they do not particularly correlate with gravity indication,
and, therefore, can be regarded as intra-block zones. They doubtlessly indicate
the paleovolcanic linear zones, in some cases several tens of kilometers long. The

40




volcanism is, according to petrological and petrophysical studies, of bimodal
character and shows that the crustal (and maybe also subcrustal) structure of this
block differs from that of the Tepla-Barrandian block. The anomalous magnetiza-
tion of this block is, with only few exceptions, due to the presence of magnetite
{see Table 3) in metamorphic paleovolcanites, acid or basic. The volcanics of in-
termediate composition are present with a high probabiljty, too. Their metamor-
phic equivalenis can be the rocks described as paragneisses containing sillimaniie,
cordieri e, hercynite etc. and revealing besides anomalous magnetization higher
values of mineralogical densities. They can represent a specific type of high alumi-
na intermediate volcanism, recently described from yong volcanic belts. It is note-
worthy that e.g. the zone delimited by anomalies s—r—g (Fig. 6), in the Molda-
nubicum more or less links up with the distinct zone of anomalies in the Mirovice
metamorphic islet. This again draws attention to the recently newly raised problem
of stratigraphic classification of the Bohemian Moldanubicum. The most striking
of the zones delimited by magnetometry and petrophysics is the Pisek zone, the
easternmost NE—SW striking lincar zone within the study area.

Conclusion

The airborne geophysical survey in southwestern Bohemia was carried out
within an investigation of selected parts of the Bohemian Massif,

The quality of measurements and data processing surpassed the previous air-
borne surveys in Czechoslovakia. In the field was used the verification system based
on the Olivetti M 20 computer which enables an immediate check of obtained data.
The computer was used on site for processing of check measurements (stability
of the instrument, background, test profiles), which also contributed to an increased
quality of field works.

Data processing in the computing centre of Geofyzika Brao included a new way
of complex data adjustment throughout the entire area of interest, which succeeded
in eliminating the differences in measured field levels for individual flight days.
Derived maps proved helpful for regional interpretation of the magnetic field.

Ground verification focused on the geological character of the anomalies.
Interpretation yielded a lot of information. In some cases the contribution of
magnetometry and gamima spectrometry is so important that it can result in changes
in the concepts of the structural-geological image of individual parts of the studied
area,

In the westernmost part of the area of interest, i.e. in the southern corner of the
Tepla-Barrandian block, an expressive zone of magnetic anomalies can be observed,
forming the southern part of the so-called Kdyn&-St€novice first rate anomaly.
It consists of several anomalous belts corresponding with decreased K, U, Th con-
centration zones and mostly correlating with morphological elevations built up by
the products of Proterozoic basalt volcanism (the so-called “spilites™). Petro-
physical and petrological studies proved that pyrrhotite is the main carrier of
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anomalous magnetization in these rocks, regardless of the degree of regional or
contact metamorphism. Similar character and source has the anomalous belt
at the northern boundary of the Kiatovy apophysis. In this belt, magnetite in
metabasalts also manifests as carrier of magnetization.

The Klatovy apophysis exhibits anomalous radioactivity values. The course
of the anomaly indicates that the boundary between the Kozlovice type and the
marginal type is different from that shown in previous geological maps.

In the Moldanubicum, south of the Central Bohemian Pluton there are several
NE—SW trending zones of anomalous magnetization. They are associated with
the so called varied group of the Moldanubicum (StraZov, Suice, Strakonice
units). According to petrophysical and petrological studies the source of these
zones are metamorphic products of volcanism of bipolar character. Regardless
of their acid or mafic chemism they contain magnetite. Magnetite is also present
in rocks of the type of cordicrite-sillimanite paragneisses with high mineralogical
densities, the educt of which may be also volcanic. Most striking of the magnetic
zones of this kind is the Pisek zone, which is also due to belt of metamorphic
bipolar volcanics, fringing the north-western boundary of the Podolsko complex.
In the radiometric pattern, the Podolsko complex is manifested by an increased
Th-concentration and the boundary so characterized coincides with the anomalies
in the northern part of the Pisek zone. In the southern part of the Pisek magnetic
anomaly the boundary is veiled by the presence of E—W trending anomalies
of Th, U and K concentrations. These anomalies are associated with acid dykes
obviously indicating younger disjunctive tectonics of regional significance.

In the south-western margin of the study area the orientation of magnetic and
some radiometric anomalies radically turns to the NW —SE (direction). It may
indicate a linear zone of regional significance, almost over the entire area.

The study area comprises a whole range of metamorphic islets indicated by both
magnetometry and radiometry. They are either minor enclaves in the Hory Matky
Bo¥i and St¥elské Hojtice apophyses of the Central Bohemian Pluton, or the major
metamorphic islets (Kascjovice, Sedidany, Krasné Hora, Mirovice). There again
the acid and mafic metamorphic volcanites containing magnetite are the sources
of magnetic anomalies.

Airborne gamma spectrometry revealed zones of imcreased U-concentrations
with numerous local anomalies in the Central Bohemian Pluton, in the Moldanu-
bicum between Mirotice and Putim, in the West Bohemian Proterozoic between
Blovice and Cizkov.

It should be noted that further occurremces of ore mineralizations may be
anticipated not only in the zones of anomalies themselves, but also in some trans-
verse structures disrupting them or even dislocating them. It concerns NW—SE
lines as well as E—W lines.

K tisku doporuéil Z. Misa¥
Prelozila D. Maltkovd
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Letecké geofyzikilni méFeni v jihozapadnich €echach
{PoSumavi) 2 jeho interpretace

(Résumé anglického textu)

Karel Dédagek—Jan Masin—Nadézda Sfovickovia—Zdenék Vejnar —
Véclav Vesely

PiedloZeno 22. zari 1988

V Sedesatych letech a politkem 70. let probéhla na naSem stitnim (zemi etapa
podrobného leteckého geofyzikalniho méfeni — magnetického a radiometrického
(Ghrnna radioaktivita), kterd byla po fadu let interpretovana v oblasti Ceského
masivu kolektivem vedenym K. Salanskym.

V ramci nového leteckého geofyzikainiho mapovéani s magnetometrem G801/3B
fy Geometrics a gamaspektrometrem DiGRS 3001 fy Exploranium, provadéného
s. p. Geofyzika Brno, byla proméfena v roce 1983 oblast PoSumavi.

Do oblasti PoSumavi spadaly z regionalng geologického hlediska jz. cip stfedo-
Seského barrandienského proterozoika a pFilehlé domaZlické krystalinikum s &asti
kdyniského bazického komplexu, jz. &ast stfedofeského plutonu (tj. klatovska
a chanovicka apofyza), dile metamorfované ostrovy nebo jejich &ast (kasejovieky
a'jizni &ast mirovického a sedl€ansko-krésnohorského) a konefné krystalinikum
Zeského moldanubika, pfesngji jeho pestré jednotky straZovska, suSickd a strako-
nicka a v jeho nejvychodn&jsi &asti podolsky komplex.

Vysledky méfeni byly zpracovany ve vypoletnim stiedisku s. p. Geofyzika Brno
a prezentovany ve form¥ map izolinii anomalii magnetického pole, Ghrnné aktivity
gama a koncentraci K, U a Th v méFitku 1 : 50000 a 1 : 200 000. Poéitadové
zpracovani umoznilo sestavit odvozené mapy magnetometrie (pfepocty do riznych
Grovni) 2 gamaspektrometrie (poméry koncentraci radioaktivnich prvki).

. Na zéklad$ ziskanych mapovych podkladii byla provedena komplexni inter-
pretace s pouZitim terénni rekognoskace Gzemi a pozemnich ovéfeni vyznamun&j-
Sich magnetickych a gamaspektrometrickych anomalii. Na fadé magretickych
anomalii byly odebrany vzorky hornin a urleny jejich petrofyz:kalnl a petrologické
charakteristiky.

Magnetické pole v oblasti Po§umavi je dosti &lenité a jednotlivé geologické celky
se odlisuji specifickym charakterem magnetickych anomélii.

V nejzapadngjsi asti izemi je vyrazna kdyfisko-§t€novickd anomélie tvofena
nékolika vice nebo méné pravidelnymi z6nami (¢ aZ e na obr. 6). Vysledky pozem-
nich geofyzikalnich m&feni i petrofyzikéalniho ovétovani n€kterych anomalii v tomto
prostoru jednoznaén€ ukazuji, Ze magnetické anomaélie jsou vazany na protero-
zoické bazalty, tzv. spility, s vysokym obsahem pyrhotinu, event. na horniny,
které jsou s nimi geneticky spjaté, tj. tufy a tufity.
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Severozapadni okraj klatovské apofyzy sleduje Zinkovska -magnetickd zéna.
Anomalie v jz. Casti této zény (g,) mohou byt vyvolany pyrhotinem, vzniklym
kontakini metamorfézou proterozoickych kyzovych bfidlic. V severovychodni
&4sti Zinkovské zény (g,) jsou vazény na vyskyty metabazitti (kontaktnich amf-
bolickych rohovei) s magnetitem. 3

Ve stfedodeském plutonu v j. vybéiku chanovické apofyzy vystupuje anomélni
zéna [, kterd odpovida vlozkdm amfibolit, a u BieZan nevyrazna zéna m, pravdé-
podobné vyvolana zbyiky plast€ plutonu. ‘

intenzivni anomalie vyvoldvaji horniny kasejovického (i) a mlrovxckeho ostrova
(0). Méné vyrazny je projev starosedeiskych ortorul v j. cipu sedi¢ansko-krasno-
horského ostrova (u).

V moldanubiku vystupujf jednotlivé z6ny magnetickych anomalil (h, k, n, g, 7, 7),
které jsou orientovany piiblizné ve sméru SV—JZ. Nejvyrazngjsi z nich je tzv.
piseck4 zona (7). Severni €ast této zony sleduje velmi pfesn€ rozhrani nizsich kon-
centraci K, U a Th na SZ a vyssich na JV. Déle k JZ nelze toto rozhrani sledovat,
protoZe pole koncentraci je komplikovano lokélnimi anomaliemi. Tato situace
nasvédéuje, Ze pisecka zéna sleduje hranici podolského komplexu, kiery ma vyssi
radioaktivitu, a ostatniho moldanubika.

V jizni &4sti méfeného iizemi se objevuji anomalie spise subekvatorlalmch az
sz.—jv. smérh. U takové nejrozsahlejsi anomalni zény (s) tvofi jeji z. Cast jakysi
vzel, ze kterého anomélie vybihaji viemi sméry.

Smérové s¢ také odliuje z6na nevyraznych anomalii (j), kterd sleduje pasmo
vystuptt drobnych granodioritovych t€les mezi j. vybézky chanovické apofyzy.

Zény y a z kopiruji kontakt granulitového t€lesa.

Z hiediska radioaktivity nalezi PoSumavi k oblastem s Clenitym polem p¥irozené
radioaktivity, pritomné jednotky se vzdjemné odliSuji distribuci radioaktivaich
prvkil. Zatimco vétSina magmatit stfedofeského plutonu naleZi ke kyselym dife-
renciattm s relativné vysokymi koncentracemi K a s tim do znacné miry souvise-
jicimi koncentracemi Th a U, néleZi slabé metamorfované sedimenty a vulka nity
proterozoika k horninam se sniZenymi koncentracemi téchto prvki. Radioaktivita
metamorfitd moidanubika $umavské vétve je pak ve srovnani se stfedoCeskym
pluionem v pruméru niZ$i a ve srovnani s proterozoikem naopak vyssi.

V oblasti proterozoika pfevladaji horniny s nizkymi koncentracemi K a Th.
Rovné? primérnd koncentrace U je niZ§i neZ v oblasti moldanubika a stfedo-
Zeského plutonu. Distribuce radioaktivnich prvka v obou zastiZenych Castech
proterozoika (v z. okoli Klatov a v okoli Blovic) je pfesto ponékud rozdilna.

Zapadni okoli Klatov mezi klatovskou apofyzou sttedoleského plutonu, kdyi-
skym a stodskym masivem se vyzna€uje nejniZsim polem konceniraci K, U a Th.
Zjisténé extrémni koncentrace odpovidaji bazickym proterozoickym vulkanitim.
V okoli Blovic je vyssi diferenciace pole koncentrace U, kde se kromé celkového
zvyseni nad promér proterozoika vyskytla fada lokalnich anomalii.

Vétsina granodiorit stfedoceského plutonu ma primérné komcentrace K,
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U i Th blizké. V oblasti kiatovské apofyzy se od ostatnich granitoidt odlifuji
vy$8im polem koncentraci K, U i Th granity a# granodiority okrajového typu.
. Koncentrace odpovidajici anomalie se odchyluje od hranic geologicky pfedpokla-
daného roziifeni tohoto typu, a to 2zejména v mistech prfipojeni klatovské apofyzy
ke stiedofeskému plutonu, kde se podle interpretace leteckych map koncentraci
jiZ okrajové granity neuplatiiuji.

Oba kontakty klatovské apofyzy i sz. kontakt chanovické apofyzy se od svého
okoli pomérné vyrazné odlifuji. Podobné jako v magmatitech klatovské apofyzy,
jsou i v blatenském granodioritu koncentrace K, U a zejména Th vy3$8i ne¥ v okoli
a jejich rozdily proti moldanubiku jsou dostatetng kontrastni pro stanoveni pri-
bEhu hranice. Naproti tomu hranici Servenského typu, ktery se uplatiiuje v kolinec-
kém vybeZkn a dile podél j. okraje stiedodeského plutonu aZ k Pisku, neai v polich
koncentraci moZné jednozna&ng interpretovat. PFidinou je pozvolné sniZovéni
koncentraci ve stiedofeském plutonu smérem k jeho j. okraji. Blatensky grano-
diorit se kontrasind odlifuje od metamorfovanych ostrovii mezi Kasejovicemi
2 Uzeniékami i od z. okraje mirovického ostrova.

Vysokymi koncentracemi se jednoznaéné odliSuje durbachit typu Certova bie-
mene u SobédraZe. Vyskyt stejného typu u VraZe se rovnéZ projeveje anomalnimi
koncentracemi K, U i Th, které viak podle leteckych map p¥esahuji rozsah odpovi-
dajiciho geologicky pfedpokladaného iélesa.

Koncentrace radioaktivnich prvka ve vétSingé moldanubickych hornin je velmi
blizkd, 2 proto neni moZné na zakladg leteckych radiometrickych map odlifit
pararuly od ortorul 2 migmatitd. Smérem od SZ k JV se radioaktivita para-
i ortosérii pozvolna a mirné zvySuje. Ve v. Sasti je ziejma souvislost vyisich kon-
Sich koncentraci s migmatity ortorulového vzhledu podolského komplexu.

Vyrazné v.—z. lineérni anomalie v oblasti mezi KaSperskymi Horami, Volyni,
Bavorovem a Vimperkem jsor zpisobeny akumulaci paralelnich Zil, resp. i jednot-
livymi Zilami porfyri a porfyrit s vysokou radioaktivitou.

Hilavni proterozoicky vulkanitovy pruh sz. k¥idla Barrandienu, tzv. domaZlicko-
-kralupsky, resp. jeho jz. 8ast, koinciduje zcela presné s nejintenzivngjii magnetic-
kou z6nou této oblasti — kdyrisko-§ténovickou magnetickou anomalii. Prostorovs
koreluje tato anomalie (i jeji jednotlivé diléi z6ny) presné s morfologicky napad-
nymi elevacemi bazaltovych paleovulkaniti, a to jak v jejich tém&F nemetamorfo-
vaném vyvoji v jz. cipu Barrandienu, tak i v metamorfnim vyvoji v domazlickém
krystaliniku. Jsou to tedy jednak velmi slabé regionalng metamorfované bazalty,
tj. zelené biidlice s vyraznymi relikinimi strukturami bazalt a jejich tufi, jednak
intenzivné regiondlng i kontakind metamorfované bazalty, tj. pyroxen-amfibolické
rohovee bez relikti: pivodnich lavovych a pyroklastickych struktur. V obou typech
Je piitomen pyrhotin, udilejici jim &asto vysoké hodnoty remanentni magnetizace
{pFi relativné nizkych hodnotach x byva Q > 20; tab. 3). Pyrhotin je p¥itomen
nejen jako integralni rudni minerdl pfimo ve vulkanitech, ale i jako samostatné
sulfidické zrudnéni na tento vulkanismus nepochybné vazané. Pyrhotin tedy pred-
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stavuje povrchovy zdroj anomilni magnetizace samotnych vulkaaity, ale podie
intenzity a charakteru anomalie neize vylouCit pFitomnost subvulkanick{ch i hiub-
%ich téles obsahujicich i jing feromagnetika, predeviim magnetit. U této zény tedy
magnetometrie, ale i gamaspektrometrie ziejme zobrazuje v¥znamnou z6nu lincérni
extenzni tektoniky rozpinini proterozoického moiského dna, tj. tehdejsi ocednské
kiiry. Produkty vulkanismu vazané na tuto z6nu maji tholeiitovy charakier po-
tvrzeny deficitem vSech tfi gamaspektrometricky sledovanych prvka (U, Th, K).
Hustoty paleobazaltii jsou dosti jednotné, kromé tuftr nikdy neklesaji pod hod-
notu 3,0g.cm” 2 Nejjizngj§i anomélni zéna v proterozoiku, tzv. Zinkovska,
sledujici z. kontakt klatovské apofyzy stredoCeského plutonu, koinciduje opét
s pruhem kontakiné metamorfovanych palecbazalid, v nichZ je dominaninim
feromagnetickym mineralem magnetit.

Horniny stfedoeského plutonu anomalni magnetizaci nevykazuji. Pokud se
v oblasti budované granitoidnimi horninami vyskytuji lokalni anomalie, jsou vidy
yyvolaviny magnetizovanymi enkldvami amfibolith, erlanii a leptynitd {zejména
v chanovické apofyze a stielskohostickém vybézku plutonu).

Horniny metamorfovanych ostrovit jsou jednim z nejyyrazngjich anomainich
zdroj v oblasti Posumavi. V kasejovickém ostrovu 1o jsou kvareity s magnetitem,
dvojslidné a leukokratni ortoruly, rohovcoviié biotitické pararuly, amfibolity
s magnetitem, pouze v j. E4sti ostrova s pyrhotinem. V jiZni &asti mirovického
ostrova jsou to jednak mirotické ortoruly, namnoze leukokratni, jednak horniny
dioritového aZ gabrového sloZeni vesmés s magnetitem. Struktury vétSiny uvede-
aych hornin jak kyselych tak bazickych maji rysy pavodaich vulkanickyeh struktus.

Anomélni zény sv.—jz. sméru i jednotlivé anomélie v prostoru siraZovske,
suické a strakonické pestré jednotky moldanubika lze vesmés objasnit povicho-
vymi zdroji, tj. anomélni magoetizaci n&kterych specifickych typi krystalickych
bridlic. Jsou to tyto horninové typy: sillimanit-cordieritické pararuly s magnetitem,
misty i hercynitem o vysokych hodnotéch » = 126. 10-3 SI i vysokych hodno-
tich 6, (2,90 g.cm™>), migmatity ortorulového vzhledu aZ leptynity a erlany
a kone&n# amfibolity, pro né% je pFiznaény vysii obsah Zivci a kiemene (tim i rela-
tivné nizké hustoty). U viech téchto typi ize pfedpokladat piedmetamorfni vulka-
nogenni pavod. Toto zjisténi plati pro vSechny anomalni Z6ny, predevsim pro
nejvyrazndjsi z nich — piseckou. Je tedy velmi pravdépodobné, Ze u viech iéchto
sv.—jz. z6n jde o linearni vulkanickd pasma hornin kontrastniho chemismu od
kiemenem bohatjch trondhjemitickjch aZ po bazické, piifem? podil bazické
slo¥ky stoupa smérem k JZ. Nositelemn magnetizace je magnetit.

Porovname-li kontrastni charakter vulkanismu bloku moldanubického s tholeiito-
vym charakterem vulkanismu sousedniho tepelsko-barrandienského bloku, dospe-
jeme znovu nutné k zavéru, Ze tento blok se vyzna&uje jinou korovou a pravdé-
podobné i podkorevou stavbou. Jak skutednost, Ze v moldanubickém bloku
magnetické anomélni zény veelku pekoreluji s vyznacnymi tihovymi prvky, tak
i kontrastni charakter vulkanismu svéd&i pro vaitroblokovy rozsah a mensi hlu-
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binny (nejspiSe korovy) dosah tektonickych struktur leteckou magnetometrii
indikovanych. Navic i tento strukturni pohled opétovné motivuje uvahy o strati-
grafickém zafazeni pestrych skupin moldanubika v soufasné dobs znovu 3ivé
diskutované. Piedevsim je tim, byt nepfimo, dokumentovana vétsi mocnost kary
v prostoru moldanubického bloku, o které p¥imo svéddi gravimetrické a seizmické
tdaje.

Vysvétlivky k tabulkim

Tabulka 1. Stfedni chyba jednoho méteni.

Tabulka 2. Vysledky statistického zpracovani pozemni spektrometrie gama, p — aritmeticky
primér, o — smérodatnd odchylka aritmetického priiméru,

Tabulka 3. Pichled anomalné magnetizovanych hornin a jejich zakladnich fyzikainich vlast-
nosti.

Vysvétlivky k obrazklm v textu

1. Zjednodulend geologie a piehled odbéru vzorkd pro petrofyzikélni vyzkum.
1 — moldanubikum, 2 — proterozoikum, 3 — KI — kasejovicky ostrov, MI — mirovicky
ostrov, 4 — bazické vuikanity 2 plutonity:  — proterozoické bazalty (spility), ¢ — kdyfisky
masiv (KM), A — amfibolity, 5 — kyselé a intermediarni plutonity, CBP — stfedofesky
pluton, SGM ~— stodsky masiv, 6 — lokality odbiru vzorkd (symbol P$ v textu).

2. Leteckd magnetometrie, pfepolet pole AT do vy¥ky 200 m nad drovni letu.

. Leteckd gamaspektrometrie, koncentrace drasliku.

4. Geofyzikélni profily nad Stolou u Tetétic.
I — profil A — zdénlivy specificky odpor a vynucena polarizace, 2 — metoda VDV {redlna
sloZka), 3 — magnetometrie, 4 — susceptibilita méfens ve §tole 2 na jadrech z vriu SP-1,
5 — geologicky profil, 6 — spility a amfiboliticke metabazity, 7 — drobové bridlice a prachovee,
8 — grafitické biidlice s polohami metabazitd, 9 — stratiformni zrudnéni, 10 — pisma dreeni.

5. Prehledné geofyzikélni schéma radiometrie.
1 — anomdlie bez geologického opodstatnéni, 2 — anomalie odpovidajici znamym objektiim,
3 — regionéini anomalie vicekomponentni, 4 — regionaini anomalie K, 5 — regiopilni anoma-
lie U, 6 — regiondlni anomalie Th, 7 — regionalni gradienty koncentraci — vicekomponentnf,
8 — regiondlni gradienty K, 9 — region4lni gradienty U, 70 — regiondlni gradienty Th,
11 — lokélni anomélie vicekomponentni, 12 — lokalni anomdlie K, 3 — lokalni anomalie u,
14 — lokéini anomaélie Th, 15 — regiondlni anomélie nizkého poméru Th/U, 16 — lokélni
anomdlie nizkého poméru Th/U. Srafovano vidy na strané vy$si koncentrace.

6. Prehledné geofyzikilni schéma magnetometrie a gravimetrie.
I — anomalni magnetické z6ny — AT < 200nT, 2 — anomalni magnetické zony — AT >
> 200 nT, 3 — vymezeni jednotlivych magnetickych zon, 4 — interpretované tektonické linie,
5 — izolinie tihového pole, 6 — osy zipornych tihovych anomilif, 7 — osy kiadnych tihovych
apomdlii, § — hranice aerogeofyzikilniho mapovéni 1 : 25 000.

(7]
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AJPOTEO®H3NYECKHE H3MEPEHRA B 10.-3. YEXHHE
(HYMABCKAZA OBJIACTH) U AX HHTEPOPETADAA

B 6appasamcHCKOM OpOTEpo30e B HeeHeAyeMoll obmacta 6sUI0 o0HapyXeHO, 9TO FNABHBIM
ACTOYHUKOM YETRAX 30HABHBIX MATERTHRIX AHOMANMHA ABISCICA HEPPOTAH, HPHECYTCTBYIOMEHA
B HPOAYKTAX Naneo0a3aI-TOBOTO BYJKAEM3MA, KOTOPHIC HO JAHERIM PAaABOMETPHMA ONHO3H2YHO
pposssmoTea mamvymoM K, U 7 Th.

O6nacTe CpeaBescuckoro mWiyToHa DO A3EEbM MATHUTOMEGTDEH HE DposBiseTcs. B mome
ROBHCHTPAIEE PaJMOAKTABHELIR 3ICMCHTOR OTHCTAHRO HAOMIOAAIOTCH C.~3. KOHTAKTHL JaCTAIELIX
anodus. B MeTaMOpPGE20BRHEHEEIX CCTPOBAX TUIYTOHA BRICTYNAIOT KPYUHEIE MATHHTHBIC 2HOMAIH,
obyCHOBNEREEE TPOAYKTAMM KUCIIOTO B OCHOBHOTO BYJIKAHN3MA, CORCPKAIME MargeTaT. Pajgpo-
METDHUCCKBE 2HOMANME CBROCTEMLCIBYIOT O 3HAYATCILHOH H3MEHIMBOCTA HOPOA OCTPOBHOH
30HEL

Obnacte MoiaanyOrKRyMa 32paKTepU30BaAHa PETBEORAILERIME 2HOMALERIME 30HaAME HaMaren-
9EEHOCTH TPSUMYIIECTBEHHO €.-B.~—10.-3, HAIPABIICHHA, UCTOUHMKE KOTOPHX NPENCTABAAOT METa-
MOPHE3OBAHHKIC BYNKAHATEI KOHTPACTEOTO XAME3IMR, COJCPINAIMNE MATHCTAT. AHOMAMHA DAHO-
aKTABHOCTH B B.-3. HAUDAaBICHEEHE MoryT EHabmomaTned HIMHOK o mecArkoBR kM. OHE CODPOBOR-
BAIOT KAILERE CUCTEMEI DOPHHPOB ¥ TOPDEPATOB.

Prelokila H, Kuksovd
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Firbas, P.—Skorkovska, M. (1990): Interactive program for kinematic problems
in laterally heterogeneous media. — Sbor. geol. V&d, uZitd Geofyz., 24, 5i—69,
Praba.

Absiract: An interactive program system for modelling velocity distribution ot
seismic waves in 2-D laterally heterogeneous stratified media with curved interface
is described. The inverse kinematic problem can be solved by means of the method
of successive approximations. Applied to ray equations, the method assumes piecewise
linear approximation of the medium. The program system enables fast computation
of rays or fans of rays, interruption of the computation in real time, and interactive
change of all parameters of the velocity model within one passage of the program. All
these features make an efficient shell for the inverse problem solution. The program
system was written in BASIC for the desk-top computer Hewlett—Packard HP 9345
for full use of HP graphics software and graphics peripheral devices. An example is
given of computaticn for a 2-D laterally heterogeneous stratified model. It is a test
model suggested by W. D. Mooney for the Symposium of the Commission on Controlled
Source Seismology at Einsiedeln, Switzerland, 1983. The program system was also
tested on real data, but these results will be published in a following paper.

 Geofyzika Brno. s. p., Brno, Podnikovy vyzkumny tstav, Jeénd 29a, 612 46 Brno 12

Introduction

During the last fifteen years the inereasing volumes of data forced the develop-
ment of interpretational methods which would enable construction of sufficiently
accurate mathematical models for areas with complicated structure, which in
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Fecent years have. been in the focus of seismic investigations. The assumption of
2 laterally homogeneous stratified medium cannot elucidate the numerous
characteristic features of the measured data, or may lead to erroneous conclusions.
All the investigated real media are laterally heterogeneous and therefore methods
have been developed for finding the distribution of real velocities in the depth
section for laterally heterogeneous media, i.e. for solving both the direct and
inverse problem. '

One way of constructing a velocity model of laterally heterogeneous medium
is the “trial and error”™ method. It is a method of successive approximations for
solving the inverse kinematic problem. For this purpose interactive modelling
seems to be optimum. Therefore the desk-top computer HP 9845 was chosen for
computations. It makes it possible to use the HP graphics software and it is
equipped with appropriate graphics peripherals (graphics screen, matrix printer,
four-colour plotter A3).

Solution of the inverse problem using desk-top computer

The aim was to develop a fully interactive program system for fast construction
of an accurate velocity model, using refraction data or combined refraction and
reflection data by the “trial and error” method. ,

Two approaches to calculation of rays have been successively applied. First
an approach solving seismic ray equations for laterally heterogeneous media
(Cerveny—Molotkov—Pgendik 1977) by the 4th order Runge — Kutta method
was used. The developed program was based on programs of the Mathematical-
Physical Faculty of Charles University (Cerveny—P8en&ik 1981) written in
FORTRAN, where the velocity model and interfaces are given by a relatively dense
grid of points. The interactive program was written for media without interfaces
only as its expansion for media with interfaces became cumbersome and demanding
for the computer memory.

The other approach of calculating seismic waves assumes piecewise linear
approximation of the velocity distribution in the medium. Then the solution of ray
equations is analytical and results are given by explicit expressions. This approach
is based on the method (Aric—Gutdeutsch—Sailer 1980) which was further
developed (Firbas—Skorkovska 1984). On its basis a fully interactive program
system for the desk-top computer HP 9845 was written in BASIC, assuming fuli
use of graphics HP software and graphics peripherals. The system was tested.
Despite the limitations of the computer’s internal memory capacity (64 Kb) it was
feasible through extensive program segmentation to implement all changes of the
velocity model in the main segment of program RAY. The program segmentation
was done in such a way that every task of the program was coded in one segment
only so the program speed in interactive mode was not lowered.
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Description of the model

From the top the medium is bounded by a curved relief, from the bottom by
a curved interface, and from the sides by two vertical boundaries. The model can
consist of up to ten layers separated by curved interfaces. Each interface must
intersect the whole area delimited by vertical boundaries. The interfaces must not
mutually intersect, but may touch, or overlap. The model can therefore contain
layers of zero thickness. The interfaces and layers are numbered downwards.

The whole studied area must be covered with vertical grid lines and the whole
first layer with horizontal grid lines as well. The first vertical line coincides with the
left boundary of the model, the last with the right boundary. The program works
with a maximum of 19 vertical and 20 horizontal grid lines. Distances between all
lines can be non-equidistant.

The velocity model enables a more detailed description of the first layer. The
velocity distribution of the first layer is given by velocities at the grid points of
non-equidistant rectangular grid formed by horizontal and vertical grid lines. The
depths of the interfaces and the heights of the relief are given on all vertical lines.
The velocity distribution of any deeper-seated layer is given by velocities below
its upper and above its lower interface on all vertical lines. The program internally
divides the medium into triangles where the analytical formulae for ray and travel-
time are applied.

Description of waves

Program RAY can be used for computation of ray diagrams and times of arrivals
of rays to the surface for multiple-reflected and reflected P and S waves, and for
transformed waves. The refracted ray is a ray which refracts upon incidence on all
interfaces. This type of rays can be computed automatically without additional
information. If the refracted ray hits the interface under an over-critical angle,
then its computation is prematurely terminated.

The behaviour of a multiple-reflected ray is given by a code. The code contains
information about the layers throngh which the ray successively passes. It therefore
implies on which interfaces the ray is reflected or refracted. The code is formed by
a sequence of integer numbers corresponding to numbers of layers through which
the ray passes. The part of the ray between two subsequent points of reflection or
refraction is called “ray element”. If the end points of the ray elements lie on
different interfaces, the element is called “simple ray element™ and one number
(the number of the layer in which the ray element lies) in the code corresponds
to it. If the end points of the ray element lie on the same interface, two equal
numbers in the code (numbers of the layer in which the element lies) correspond
to it and such an element is called “compound element”. The compound element
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is therefore given as two single ray elements corresponding to a ray reflected in the
given layer. The code definition is very close to that used in SEIS81 (Cerveny—
PSendik 1981), but its use is expanded by the possibilities outlined later in this

paper.

Short description of the program system

The program system consists of three segmented program units:
1. Program for constructing the input and for input of experimental traveltime
Curves,
2. Program for interactive computation of rays and for velocity model changes.
3. Program for selection and plotting of ray diagrams and corresponding experi-
mental traveltime curves along with computed traveltimes.
The generalized scheme of the program system is outlined in fig. 1.

Program MODEL

The program MODEL is used for construction and testing of input velocity
model and for input of experimental traveltime curves. The program is segmented
and consists of the main program and 14 subroutines.

Input data are arranged as follows:

§. Each profile that is to be processed by the program RAY is named by four
alphanumeric characters and name is recorded in the catalogue of profiles.
The catalogue of profiles provides complete information about the profiles
which can be furiher processed.

2. For each profile a set of files is used:

a) catalogue of model files,

b} catalogue of files of experimental traveltime curves,

¢) catalogue of rays,

d) ray file.

The catalogue of model files provides complete information about files with the
velocity models which are available for processing by the program RAY. Each
velocity model is stored in one file and its name is written in the catalogue of model
files. There may be a maximum of nine files with velocity models for each profile.

The catalogue of files of experimental traveltime curves contains complete
information about files of experimental traveltime curves, including the number
of traveltime curves. The maximum number of such data files for each profile
is mine.

The program MODEL is used for creating a file with a velocity model. Another
function of the program is to modify such an existing file. If 2 new profile is input,

54




(LOTI ‘AVY “THAQI sweidold) weysds werdoid om jo suonierado wndino-ndur pue uonenduros oy Jo weIsep-Aog paZIERWID °f

, sp14 oy
£6°"* 1y =811 3L
(6°°[) s9(4} (opou
sity ja enfiajesed
€914} JLL jo onbo(eqes
#{opeg 40 enbojuyes

(6 **"fau)
ndup &0)54 911

tnduy shed

A

106300 sAts

NER]
snduy (U seq1g 3L

A

TR TT ]

&£
L

{0) ity 311 o snding

A

sndsno (F) 8(e4 O4L

A

nding (1} (epow

ndyno (W) (Spow |

porx

107d

300N

e

wndyno 6|8 porodaay
weslrip Avd

81q3t Avd

teoieaeead Aj: 4 o9in0s
rdins popd sosodss
=abayp Ass

seiEi00[0A PUR
sosega0u 30 eoburys

sebury? vosiagratip
Aytae(ea gua Jefe|

eabuiya soup(-pref

LLIRSEIAE-T ]
seaegautut o eebueys

coBuzys uoiIngidielp
Kyjnoyea oue eke|

cubueya gouy(-pidb

{epoa $0 2amyd

B

i
_gzz-‘

1
]

i

anding pejusad
[
{4m301d) 1adane aspadesB
.
Adon pary *{103 i0fine 2opydnsd

T T Tt T e mR T OETa X W e

0 1
w



VC‘:‘T?RT)

I nodel input

L

I grid-lires changes

4

lzysr one velocity
distribution changes

!

changes of iInterfaces
and velocitles

o I

plots preparation
r2y diagram plot

TTC input and plot

e

A4

‘ [ source coordinates input k————————

I type of ray input

}

lsmrMQrwsontme?

!

;i'_

gl

HE LP
» [
| |
: ray parameters input .5 wodel outpu
. ' on tape
]
real time ! ray calcuiation +
Tnizrrupt graphics output
: storing ray on tape E N D

¢

2. Simplified diagram for the program RAY

+

SELECT FUNCTION:

SHIFT OF A X~GRID LINE
DELETION OF A X-GRID LINE
INSERTION OF A X-GRID LINE
TABLE OF X-GRID LINES

OR CONT SHOW PICTURE OF THE MODEL
ESCRPE

NS W R e

NUMBER OF THE X-GRID LINES IS 11 (MAXIMUM VALUE 19)

56

Table 1

Table of program branching as
displayed at the point of change
of vertical grid lines




its name is recorded in the catalogue of profiles. Subsequently, catalogues of
models, traveltime curves, and rays are created.

The program enables interactive changes of all input values at the input stage
of both the model and traveltimes. All data is tested at the input whether it is
1n reasonable limits,

Program RAY

The program RAY is the core of the program sysiem. The program is segmented,
consists of the main routine and 32 subroutines which form nine segments. The
program can be used by an interpreter little acquainted with computers as in case
of error the operator is instructed how to proceed.

The computation consists of six basic steps:

1. Input of the model and experimental traveltimes.

2. Changes of the model (if required).

3. Input of plotting parameters, selection and plotting of experimental traveliime
curves.

4. Input of ray parameters.

5. Computation of rays with raypath plotting (interruption in real time possible).

6. Recording of the modified model on magnetic tape.

A simplified flow-diagram is in fig. 2. The computation starts with choice of
a profile and of the appropriate velocity model. The choice is very simple as the
table of existing velocity models available for the chosen profile is shown on the
display.
As soon as the velocity model is stored in the internal memory, the model can
be changed in three steps:
1. Changes of grid lines.
2. Changes of velocities in the first layer.
3. Changes of interfaces including changes of corresponding velocities under and
over them.

The program enables to delete, add or shift any borizontal or vertical grid line
and simultaneously tests on allowed input values. For instance, if a change of
vertical grid line is required, the program prints a table of allowed actions
(tab. 1).

If a grid line is to be shifted, the whole picture of the model is plotted (fig. 3)
and the interpreter places the cursor near the line which is to be shifted. The
program answers with the sequence number and the current coordinate of the
grid line and expects the cursor input of a new grid line coordinate. The digitized
new value is printed. If it is 2 non-acceptable value, it is automatically substituted
with the nearest acceptable value. This coordinate can be changed from the key-
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3. Model WDM (grid lines and interfaces) as shown on the display at the point of vertical grid
lines changes, see table 1. Graphics cirsor (not shown) serves for a vertical grid line
selection and subsequently for digitization of its new coordinate

board, or the started shift of the grid line can be interrupted and the program
control returned to the beginning of the program branch (changes of vertical grid
lines). If the new grid line coordinate is accepted, the velocities in the first layer
are automatically interpolated for this new grid line. The z-coordinates of all lower
interfaces and velocities below and above them are also automatically interpolated.
In this way the changes of horizontal and vertical grid lines can proceed.

In next step the velocities in the first layer can be changed. The program can
display the first layer velocity model for up to ten vertical grid lines simultaneously.
An example of graphics output for changing the first layer velocities is in table 2.
The cursor is placed in the reciangle in which the velocity to be changed is located.
The coordinates of the corresponding grid point are digitized, the original velocity
value in the rectangle is erased and the value is offered for change together with
information about the grid point coordinates. The new input value is plotted
in the place of the old one. After the changes in the displayed part of the first




layer of the velocity model are completed, another part of the velocity grid can be
plotted and changes may proceed. '

Individual interfaces can also be changed interactively. The allowed branching
of the program at the changes of interfaces is shown in table 3.

Table 2

Example of a velocity grid section for the first layer (model TEST) displayed
at the point of velocity changes. Graphics cursor for X, ¥ point picking
is not shown

1 2 3 9 S 8 ? 8 8 12
o.eay 3.98| 4.12) 4.635| 3.8} 2.00| 3.20] 3.65| 3.65| 3.72] 2.90 1
1.28) 4.70] 4.28| 4.65] 4.59| 4.48| 4.33|) 4.30| 4.20| 4.32| «.2¢ a¢
2.89) 5.38 | 5.40 | S.4@ | 5.12} 5.02 | 5.82 ) 4.45| 4.480) 4,92} s5.00 3
.60 S.8% ) 3.85] S.7e| S.40} S.20| 5.28} 4.72] 4.70} 5.42] s5.55 4
9.€6891 6.2 )| B.OW| 6.18| 5.85} 5.50 ] 5.48| 4.85] «4.00| sS.53| S.75 S
S.e2| 8.15] 6.18| 6,15 | 6.85) 5.80| 5.865| 5.82| 5.68) 5.84| 5.85 6
6.€3) 6,20 6.20| 68.29 | 6.98} 6.82| 5.80| 5.40| 5.40] S.78| 5.92 ?
o 7.69) 6.25! B.25| 6.35)| 6.32] £.28| 5.8 S5.85|) 5.65| S5.96 | 6.4 :13
§ a.88| 6,39 | 6.238| 6.42| 6.49| 68.280 | 6.23| S.75| 5.72| B.10! 6.18 3
“ 9.88) 6.95| 6.35 | 6.43] G.42| 8.93 ] 6.15 5.88) s.oe8}| 6.15| 6.30| 10
E 19.88| 6.45| 6.38 | 6.43 ] 6.42| 8.42] 6.3@| 6.18) R.18| 8.22| 6.42| 11
&I i2.08) 6.4} 68.48|.68.42| B.42| 6.49) 6.95| B.38] 6.25| €.35| s6.46| 12
D 14.728) 6.38| 6.38) 68.39 | B.40 | 8.55] 6.48| 6.42| 6.20 6.42 | 65.49] 13
16.29) 6.28 )| 6.39 | 6.39| 6.3@) 6.65| 6.55| 6.55| 6.58] &.55| 6.55} 14
18.89) 6,35} B.35¢ B.35| .35} 6.85| 6.50| s.668| s.68] G6.62| 8.60] 15
28.67 | 8.45 | 6.45] B.45| €8.43] B.65} B.65) 6.65| 6.85( 3.65] 6.565)] 16
24.59) 6.5} B.65|] 6.85| 6.85| 6.78] €.76] 6.28] 6.76| 8.790| 6.78] 17
25.82| 2.@4] 2.4 2.04 | 2.04| 2.9 | P.2a| ?.84 | 7.2a| P.06| 2.24{ 18
28.89| P.2t ) ?.21) 2,21 ?23b e.evg 2.2y 221 7.21) v.21| 7.22f 19
40.89 | 7.6 | 7.68 ) P.ER, 7.66; 7.60| ?.80| 7.68{ 7.89} 72.c0| 7.60 | 28
2.8 58.2 28.0 130.9 2¢3.6 25A.0 362.0 3I3B.8 489.8 456.0
X~COCRDINATE EXM1 .
MODEL  TEST
YELQCITY DISTRIBUTICN
LOCATE CURSOR, PRESS CONT TQ EXIT THIS BLOCK LOCATE CURSOR HOME

SELECT FUNCTION:

1 OR CONT THE PICTURE Of THE MOREL Table 3

2 SHIFT AN INTERFACE RND VELOCITY, CHANGE

3 HELETE AN INTERFACE Table of program branching as.

L) INSERT RN INTERFACE displayed at the point of interface
5 ENB OF CHRNGES changes :
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4, The picture shown on the display when the sixth interface is shifted. For convenience the
velocities above and below the shifted interface are shown as well. Graphics cursor (not
shown) serves for selection of the shifted grid point and for digitization of its new coordinate

. Xf, for instance, a shift of the sixth interface is required, only the part of the
model is displayed corresponding to the first and to the second layer. The velocity
values are plotted along the interface to be changed. An example of graphics
output for the shift of the sixth interface is in fig. 4. The choice of 2 new z-coordinate
and of a vertical grid line where the interface is to be changed is performed
simultaneously. The selected z-coordinate of the cursor represents the new
s-coordinate of the interface. The cursor must be in close vicinity of the grid line
for which the shape of the interface is to be changed. The old and the new coordinate
are shown together with the coordinate of the vertical grid line and the operator
is given the opportunity to accept it, or to modify it from the keyboard. After the
new interface coordinate is accepted, the changed part of the interface and the
corresponding velocities are erased from the picture. The corresponding velocities
above and below the interface can be changed from the keyboard. In this way
the whole interface or its part can readily be shifted.

;g
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Before changing the picture in the display, if it is required, a hard copy of the
picture can be done. Thus information about all successive changes of the model
can be preserved.

Next step is input of ray diagram parameters. All parameters have default
values which can be changed according to the user’s requirements. The output
device is 2 four-colour plotter HP 9872A or graphics display. The program makes
it possible to choose either a ray diagram plot only or to produce a composed
graphics output, i.e. plot the ray diagram along with experimental traveltime curves
and computed times of ray arrivals. The latter alternative seems to be more suitable
as it makes it possible to simultaneously follow the computation of rays and
directly compare the experimental traveltimes with the computed times of ray
arrivals.

The traveltime curves for ploiting in the composed graphics output can be
interactively chosen from all available files with experimental traveltime curves
corresponding to the chosen profile. The traveltime curves from a file can easily
be chosen from the displayed list of traveltime curves. Immediately after the choice
is completed, the chosen traveltime curves are plotied. Examples of composed
graphics outputs are in figs. 6 and 7.

The next program step is the input of source coordinates and choice of the type
of rays which will be computed. According to the behaviour of the rays at the
interface the following types of rays can be selected:

a) refracted rays,

b) single reflected rays,

c) multiple reflected rays,

d) rays interactively controlled in the course of computation.

The difference between a single reflected and a multiple reflected ray is useful
for the user’s convenience. Rays of both types are internally code controlled but
the code of the ray single reflected from an interface is automatically computer
generated after the sequence number of the reflecting interface is input.

The interactive control of the ray in the course of computation means that after
each incidence of the ray on an interface the interpreter can decide whether the
ray will refract or reflect.

If 2 multiple reflected ray is required, the code of the ray must be given from the
keyboard, but the computer assists at this task. After an inquiry whether it is an
upward- or downward-pointing ray, the end poini of the first ray element is
automatically set. The display shows information about the interface which the
ray should hit and another element of the ray can be chosen. At any stage of the
code input it is possible to cancel the code input and return to 2 new source selec-
tion, a new type of ray, or to restart the code selection.

If the initial point of the ray element lies on an internal interface, choice can be
made between a simple and a compound ray element (up- or down-oriented from
the interface). For every ray element input the table of allowed functions is repeated-
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Iy shown on the display. The input of the code is successfully completed if the last
ray element hits the surface of the mode! and no back reflection is requested.

As the last step the inquiry follows whether the rays to be computed should be
-stored on magnetic tape for later processing by the PLOT progranmi or not.

At this point the first program pass is ended. Now, at the main branching point
HELP the program is waiting for the interpreter’s command. The possible program
branching is displayed, see table 4. Either individual rays or fans of rays can be
computed. In the latter case the number of rays in the fan, the initial angle at the
source, the step of this angle and the step reduction factor must be given. In the
course of computation of a ray or a fan or rays the passage of the ray through the
medium in real time can be followed. The computation can be interrupted by
a function key, the computed ray deleted, erased from the screen and the program
control returned to the branching point HELP. If a composed graphics output
has been chosen, the arrival time of the successful ray can be immediately plotted.

Table 4
Table of program branching at the point HELP, see fig. 2

NEW RAY DIRGRAM PLOT

1
2 ABDITIONAL ¥TC PLOY
3 CHANGES OF GRID-LINES IN THE FIRST LAYER
4 CHANGES OF THE VELOCITY DISTRIBUTION IN THE FIRST LAYER
5 CHANGES OF INTERFACES IN THE MODEL
6 NEW SHOT POINT
7 RAY COMPUTATION CONTROL
8 STORING-OF RAYS ON THE TAPE - ENABLE-DBISABLE
9 OR CONT RAY COMPUTATION
18 SAVE THE MODEL ON THE TRPE
11 END OF COMPUTRTION (HARD COPY, SAVE THE MODEL ON THE TAPE)
Table 5
Example of a printer output for rays reflected at the seventh
interface in the WDM model
X SOURCE = 58.868(KM3 RAY CONTROLLED BY CO3%
7 SOURCE = @,808[KM) RAY ORTENTED DOWNWARDS
CODE | 2345665422
RAY TABLE
RAY NG X END Z END TEND PHI INIT  ERROR INJICATION
12 2.869 @.900 14,608 -25.6a09
13 23,349 0.008 13.373  -15.@029
14 41.812 8.2 12.825  -5.2¢00
15 57.798 0.268 12,791 5.0d20
16 75.235 .020 13.268  |5.@200
17 95.165 .090 14.385  25.2008
18 128.958% 4.8 16.531  35.8028
19 161.29! a.068 20.873  45.9089
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If recording on magnetic tape is required, the computed ray is recorded in the ray
file. One line is printed for each ray, containing the number of the ray, the angle
at the source, the coordinates of the ray end point, the arrival time, and optionally
. the error message. An outputisexemplifiedin table 5. Afterthe computation of 2 ray
or a fan of rays has been completed, the program returns to the branching point
HELP.

Before the end of the computation it is checked whether the model has been
changed. In such a case the new model can be stored as a new model variant.

Program PLOT

The program PLOT serves for selection and plotting of rays recorded by the
program RAY on magnetic tape.

The rays can be repeatedly selected according to various criteria:

a) name of velocity model,

b) coordinates of the source,

¢) chosen ray code,

d) refracted rays only,

e) sequence numbers of rays in the ray file.

The output graphics device is plotter or graphics display. Either a simple ray
diagram can be plotied or a composed graphics output can be chosen. When the
experimental traveltimes are to be plotted, their selection is the same as in the
program RAY. The picture can be plotied also by parts, which enables plotting
of long profiles or plotting in selected scale.

Model example and tests

The program function is exemplified by computation for the model o
W. D. Mooney (U.S. Geological Survey, Menlo Park) which was prepared for the
Symposium of the Commission on Controlled Source Secismology at Einsiedeln,
Switzerland, 1983. This model named WDM consists of seven layers (fig. 5). It is
laterally inhomogeneous because both the velocity distribution and shapes of the
interfaces vary along the profile. The layers are numbered with roman figures.
Velocities (km . s~ ') below the upper and above the lower interfaces bounding
individual layers are shown. The coordinates of the interfaces are given on all
vertical grid lines. The positions of the lines can be seen in fig. 3. Computations
were done for two reflected waves from the sixth (code 1234554321) and the
seventh (code 123456654321) interface. The composed graphics output for the
wave reflected on the sixth interface is in fig. 6 and for the wave reflecied on the
seventh interface in fig. 7. Computation of 10 rays in the fan where the rays are
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3. Two-dimensional laterally inhomogeneous velocity model suggested by W. D. Mooney.
Velocities in km . s~?

on average 25 points long including the graphics output on plotter lasts four
minutes 18 seconds. For comparison, the traveliimes computed for the WDM model
by the program TRIANGL (Cerveny—Jansky 1985) were used in the role of
experimental traveltime curves. The “experimental” traveltime curves and the
computed times have been plotted with reduction velocity 6 km/s. The results
produced by the program RAY are in good agreement with the traveltime curves
computed by the program TRIANGL.

In the period 1986 — 1987 the program was also tested on real refraction data.
The present version is based on the gained experience. The examples will be
published in a following paper.

Conclusion

The program system for solving the direct kinematic problem and the inverse
kinematic problem by the “trial and error method” for laterally inhomogeneous
medium with curved interfaces was developed. The system is fully interactive and
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6. Bxample of a composed graphics output for the WDM model. The rays reflected from the
sixth interface are shown. Traveltimes are plotied with the reduction velocity of 6 km . s~!

so enables fast and precise modelling on any velocity distribution consisting of
several layers separated by curved interfaces. The system is formed by three
programs — MODEL, RAY and PLOT. The core of the whole system is the
program RAY for fast computation of rays and fans of rays.

Within one run of the program RAY interactive and fast changes of all para-
meters of the velocity model can be performed. The program RAY can be applied
for verification of velocity models, using various types of waves from different
shotpoints as welil.

The program system was written in BASIC for the desk-top computer HP 9845.
Owing to the interactive operation the time needed for construction of a velocity
model was many times reduced as compared with batch-processing. The system
was successfully tested on model refraction data and its possibilities were verified
for real field data.

K tisku doporucil 1. Péenctk
Prelozila D. Malikovd
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7. Example of a composed graphics output for the WDM model. The rays reflected from the
seventh interface are plotted with the reduction velocity of 6 km . s~
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Program pre interaktivni FeSeni kinematickych dioh
v laterainé nehomogennich prostFedich

(Résumé anglického textu)
Petr Firbas—Marta Skorkovska

PiedloZeno 14. zAFi 1988

t Byl vyvinut plng interaktivani programovy systém, ktery umo#iuje rychle a s do-
stateCnou piesnosti wrcit rychlostnd rozloZeni seizmickych vin pro dvourozmérné
v stevnaté lateralng nehomogenni prostiedi. K elu byia zvolena metoda postup-
nych aproximaci pfi feSeni obracené kinematické nlohy (metoda “trial and error™).
Pro vypocet paprskil pak byla rozvinuta metoda, kierd piredpoklada po &istech
linearni aproximaci prostiedi, pro kierou pak feSeni paprskovych rovnic je dano
apalytickymi vyrazy.

Programovy systém byl vyvinut pro stolani pocitac HP 9845, je piné interaktivni
a vyuZivd graficky HP sofiware a grafické periférie (grafickd obrazovka, &tyf-
barevny plotter A3, maticova tiskarna). Systém sestdvi ze tii segmentovanych
programi MODEL, RAY a PLOT. Program MODEL vytvaii a testuje ‘vstupni
rychlostni model a déle slouZi ke vstupu experimentalnich hodochron. Program
PLOT slouZi k vybéru paprskii, uloZenych programem RAY na magnetickou
pésku, a jejich naslednému vykresleni. Zakiadem celého systému je program RAY,
ktery umoZiuje rychle pocitat paprsky, vijife paprskd, sledovat Sifeni paprskii
v prostiedi v realném &ase, vypodet pierusit a zaroveil v rAmci jednoho priachoda
programu interaktivné a rychle ménit viechny parametry rychlostniho modelu.

Program RAY umoZiuje provéiovat rychlostai modely od povichu do hloubky,
pouZivat ruzné typy vin a Casy Sifeni se vin€ni od ruznych odpalovacich bodi.
Dale program umoZiiuje do vypoctu zahrnout apriorni informace.

Programovy systém je napsan v jazyce BASIC pro stolni poéitad¢ HP 9845,
Vyuziva se tedy mald vypodetni technika, ktera je cenové dostupna ve srovnani
s velkymi pocitaci. Zaroven diky interaktivnimu pfistupu byla doba potiebna
k vytvofeni rychiostniho modelu nékolikandsobné zkracena ve srovnani se zpraco-
vapim na poditadi, pracujicim v reZimu davkového zpracovani dat. Programovy
systém byl 1ispésné testovan na datech Tidké refrakee a jeho praktické moZnosti
pii tvorbé mehomogennich rychlostnich modeld byly ovéieny. Popis pouZiti
programu pfi feSeni obracené ulohy na redlngch datech je obsahem pfipravova-
ného &lanku. 4 : :
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Vysvétlivky k tabulkdm

Tabulka 1. Tabulka mo#nych &innosti programu, jak se zobrazuje na obrazovce pii zménich
vertikdlnich &ar miiZe.

Tabulka 2. Piklad vyiezu rychlostni sit€ 1. vrstvy (modelu TEST), jak se zobrazi na obrazovce
p¥i zragnéch rychlosti 1. vrstvy, Graficky kursor, slouZici k v§bére ménéné hodnoty rych-
losti, neni zobrazen.

Tabulka 3. Tabulka moZnych innostf programu, jak se zobrazi na obrazovee pii zménach
rozhrani.

Tabulka 4. Tabulka moZného vétveni programu RAY v rozhodovacim bodé HELP, jak se
zobrazuje na obrazovce (srov. s obr. 2).

Tabulka 5. Priklad vystupniho tisku na tiskdrn& p¥i vypodtu paprské odraZenych od sedmého
rozhrani pro model WDM.

Vysvétlivky k obrizkdm

1. Zobecnéné schéma vypodtu a vstupnich/vystupnich operaci programového systému (programy
MGODEL, RAY a PLOT).

2. ZjednoduSeny blokovy diagram programu RAY.

3. Celkovy obrdzek modelu WDM (sifovych &ar a rozhrani), jak se zobrazi na obrazovce pti
posunu vertikdlnich &ar (viz tab. 1). Graficky kursor (neni zobrazen) slouZi k volbé posouvané
vertikalni sifové &ary a nasledné k digitalizaci jeji nové x-soufadnice.

4. Qbrazek, ktery se zobrazi na obrazovce, je-ii posouvdno 6. rozirani, Pro uvsnadnéni zmén
jsou zndzornény i rychlosti pod a nad posouvanym rozhranim. Graficky kursor (neni zobra-
zen) slou3i soudasné k volbé posouvaného bodu rozhrani a digitalizaci jeho nové soufadnice.

5. Dvourozmérny laterdiné nehomogenni sedmivestevny rychlostni model, ktery piedloZil
W. D. Mooney. Rychlosti jsou uvedeny v km .s™".

6. Ptiklad sloZeného grafického vystupu pro model WDM. Pro zvoleny zdroj (50 km, 0 km)
jsou vykresleny paprsky odraZené od $éstého rozhrani. Casy pfichodu paprskuy stejnd jako
experimentaini hodochrony jsou vykresleny v redukovapném méiftku s redukéni rychlosti
6km.s~%

7. SloZeny graficky vystup pro paprsky odrazené od sedmého rozhrani. Model, zdroj i pouZitd
redukeni rychlost jsou stejné jako pro graficky vystup na obrdzku 6.

I!porpanma Ria pemednsl KEHEMaTHYeCKY X 3anaq
B lIaTepallIbHO-HCORHOPOXBALIX cpeax AHAJIOrOBBIM enocoGon

B poxnane opucana uajioroBas NPOTrpaMMHEad CHCTEMR, NpeAHASHAYCHRAY 1IN MORCIUPORAHEs
pacOpesesicEAs CKOPOCTeH CelicMEYecKuX BONH B ABYMEDHOH HEOAHOPONHOH CHOHCTOH Cpene
¢ KpuBONEHEHARIVME Ypamuv@amyu pasnena. Ylporpamma ppemHazEavYeHa yis pemeHus oGparBOH
XAHEMATAYECKOR 324498 METOAOM NOCTeHSHHAIX anupoxceMamii. MetoZn, BcRoms3yeMsli s
PEHIENAN YPaBHSHUIN 7y9a, DPeAnoIaracy JHaeHHyo 0o JacTaM AIpoLkcaMano cpegsl. liporpavm-
Bas cucrema ofecnesweaeT GLICTPOS BLYMCHERWE JXydell Wi Beepa JydeH, DpepLiBaHHWe paciera
B PEaN-EOM BPEMEHH U BEAOTOBOS A3MEHEHHE BCEX mapameTpoB CEOPOCTHOH MOAEHE B paMkax
OIEOF0 mpoXoaa mporpamusy. fiporpammeas cucrema HamucaHa Ba gsnse BASIC xng macromm-
Hore xamnkymaropa Hewlett-Packard HP 9845 @ upeanonaraet nouwoe 2Cooms3osagme rpadu-
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9qECROTO HPOTDAMMEHOTO MATOGECHeeHns B COOTBETCTRYIOMEX rpadrmeckax  DepaGeprABRX
yerpoicte. 1IpHReAcH UpAMEP pacucTa AR ABYMEpHOH NATEPaILHO-HeOHEOPORHOR CIIORCTOR
Mofens. STa mpopepoIHad MOAEHs Grina HPCUIORCH2 B. J. MymsvM Ba cuMmoszyMe Komacena
fi0 YHPABRASMEIM CEHCMAYCCRAM HCTOUEHR2M B 1983 r. Bo IMecimrapmn. IIporpaMMEaa CECTEMR
6Lia BPOBEPEER A0 PEANbHEIM SABHLM ¥ OpHOOCDCTCHERIS PE3yNETATEL DOATOTOBISIOTCA K OHy~
GIEROBAHKLO.

Prelozila H. Kuksovd
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Presentation of results of the IP field measurements
in maps and sections
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Karous, M. (1990): Presentation of results of the TP field measurements in maps
and sections. — Sbor. geol. Véd, u?itd Geofyz., 24, 771 —89. Praha. .
Abstract: New ways of processing of area and profile measurements by the
1P method in the time and frequency domains by mweans of modified vatues of apparen
polarizability are suggesied. The configuration of modified polarizability anomalies
in maps and sections beiter corresponds to the actual distribution of anomalous
polarizability, thus making it possible to obtain a more reliable geocelectric model
of the investigated region. In a similar manner it is possible to process also simultaneous
resistivity measurements. The interpretation of both resistivity and polarizability data
arranged into the suggested schemes is less ambiguous, simpler and more illustrative
than that based on resistivity and polarizability pseudoschemes constructed in
“classical” ways as psendosections.

& Ratedra uzité geofyziky prirodovédecké fakulty Univerzity Rarlovy, Albertor 6,
128 43 Praha 2

Introduction

This paper is dedicated to the possibility of determining the position and exten-
sion of anomalously polarized geological bodies. This problem is the one most
frequently solved by the IP method. However, unambiguous procedures have not
yet been developed for interpretations of buried anomalous bodies. In majority
of cases we have been satisfied with the qualitative interpretation when on the
basis of our experience in interpreting and uvsing a liited set of theoretical model
curves some geometrical parameters (shape and position of anomalous body)
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have been estimated directly from a particular graphical presentation of apparent
polarizability data or other parameters derived from the IP measurements. As it
will be shown in the paper, the classical graphical preseniation of the measured
parameters has not always been suitable, for the extremes (maxima} of the apparent
polarizability do not appear directly above the anomalous object. The shift of the
maximum depends on the electrode configuration used, on the shape, dimensions
and depth of the anomalous object as well as on other factors. An anomalous
object is frequently manifested by numerous local extremes which could be mis-
interpreted as caused by other objects. The possibilities of constructing more
illostrative schemes — maps and vertical sections — will be shown, which better
correspond to the actual distribution of polarizability than the “classical” ones,
so that dimensions and the space distribution of investigated anomalously polarized
bodies can be directly interpreted from them. The ways suggested in this article
for processing the data obtained by the IP method can analogically be used also
for processing the resistivity measurements taken simultaneously with the
IP measurements.

1. Apparent polarizability
20 % carves above
a polarizable sphere
0 ¢ ! ! ! ] I for the three-electrode
800 (¢] 600 m gradient configuration
3 AMN with fixed current
@ *_h='!00 m electrode 4 for various
positions of grounding
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Profile curves and polarizability maps

Maps of isclines of measured or simply transformed data represent, to various
(mostly small) extent, the actual distribution of polarizability. They have usually
been constructed from values obtained from measurements along parallel profiles
the distance of which is defined by the scale of a particular survey to cover the

2. Apparent polarizability
curves above
a pblarizable sphere
for the combined
profiling of various
lengths L = 4B/2

600
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study area. Using different electrode configuration above the same anomalous
object, different profile curves are obtained. Above one object, profile curves
exhibit, in majority of cases, several extremes corresponding to the passage of
individual electrodes or dipoles over the object at depth.
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3, Apparent polarizability corves above a polarizable sphere for the dipole-dipole profiling
of various lengths L = 00’
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4. Modified
polarizability %
and mean
polarizability 4
curves above
a polarizable sphere
for the combined
profiling

100

50

& 100

m

50

75

30

10

L}
= 112 -
— %o L=500m ©°%
1
7 “ N
L m é
v
,_‘\__. — ’1»’_'_"2'-—_.
R e 0 — P i
600 Q 800 m
%o
\
\‘ L »~300m
- }
§
JLs
{— A ¥ P —
e Nz I A
o7, X
’ N Le200m
i \
¢ L L
r /e
- L=100m
\\
| e
= — — = _ T
-0
/o L~50m
o _...!a{}. ——
SRS R U RN S DR
YR L=20m
———— —— — o — A——‘—-—-—_ — e — ——
t | ) 1
500 0 4 600 m
@ _‘L h=100m

40 —~

78



In order to map polarized bodies it is more suitable to use an electrode configura-
tion with fixed grounding of current electrodes for which extremes are to be formed
only when the moved potential dipole passes over an anomalous body. Among
these configurations the most frequently applied is the one called the gradient

L RallY =(ny, +
30 % Uy Mg A L =1000 m =10
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X o= T o
L Y Y R N A Nl |~ { |
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5. Modified polarizability #,, and mean polarizability 5, curves above a polarizable sphere
for the dipole-dipole profiling
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array (GA) andfor the so called combined gradient array (CGA} represented by
two pole-dipole arrays in which the third current electrode is situated at a relatively
long distance. Considering the justification of using particular arrays to explore
anomalous objects and taking into account the depth of their investigation it is
most suitable to analyze the profile curves above a locally limited object, preferably
of an isometric form (e.g. a sphere). Using the GA modification apparent polarizabi-~
lity curves #, exhibit maximum directly above the object of increased polarizability,
similarly as in the CGA modification for the current electrode A grounded at
a relatively long distance from the object (upper part of Figure 1). The anomalous
object being close to one of the groundings in the GA modification the maximum
is shifted similarly as in the CGA modification because the influence of the second
grounding is negligible (Figure 1). If the grounding is very close to the epicentre
of the object or even directly above the objeci, two maxima of apparent polarizabi-
lity appear on both sides of the grounding (lower part of Figure 1). The magnitude
of the shift of the extreme is proportional to-the depth of the object h.

In the case of symmetrical configuration with moving current electrodes {i.c. the
Schiumberger and Wenner profilings) the anomalous curve above the sphere
chows three maxima. The central (the largest) one corresponds to the position
of the polarized sphere. Asymmetric electrode configurations (i.e. dipole-dipole
and combined two pole-dipole arrays) yield two curves of apparent polarizability
1, and 7,, each of them exhibiting two maxima (figures 2 and 3). In the case of
objects at greater depths both maxima can merge into a broader one. Then, in
such a case, there is a problem to comstruct maps of isolings. It is usual to plot
the mean values of polarizability 7, (figures 4 and 5 — broken line):

i
g = —2"('11 + 12} (1)

Particularly in the case of dipole-dipole profiling the curves of mean polarizability n,,
exhibit expressive false maxima on both sides of the object at distances that equat
the length L, i.e. the electrode separation. In the map of isolines, the aumber
and positions of anomalous objects can be incorrectly interpreted.

In the case of asymmetric electrode configuration out of the two maxima of both
curves, however, only one is located above the object. It is therefore suitable to
substitute the mean values of polarizability with the simplest correlation, i.e. with
the product of values of both polarizabilities divided by normal value of polarizabi-
lity 7, typical of the nonanomalous parts of the region investigated. Let the value
obtained in this way be called a modified polarizability #,,:

= MiXfdz (2)
o

m

Curves of modified polarizability do not show such expressive false maxima away
from the anomalous object (figures 4 and 5 — left-hand part, solid line).
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Vertical sections of polarizability

It has been said that for the mapping of polarizable objects the GA modification
is most suitable as the maximum of the curve is located directly above the object.
A disadvantage of the GA is in its low ability to differentiate the sources of anomaly
at depth. For more detailed investigations of depth relations of polarizable objects
it is necessary to apply an electrode configuration with controlled extent of the
depth of investigation, e.g. by a change of length L of the electrode configuration
(for the Schlumberger and combined profilings L = AB/2, in the case of the dipole-
dipole profiling L is the distance 00’ between the centres of the potential and
current dipoles). In the case of these configurations vertical pseudosections of the
apparent polarizability have been constructed, so that the measured values of
apparent polarizability have been plotied at points P in the vertical section beneath
the investigated profile. Positions of points P are given by the centre of the electrode
configuration used and the length L/2 (Figure 6). The values at points P have then
been interpolated. In this way a2 map of isolines of apparent polarizability has been
obtained. Thus the construction has been quite simple. The value of this construc-
tion is, despite its simplicity, considerably reduced because the courses of iso-
lines in the section do not correspond to the shape of the anomalous body
(Figure 6). For example, above the studied objects of isometric form false

“shadows™ occur in the section, extending downward from the position of the
object under the angle of 45°. At the crossing of two false “shadows” due to two
different objects an intensive unreal anomaly develops which could be errone-
ously interpreted as caused by another object. “Classical” pseudosections can
thus be interpreted correctly only with the use of a large set of model pseu-
dosections.

By using the different shifts of two curves of asymmetric electrode configuration
measurements it is possible to construct vertical pseudosections from the IP profil-
ing with only one electrode spacing. It is necessary, however, to carry out bilateral
measurements by iwo asymmetric configurations, i.e. measurements at the position
of current pole or dipole on both sides of the measuring dipole. It has been dis-
covered (Komarov 1980) that in the CGA modification the maxima of apparent
polarizability are located at points M which are equally distant from the current
grounding A as is the centre S of the polarizable sphere from the grounding A4,
i.e. AM = AS. This has also been proved theoretically (Karous 1983). In order
to determine the position of the sphere and its depth two measurements should
be performed for two different positions of current groundings 4, and 4,. The
- centre of the sphere is directly at the intersection of two arcs plotted through points
M, and M, corresponding with the maxima of polarizability 1 omax @04 3 ey
with centres at groundings 4, and 4,.

The interpretation method of Komarov has been generalized and extended for
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7. Vertical modified pscudosections constructed from the model curves
of polarizability above a polarizable sphere for the asymmetric configuration
AMN with fixed current grounding 4 in two different positions A, and 4,
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construction of vertical pseudosections from two measurements with fixed current
groundings (Karous 1983, 1985). The method of construction is very simple.
To each intersection P;; of two arcs with centres at 4, and 4, which pass through
the points of measurements x; and x; the value of modified polarizability can be
assessed according to the expression:

”m(Pij) = M ’ (3)
o

which can then be used for construction of isolines. In this way the so called modi-
fied pseudosection will be obtained. It is obvious that the modified polarizability
reaches its maximum if the point P;; lies at the intersection of arcs passing through
the maxima 1, ., 20d 15 ey . Thus the extreme values of ,, in the section correspond
to the position of polarizable objects.

Examples of sections constructed in this way from the model curves above the
polarizable sphere are shown in Figure 7. Contrary to “classical” pseudosections
the modified pseudosections exhibit extreme values without false “shadows” and
in the position of the anomalous object only. As it has been verified for models
of other shapes (i.e. sheetlike, eilipsoidal etc.), also in these cases the form of
isolines in modified sections corresponds to the shape of the polarizable
object.

Analogically, vertical pseudosections can be constructed also from measure-
ments taken using asymmetric configurations with current electrodes moving
in one spacing only. From the model and theoretical curves obtained above the
sphere using dipole-dipole and combined profilings, the relation has been studied
between the centre of isometric body position and the position of maximum of
measured apparent polarizabilities. Beneath the maximum the position of the
centre can lie on the curve (the so called depth curve) which is plotted in Figure 8
for the combined (CF) and dipole-dipole (DP) profilings. The search for a sphere
to depths smaller than the length of separation L is justified only because spheres
at greater depths manifest themselves by very weak anomalies. The position of an
isometric object at the intersection of two depth curves corresponds to both
positions of the current pole or dipole.

Two depth curves can be drawn through each point of measurements (cor-
responding to the left and right current source). These depth curves form a network
of intersecting points P;; to which values of the modified polarizability are posi-
tioned according to relation (3). By interpolating the resulting isolines the modified
pseudosections are obtained for the combined or dipole-dipole profilings. Examples
of such pseudosections for the polarized sphere are shown in figures 9 and 10.
Positions of points P;; need not be determined graphically. In order to enable the
automatic data processing it is advantageous to make tables of coordinates X
and h;; of points P;; in the section. For the coordinates the following relation
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Table 1
Depth coefficients of* for constructing vertical modified pseudosection from combined

and dipole-dipole profilings :
Combined profiling Dipole profiling
n n
mn m
3 4 5 6 7 -3 4 5 6 7
0 000 | 000 | 060 | 0.00 | 0.060 ¢ 0.00 | G.00 | 0.00 | 0.00 | 0.00
i 0.54 | 047 | 042 | 0.39 | 0.36 1 038 | 032 | 0.28 | ©.25 | 0.23
2 077 { 0.66 | 0.60 | 0.54 | 0.50 2 054 ) 046 1 042 | 0.38 | 0.34
3 099 | 0.82 | 0.73 | 0.66 { 0.62 3 092 1 058 | 059 | 046 | 042
4 1.24 1 099 | 0.85 | 0.77 | 0.72 4 091 | 0.62 | 0.54 | 042
5 1.18 1 099 | 0.88 | 0.80 5 091 | 0.66 | 0.56
6 142 § 1.15 | 099 | 0.89 6 092 | 0.68
7 i34 | 1.1 | 0.99 7 0.91
8 1.24 | 1.10
9 143 | 1.22
10 1.35
[
AQB MO N
——t 4 ]
A !\:10 f:l
A
4]
-
.
£
i
[
L]
8. Depih curves for a polarizable sphere
(i.e. the curves on which the centre /
of sphere is located for the given ,’
position of the apparent polarizability ¢
mazximum) for the dipole-dipole (DP) 4
and combined (CP) profilings 2 -
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is valid:
1 oy
x;j=i(x;+ xj) =-I-—2—J—Ax, (4)

hg=km=L.a'|’,~_jl=L.tz;',,, (5)

where n = L/Ax is the ratio of the length of separation L to the measurement
interval Ax, x; = i. Ax and x; = j. Ax are points of measurements, m = Vi -7l
is the relative distance of points of measurements. It is equal to m = | x; — x; |/Ax.
The depth coefficients «, derived from the depth curves for isometric inhomogenei-
ties for various m and » are presented in Table 1. Despite the fact that in Table 1
the depth coefficients ¢, are larger than 1.0, it is justified to construct the sections
only to depths smaller than the length L.

11. An example of the
modified vertical
resistivity
pseudosection derived
from the field
measurements using
the combined profiling
method at the locality
Rejviz in the Jeseniky
Mts.

a — resistivity profiling
curves, b — vertical
modified resistivity

agslo pseudosection,
¢ — interpreted
6000 . N
geological section;
1 — conductors in the
4000 . .
o isochm section,
2 — nonconductors
2000 . . .
¢ in the isoohm section,

3 — interpreted
conductive zones
(graphitized rocks),

4 — interpreted
non-conductive zones
(quartzite rocks), 5 —
solid

products of

! weathering

of graphitized rocks
in the eluvium,

800 ! y
w ST TT
1 2 3 4@ S 6 t:o;(sscrees of quartzite
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The verification of the vertical modified pseudosections obtained above models
of bodies of other shapes, including irregular ones, proves a relatively higher
effectiveness of the suggested construction method. In a similar manner the
resistivity data can also be displayed. An example of a resistivity section and the
resulting interpretation of resistivity measurements obtained by the combined
profiling is shown in Figure 11.

K tisku doporuéil J. Hanzlik

PreloZil autor
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Ipeacrasienne peayanTaToR moiesbix mimepenmii BII
HA KapTaxX @ paszpesax

(PeztoMe aBTHEECKOro TEKCTA)
Milo§ Karous

iipeacrarneso 12-ro arons 1987r.

B 270#i craTee mpesnoXeH HOBLIM CHOCOG MPE3CHTAIAM PE3YALTATOB HONEBBHIX
M3MEDPEHUH BeAUTUHEl Bh3BaHHON noaspusanuy (BII) B Buge 1. Has. Mogudummpo-
B2HHBIX XKAPT H30JHHENA 1 BEPTAKATLHAEIX PAa3PE30B, HO3RONAIONHX GHICTDPO U 06BeK-
THBHO UMHTEPHPETAPOBATL MONOXEHHAE, GOPMY A Pa3sMEDPHl aHOMANLHO HONAPHU3YE-
MBIX TEONIOIAIECKAX 06BEKTOB B BU/IEC FOPH3OHTANBHOM ILIOCKOCTA B BEPTHRANBHOM
paspese oA m3MepAeMbIM mpoduneM. CoBpeMEHHOE COCTOsNHME pa3paboOTKH aBTO-
MATHYeCKOH HHTEPUPETANHA Ha BHUUCIUTENLBHIX MAliMHAX TOKR HE MO3BOMNSET
3(heKTHBHO HCTIONL30BaThL 06paboTKy HanHLIX mpoduied Ha DBM B 06bIKHOREHHBIX
pabounx ycnopmax reodusMyecKux uCCIeAOBAHMIl, IOITOMY HPELIOKEHHEIH CIocoh
MOXET HOMOJAMTL mpobell B MATEPHPETANMOHHALIX OPHEMAX METOHA BHI3BAHMHON
TONAPH3aLAH.

Ho cux nop pesynnTathl Metona BIl npeAcTaBAAIOTCS B BAKE KPHBHIX KaXymieics
aonspusyeMocTH (pucC. 1 —3). MakcuMyMbl KPABBIX KaxyDielics mOIApH3ycMOCTH,
OJHAKO, 92CTO HE COBHaZai0T ¢ PACHOJIOXKEHAEM AaHOMANRHO HOAAPH3YEMBIX TN,
B CBA3M C 7€M KapTHl A30JHHEN HE MOTYT AaTh MOJHOE HPEACTABNICHAE O PaCHONo-
KCHAH aHOMaibHLIX 30H. [losToMy Oblim BBeAieHBI T.Ha3. MomubANMpPOBAHHKIE
Rapubie DosApE3yeMocTr (Gopmyani 2 u 3), KpHEBBIE KOTOPBIX UMEIOT KCTPEMYMBI
Haj DonspusyemuivMm Tenamu (puc. 4 7 5).

PesyasTatst npodmiupopanns MeTofoM BII, ECHOMB3YIONIETO HECKONBLKO pas-
AUIERR P2CCTAHOBOK MATAIONIMX 3NMERTPONOB, H300PaKaIOTCS 9aCTO B BEIE ,,Kilac-
CHYCCKER'‘ TCEBAOPA3PE30B, HO XapaKTep HIOJNHEHAN B HAX HE OTBEY2eT HCTHHHOMN
thopme anoManbBEOTO TeNA (pHC. 6). Tlo3TOMy B 5TOH CTaThe MPEAAATAETCS CTPOUTD
MOAAGQUORPOBAHKBIE Pa3pPe3hl ¢ WCHONBIOBAHMEM MOAMDHIAPOBAHHLIX NAHHBIX
NoASpU3yeMOCTH. OTH AaHHBIC BOHMCHIBAIOTCS B Da3pe3ax B TOAKE HepeceveHnd
EPHBHIX, B KOTODHIX HA PaznuYHBIX rAyOEEax sexat ceprl CO COBNaAAOUIAME
MaKCUMyMaMH KaXyuleics nonspasyeMocts (pac. 8). ®opma nsonurnil B Mogudu-
OUPOBAHABIX paspesax OTBCYaeT mprbIM3ATENsHO GOpME BEPTHKAJBLHOTO paspesa
2HOMAJIbHO MOJISPH3YEMOIO IeoJoTHIecKoro Tenma (puc. 7, 9 u 10).

Cxoano ¢ TeM CTPOATCS BEPTHKAILHBIC MOAGUIMPOBARHEIE PA3PE3L] IO JAAHHBIM
MOAMGUBAPOBAHABIX COMPOTHBIICHUH, H3MEPAEMBIX IPH NpuMeHCHEN MeToda BII
BMECTE C KaXyluMucs noaspusyeMoctsmve (puc. 11).

PreloZil autor
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Magnetic fabric of sedimentary formations
of the StraZovské vrchy Mts.,
sedimentological and tectonic implications
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Tectonic interpretation

Hrouda, F.—Hanak, 1. (1990): Magnetic fabric of sedimentary formations of the
Strazovské vrchy Mits., sedimentological and tectonic implications. — Sbor. geol. Véd,
urita Geofyz., 24, 97 — 105. Praha.

Abstract: The magnetic fabric in the sedimentary rocks of the Cover Formation is
deformational in origin. In sedimentary rocks of the KriZna nappe (sandstone, marl-
store), it is partially sedimentary and partially depositional in origin. The magnetic
lineations in rocks with sedimentary magnetic fabric agree with palacocurrent directions
determined by Jablonsky (1978) using sedirnentological methods.

* Geofyzika, s. p., Brno, Jeénd 29a, 612 46 Brno

Introduction

The StraZovské vrchy Mis. create one of the so-called core mountains of the
Central West Carpathians (see Fig. 1). They are characterized, as any core
mountains, by the crystalline core covered by sedimentary rocks of the Cover
Formation and overthrust by the Subtatric nappes among which the K¥iZna nappe,
the Cho& nappe and StraZov nappe are the most important. Their geology has been
comprehensively treated by Mahe { (1985).

In the StraZovské vichy Mis. the KriZna nappe crops out on a relatively large
area, being represented by deep-sea sediments of the Zliechov series and in the
uppermost part also by flysch sediments Albian in age. The palacogeographical
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situation has been studied by sedimentological methods (Jablonsky 1978) mostly
on sandstone (see Fig. 2).

- The purpose of the present paper is to extend this study using the method of
magnetic anisotropy, which enables the preferred orientation of magnetic minerals
in a rock to be determined. This method can be applied not only to the investigation
of sandstone, but also marlstone and claystone. In addition, it is also able to detect
very sensitively weak ductile deformation modifying the sedimentary fabric. We
used this method, in combination with sedimentological methods, in the study
of the sedimentary rocks of the StraZovské vrchy Mits. Though also the Cover
Formation and the Cho& nappe were investigated, the paper is essentially devoted
to the KriZna nappe, because in this nappe sufficient number of suitable outcrops
of marlstone and sandstone have been found, while in the Cover Formation and
in the Chol nappe only non-magnetic quartzite and limestone may have been
sampled.

1. Geological
scheme of the
StraZovské vrchy
Mts. with the
sampling sites
plotted {closed
circles with
numbers)

! — metamorphic
and granitoid
rocks, 2 — Cover
Formation,

3 — Kriina
nappe,

4 — Manin Unit,

N 5 — Chog and

StraZov nappe,

I 1 ) 6 — Palacogene
and Neogene.
Simplified from
M. Mahel {1985)

9




2. Rose diagram of the orientations of the palacocurzents
in the Alb of the Krizna nappe, determined by
sedimentological methods. Compiled from the data
of J. Jablonsky (1978)

Measurement and processing techniques, data presentation

The magaetic anisotropy of oriented specimens was measured by the KLY-2
Kappabridge (Jelinek 1973, 1982) and computed using the ANISO 11 program
(Jelinek 1977). In order to obtain a statistical evaluation of the magnetic aniso-
tropy in individual localities, recourse was had to the RESEA and ANS 21 programs
(Jelinek 1978), which enable a complete statistical evaluation of a group of speci-
mens to be carried out. The RESEA program transforms the susceptibility tensors
of specimens from the geographical coordinate system to the so-called paleo-
geogeaphical system (defined by the magnetic north and the horizontal bedding
plane). Then, the ANS 21 program computes the mean tensor in the laiter co-
ordinate system and its variance (for details see Jelinek 1978; Hrouda—Stranik
1985).

The results of measurements are summarized in Table 1 and Figs. 3—10. The
first column of the table contains the locality number (corresponding t o that
in Fig. 1), the second the petrographical type of the rock investigaied, tb® third
the stratigraphical position of the locality investigated, the fourth the tot21s of the
specimens measured in each locality () and the fifth the arithmetical means of the
mean magnetic suscepiibility k,, = (k, + k, + k3)/3, where ky = k, = k; are the
principal susceptibilities. The k,, values are given in the order of 10~ (SI units
are used). In the sixth to tenth columns there appear pairs of values of the magnetic
lineation £ = k,/k,, magnetic foliation F = k,/k;, magnetic anisotropy degree
P o= exp J{2[(n — M* + (a2 — W* + (s — n)*]}, shape factor T =
= 20, =m0 ~ 3} — 1(gy = Inky, 7, = In ky, 13 = In k3, # =
= (ny + 72 + 73)/3, and g = (k, — k)/[(ky + k)2 — k5] parameter. The
values given in the upper line are the arithmetical means of the values for individual
specimens, while those given in the lower line represent the parameters derived
from the mean tensor for a locality as a whole (calculated using the RESEA and
ANS 21 programs). For the simplicity’s sake the former parameters will hence-
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forth be called the specimen parameters, while the latter the locality parameters.
In the eleventh column there are the mean values of the angle (f) between the
minimum susceptibility direction and the bedding pole. In the last column the
abbreviation of the magnetic anisotropy pattern is given. It consists of two letters,
one capital and one small. The capital letter characterizes the relation of the
magnetic lineation to the magnetic foliation: P — the magnetic lineation is paraltlel
to the dip line of magnetic foliation, " — the magnetic lineation is transverse to the
dip of magnetic foliation, N — the magnetic foliation is parallel to the bedding
or the magnetic foliation or lineation are largely scattered spatially so that the
above relationship cannot be established. The small letter indicates the orientation
of partial girdle in magnetic foliation poles with respect io the trend of magnetic
lineation: p — the girdle is parallel, ¢ — the girdle is transverse, o0 — the girdle is
oblique to the trend of magnetic lineation.

Origin of magnetic fabric

In order to undersiand the magnetic fabric generation under different deposition
regimes, many laboratory deposition experiments have been made by experimen-
talists of the British school (represented by Hamilton, Rees and their co-workers),
simulating the natural deposition conditions as closely as possible (see, for example,
Rees and Woodall 1975; Rees 1983). It has been shown that during grain by
grain deposition {or from thin suspension) from still or running water onto a flat
or sloping bottom the g parameter value is less than 0.5 and the magnetic foliation
dips less than 15° from the bedding towards the origin of flow. The magnetic
lineation is parallel to the direction of flow and to the dip of magnetic foliation.
During deposition from very concentrated grain dispersion onto 2 sloping bottom
the g value is higher, reaching 0.7, the magnetic foliation dips 25—30° towards
the origin of flow, and the magnetic lineation is parallel to the fiow (to the dip
of the slope) and to the dip of magnetic foliation. During deposition from medium-
-concentrated suspension (ca 8 ¥, in Rees’ 1983, experiments) the g value is less
than 0.3, the magnetic foliation dips less than 15° towards the origin of flow, and
the magnetic lineation is perpendicular to the flow direction and to the dip of
magnetic foliation. The transverse orientation of magnetic lineation, as shown
by Rees’ (1983) experiments, can originate also due to synsedimentary pure shear
deformation, but the g value is high (0.5—1.0). In all experiments having produced
the magnetic lineation parallel to the dip of magnetic foliation the magnetic folia-
tion poles create an embryonic girdle which is parallel to the trend of magnetic
lineation. On the other hand, during ductile deformation this girdle is perpendicular
to the magnetic lineation. If all the properties mentioned are regarded as character-
istic of sedimentary magnetic fabric, they can be used as criteria for distinguishing
rocks with sedimentary magnetic fabrics from those with deformational fabrics.
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Table 1

Magnetic anisotropy parameters of the sedimentary rocks of the StriZqvské vichy Mis.

Loc. Rock Strat. | » km L F P T q f|Ch
Cover Formation
8 quartzite T 5 15 11.012 §1.614 | 1.027 | 0.11| 0.61 T:
101011017 | 1027 | - 0.46
9 sandstone Kam | 13| 167 | 1.011 | 1.013 | 1.025 {—0.03 ] 0.73 T
limy 1.009 | 1,013 § 1.022 ] 0.15| 0.51
15 quartzite Ty 10 30 | 1.014 | 1.016 | 1.030 1—-0.15 0.38 T,
1.007 | 1.002 | 1.009 |—-0.70 | 1.38
Kiiina nappe
1 sandstone Kom | 10 | 123 | 1.011 | 1.031 | 1.043 | 045] 033 | 14 | £,
2 sandstone Ko | 11 154 11.007 | 1.0i9 | 1.026 { 0441 038 | 38 | T,
1.004 1 1.010 1 1.013 | 0.27| 0.34
3 sandstone Koam | 12 | 22t [1.002}1.012 | 1014 070 017 | 12 | T}
1.001 | 1.012 | 1013 | 085} 0.067
4 sandstone Kou 81 168 {1.007|1.01311020| 008| 041 | 21 | P,
1.006 ] 1.012 | 1.018 | 0.441 0.42
5 silty Kaa 8| 195 110031023 )1.027| 075 0.14 2| N
sandstone 1002 1 1.024 | 1.026 { 0.83] 0.09
6 limy Ko | 16 1 115 [ 1008 |1.032 | 1.043 | 0.53] 0.30 S| N,
sandstone 1.006 {1.031 | 1.037 | 0.13| 0.18
10 matilstone J 9 95 {1.014{1.03611.051 | 042|035 | 76 | T:
1.011 | 1.035 | 1.047 | 0.16| 0.28
11 marlstone J 1 78 |1.006 | 1.024 | 1.030 | 0.58| 0.24 RN
1.004 | 1.024 | 1.029 | 0.72| 0.16
13 maristone J 9 18 [ 1010|1003 | 1013 |—041| 1.15 | - | —
1.004 | 1.001 | 1.005 [—0.67 | 1.41
16 marlstone J 11| 196 {1013 i.036 1049 | 035|043 | 40 | 7,
1.013 | 1.016 | 1.028 | 0.43| 0.58
30 sandstone K 10 | 182 11.00311.009)1.012| 0.33] 040 | 39| N,
1001 | 1.004 | 1.005 | 0.23 | 0.26
31 sandstone K, 12 113 (1011110301041 | 041} 038 | 14| P,
1006 | 1.029 { 1.036 | 0.76{ 0.20
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As clear from Table 1, in the Cover Formation the mean susceptibility of
quartzite is very low, in sandstone it is an order of magnitude higher. (From
locality No. 8 only specimens with %,, > 10X 107° were used for interpretation,
because less magnetic specimens display unreliable values of magnetic anisotropy
parameters arising from the compensation effect of ferromagnetic and diamagnetic
fractions — Hrouda 1986.) In all localities of the Cover Formation the specimen
anisotropy degree is very low and the locality anisotropy degree is even lower.
The magnetic fabric is planar in some specimens and linear in the others. The
locality magnetic fabric is planar in localities Nos. 8 and 9 and linear in locality
No. 15. The magnetic foliation makes a large angle with the bedding in all speci-
mens in localities Nos. 8 and 15 and in many specimens in locality No. 9. The
partial girdles in magnetic foliation poles are oriented in general transversely to
magnetic lineation. From these observations we can conclude that the magnetic
fabric of the sedimentary rocks investigated in the Cover Formation is undoubtedly
deformational in origin.

In the KriZna nappe, as seen from Table 1, the specimen anisotropy degree
of both sandstone and marlstone is low, while the locality degree is even lower.
The specimen magnetic fabric and the locality magnetic fabric are mostly planar,
only in locality No. 13 they are linear. In the majority of localities all three principal
susceptibilities are well defined; only in localityNo. 13 they are widely scattered.

After applying the criteria for distinguishing the sedimentary from deformational
magnetic fabrics following the observations described in the beginning of this
chapter, the magnetic fabric can be classified as sedimentary in localities Nos. 1, 6,
11, 31 and deformational in localities Nos. 2, 3, 4, 5, 10, 13, 16, 30. From Table 1
it is clear that sandstone localities exhibit both types of the magnetic fabric, while
the marlstone ones show mostly deformational fabrics.

We realize that we were perhaps too severe in regarding only those rocks which
fit all the criteria described in the beginning of this chapter as displaying the
sedimentary magnetic fabric. For example, the rocks exhibiting the magnetic
lineation transverse to the dip of magnetic foliation may originate not only through
deformation, but also through the deposition from medium-concentrated disper-
sion. However, as this kind of deposition takes place relatively rarely, in a bounded
deposition regime corresponding to that in the A division of the Bouma flysch
sequence (see Tiara and Scholle 1979; Rees 1983), it seems to us that we make
smaller error if we include these rocks into those with deformational magnetic
fabric than if they were regarded as depositional.

Fig. 3 shows the orientations of magnetic foliation and lineation in the palaeo-
geographical coordinate system, Fig. 4 the relaiion between P’ and T parameters
and Fig. S the relation between f and P/(T) parameters for rocks with sedimentary
fabric. It is clear from Fig. 3 that the magnetic foliation poles create an embry-
onic girdle parallel to the magnetic lineation, the T value increases with inc-
reasing P’ (Fig. 4) and the T value decreases with decreasing f (Fig. 5). These
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3. Orientations of magnetic lineation (triangles)
and poles of magnetic foliation (circles)
in the rocks with sedimentary magnetic
fabric in the KriZna nappe in the
palaeogeographic coordinate system.
Equal-area projection on lower hemisphere
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relationships convince us that the magnetic fabric in localities 1, 6, 11, 31 is
really sedimentary in origin. The correlation between 7 and f parameters reflects
variation in the strength of the flow (iangential shear along the bed).

Sedimentological implications

It is clear from Table ] that in localities with sedimentary magnetic fabrics
(in the KriZna nappe) fangle is less than 15° and mean g values less than 0.5. These
values imply that the rocks in these localities were not deposited from concentrated
grain dispersion. Except for locality No. 6 the magnetic lineations are parallel
to the dip of magnetic foliation and g values are relatively high. This magnetic
fabric corresponds to that generated during the deposition from thin suspension.
The orientation mechanism of grains in such rocks is a rotation of grains in
a sheared (flowing) fluid.

In the locality No. 6 the magnetic foliation is virtually parallel to the bedding
and it is therefore impossible to deduce whether the magnetic lineation is parallel
or transverse to the dip of magnetic foliation. The parallelism of the magnetic
foliation to the bedding implies the idea that the deposition of limy sandstone
in this locality was from thin suspension and that the orienting mechanism of grains
was almost ideal shear flow.

The orientations of magnetic lineation and foliation in localities with sedimentary
magnetic fabric are presented in a synoptic diagram in Fig. 3 in the palacogeo-
graphical coordinate system. It can be seen in Fig, 3 that the magnetic lineations
are mostly oriented NE—SW, but there are also some specimens oriented
NNW-SSE to NW-—SE. The magnetic foliation poles create an embryonic
girdle oriented NE —SW, i.e. parallel to the magnetic lineation and, consequently,
the magnetic lineations can be regarded as representing the directions of the near-
-bottom water currents. It can be concluded from the orientation of magnetic
lineation that the near-bottom currenis operating in the sedimentation basin of the
KriZna nappe formations were mostly oriented NE—SW and subordinately also
NNW —SSE. However, it is necessary to realize that these directions are related
only to the today’s configuration of the nappe. As the nappe may have rotated
during its movement, the actual directions of the currents in respect to the ancient
north may have been different. As the palaeogeographical situation in the time of
deposition has not yet been clearly known, it can hardly be decided whether the
directions indicated by magnetic anisotropy represent the directions of the transport
of the clastic material into the basin or those transporting the clastic material
along the basin.

Fig. 2 gives an approximate information of the orientations of the palacocurrents
determined by sedimentological methods.

Fig. 2 was compiled from the data contained in the Supplement 1 in the
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paper by Jablonsky (1978). The palacocurrent determinations are based on the
measurement of flute casts, prod marks, groove casts, cross lamination, ripple
marks. In Fig. 2 all the determinations are presented together. The maximum
between 20 and 30° (200—210°) comes mostly from flute casts and prod marks,
the other maxima come from the other fabric elements. It is clear from the com-
parison of Figs. 2 and 3 that the palaeocurrents determined magnetically are
compatible with those determined non-magnetically. Only the NNW —SSE direc-
tions determined magnetically have no correspondence with the directions deterni-
ned sedimentologically.

The investigation of the palacocurreni directions confirms Jablonsky’s (1978)
conclusion that the transport directions in the KriZna nappe basin were mostly
NE-SW.

Tectonic implications

The magnetic fabrics in all three localities investigated in the Cover Formation
have been classified as deformational in origin. In Fig. 6 showing the orientation
of magnetic lineation, poles of magnetic foliation in the palaeogeographical
coordinate system we can see that the magnetic foliation poles create an imperfect
NE—SW girdle and the plunge of the magnetic lincations varies from virtually
horizontal to virtually vertical, while the magnetic lineations trend mostly
NNW —SSE. The magnetic anisotropy degree is relatively low and the specimen
magnetic fabric ranges from clearly linear to clearly planar (see Table 1). The
angle between the magnetic foliation and bedding ranges from virtually zero to
almost 90°. From all these observations one can conclude that the deformational
overprint of the sedimentary magnetic fabric has not been complete and that the
magnetic fabric of individual specimens represent different stages of the super-
position of the deformational magnetic fabric on the sedimentary one.

In localities with deformational magnetic fabric in the KriZna nappe the
anisotropy degree P’ in sandstone is lower than in the localities with sedimentary
fabric and varies only slightly (Table 1). The shape parameter T varies widely,
ranging from slightly linear to almost perfectly planar magnetic fabric, and, unlike
to the localities with sedimentary magnetic fabric, there is obviously no correlation
between the P’ and T parameters (Fig. 7). In marlstone the anisotropy degree
P’ ranges from very low (P’ < 1.01) to relatively high (P’ > 1.1) and the T para-
meter ranges from —0.9 to -+0.8; a positive, even though not too close, correlation
exists between the P’ and T parameters (Fig. 7). As it is clear from Fig. 8, there is
apparently no correlation between the anisotropy degree P’ and the magnetic
foliation/bedding angle (f) in sandstone. As for the T and f parameters, the correla-
tion does not seem to exist at first sight as well (see Fig. 8), but after a more detailed
inspection we can see that for the lower values of T the higher values of f are
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characteristic and vice versa. In marlstone there are two groups of specimens, one
displaying high f values (50—80°) and one showing low f values (less than 20°).
In both groups the P’ and T values vary largely and there is apparently no correla-
tion between the fand P’ or T parameters (see Fig. 8).

In sandstone both the poles of bedding and those of magnetic foliation create
imperfect girdles oriented NW — SE and the magnetic lineation is mostly horizontal,
but exhibits large azimuthal scatter (see Fig. 9). In marlstone the poles of bedding
and those of magnetic foliation again create imperfect NW — SE oriented girdles.
The magnetic lineation plunges gently to moderately and its scatter is smaller than
sandstone; the predominating direction is NE—SW (Fig. 10).

\ . - 6. Orientations of magnetic lineation (zrfangles),
\ , poles of magnetic foliation (closed circles)
. / and poles of bedding (open circles) in the
Cover Formation in the palacogeographical
s |® coordinate system. Equal-area projection
& on lower hemisphere
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8. The fvs P'(T) plot of rocks with deformational magnetic fabric in the Krizna

nappe
Closed circles —sandstone, open circles —marlstone

9. Orientations of magnetic lineation (¢riangles),
poles of magnetic foliation (closed circles),
~ and poles of bedding (open circles)
in sandstone with deformational magnetic
fabric in the Krizna nappe in geographical
coordinate system. Equal-area projection
on lower hemisphere

From the above observations we may deduce that the magnetic fabric in sand-
stone reflects 2 weak overprinting of the sedimentary fabric by the deformational
fabric and that the deformation is represented by a combination of simple shear
with the shortening parallel approximately to the bedding. During this deformation
the sedimentary magnetic fabric was modified in such a way that the anisotropy
degree of a rock and the planarity of the magnetic fabric were lowered. The
magnetic foliation rotated from the bedding to various degree about the axis
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NE—SW and the magnetic lineation may have remained in the original orientation
if the deformational magnetic fabric was coaxial with the sedimentary magnetic
fabric, while it may have been deflected strongly, if the superposition was non-
coaxial.

10. Crientations of magnetic lineation
{triangles), poles of magnetic foliation
(closed circles), and poles of bedding
{open circles) in marlstone with
deformational magnetic fabric in the Krifma
nappe. Equal-area projection on lower
kemisphere. Geographic coordinate system

In marlstone, probably due to its higher ductility, the overprint of deformational
fabric on the sedimentary one was in general stronger. In those specimens in which
the overprint was relatively weak the anisotropy degree decreased, like in sand-
stome, but in those where the overprint was strong it increased. The increasing
planarity of magnetic fabric with increasing anisotropy degree probably indicate
that the overprint may have been very strong in some specimens. The orientation
of the girdle of magnetic foliation poles being NW - SE and the orientation of the
magnetic lineation NE—SW suggest that the deformation mentioned may have
been represented by a combination of a simple shear and shortening parallel to the
bedding (shortening in the direction NW —SE).

Conclusions

The magnetic fabric in the Cover Formation and in the Kri¥na nappe of the
StraZovské vrchy Mits. has been investigated. From the investigation the following
conclusions have been drawn:

1. The magnetic fabric in the Cover Formation is strongly influenced by ductile-
deformation. The influence is higher in quartzite than in sandstorne.

2. The magnetic fabric in the Kri¥na nappe, both in sandstone and marlstone,.
is composite, i.e. partially sedimentary and partially deformational in origin.
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3. In localities with predominanily sedimentary magnetic fabric the magnetic
lineations are oriented in a compatible way with the orientation of palacocurrents
determined by sedimentological methods by Jablonsky (1978). The palacocurrent
directions determined by both magnetic and sedimentologic methods are NE—SW.

4. The ductile deformation having affecied the KriZna nappe rocks is represented
by a combination of simple shear and pure shear. The pure shear is represented by
a shortening in the NW —SE direction.
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Abstract: Data related to more than 1 000 earthquakes which occurred in the north
part of Vietnam from 1976 to 1984 were coliected. The northwest area of the country
is characterized by Tuangiao earthquake (M = 6.7) being the consequence of regional
tectonic activity in the northwest-southeast direction. Earthquake activity in the north
part of Vietnam was studied qualitatively by showing the space distribution of earth-
quakes, seismic activity Ao, maximum expected earthquakes and the main character~
istics of the Tuangiao earthquake.

Y Institute of Geoplysics National Centre for Scientific Research of Vietnam, Nghia
do — Tu liem — Hanoi

Introduction

The tetritory of the north part of Vietnam is situated along the contact of two
strongest earthquake belts of the world: the Mediterranean and West Pacific belts.
These features partly determine the seismic activity of the territory of Vietnam.

Seismic

data show that in the north part of Vietnam large earthquakes have

occurred with heavy human and material losses (Xuyen—Lap, 1985). Earthquake
observations in the north part of Vietnam started as early as 1924. Since that time,

Phulien

seismological station is in active operation and exchanges earthquake data
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with international data centres. Rapid development in seismological technology
and the increased distribution of seismological stations, especially after 1975,
has resulted in precise location of earthquakes of magnitude as small as 3.5. The
Tuangiao earthquake of magnitude M == 6.7 occurred along the Sonla fault
adjacent to the Red river fault system extending northwest-southeast from Yunnan
province in China. The Tuangiao earthquake caused considerable damage, a number
of brick building were either destroyed or damaged and a counsiderable amount
of rice fields was damaged by falling rocks. The purpose of this paper is to investi-
gate the main characteristics of earthquake activity in the north part of Vietnam,
which are the basis of predictions at different stages.

Data
Seismological stations
Seismological stations have been established successively in the north part of

Vietnam after 1975 (fig. 1). From these stations, data on the earthquake activity
in this region are obtained. Generally speaking, it has been possible to monitor
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earthquakes of M = 3.5 since 1976. The list of seismological stations is given
in table 1. The location of earthquakes is estimated using travel times of Central
Asia.

Tabie 1
List of seismic stations in the north part of Vietnam
Station * Coordinates Type of o Siesmo- | Galvano- Maxir.num
name instru- mp;o- mt:'tefi :e.te; ma;g_mﬁca-
and code . N E ment nen perio erio ion
TyS) T«S) Vimax
NS 12 11 1165
SKM EW | 12 1.25 1277
_ z 12 1.25 1920
P 2100221 | 106°37'447
NS 18 030 | 16130
SM-3 EW 1.8 030 | 125300
z 1.8 030 | 19150
) NS 1.0 030 | 4242
Bacgian ‘
ev. | 211739 | 10613429 | Kharin | EW 1.0 030 | 42020
Z 1.0 030 | 47144
. NS 1.0 049 | 55788
Hoabinh X
) 20°4933.3% | 105°21°06.9" | Rbarin | EW 1.0 046 | 43000
|z 1.0 033 | s
. NS 1.0 030 | 43957
Al
T“.;g“g" D81 21040042¢ | 105712367 | Su-59 | EW 1.0 030 | 47425
z 1.0 030 | 49193
Sopa NS 12 014 | 13313
p 20°20'08.9° | 103°49'51.87 | SP-1 EW 1.2 014 | 14492
z 12 014 | 14355

Magnitude scales
Earthquake magnitude is a measure of the elastic strain energy released during
earthquakes in the form of elastic waves. In this work, the adopted formulas for

surface wave magnitudes are as follows (Thuc, 1979).

Mg = 1»:);;—‘2,,E + 1.33log 4 [km] + 1.43, (1)
1 3
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M, = logﬁ_ré + 1.66log 4 [km] + 0.44, - o : 2)

where Ay and A; are the maximum horizontal and vertical amplitudes in micro-
meters,

Another formula for magnitude scale, elaborated from the duration of seismic
records, is also used (Xuyen, 1972):

Mp = 2.67log (F — P) — 2.49, 3

where F — P is the duration of seismic record in seconds, F is beginning of seismic
record, P is end of seismic record. Magnitude was determined by formulas 1, 2 and 3
almost equal with magnitude of Gutenberg and Richter (Xuyen and Lap, 1985).

Regional distribution of earthquakes
in the north part of Vietnam

In the north part of Vietnam, the earthquakes are distributed in narrow bands
along tectonic fauits which are the boundaries of the geological blocks. The distribu-
tion of earthquake epicentres is shown in fig. 2, where their magnitudes are also
marked.
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The earthquake density is higher in northwestern Vietnam, and relatively low »
in southern part of the studied region. In the north part of Vietnam, the earth-
quakes usually lie along a recently active fault zone and seismic activity is increas-
ing in the studied period. It should be mentioned that all earthquakes are shallow
and their foci are considered to be within the crust (crustal thickness about 35 km).
From earthquakes in the north part of Vietnam, for which the depth could be
determined, we observe that about 90 % of earthquakes have hypocentres in the
depth from 5 km to 20 km.

Cumulative strain release

Benioff assumed that the strain state of the medium around a hypocentre is
directly proportional to the square root of earthquake energy. To study seismicity
as a function of time, a strain release curve was computed. In evaluating the energy
(F) of an earthquake, the formula by Gutenberg was used:

logE =43+ 1.8M, 4)
where M is the surface wave magnitude and E is the energy of the shock in Joules.

The time variation of the strain release in the norih part of Vietnam during the
period 1976 to 1984 is presented in fig. 3. This curve shows that the major earth-
quakes (M = 5) occurred in 1983. From the strain release curve the yearly strain

release can be estimated to be approximately 3.5. 107 Joules'/2.
72
sEa0-s "2
p - T
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3. Cumulative strain release
for earthquakes in North
Vietnam during the period 0 d , —
1976 to 1984 76 80 ‘8L Tlyear
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Seismic activity in the north part of Vietnam

Earthquake frequency law

The seismicity of this region was analysed using the method proposed by Rizni-
chenko (1960). This method is based on the earthquake frequency law expressed
by the frequency-energy relation (Riznichenko, 1960):

logN =« — 9K, 5)
where: N — cumulative number of earthquakes,
@ — parameter related to the level of activity,
v — slope of frequency graph,
K — energy class.

Seismic activity A equals o for a certain value of K, e.g. K = 10, according to
Riznichenko (1960). The coefficients in eqiation (5) are calculated using the
least squares method. The application of equation (5) to the earthquakes which
occurred in the north part of Vietnam within an area of about 426 000 km? during
the period 1976 to 1984, led to the following relation

log N = 2.27 — 0.38K. (6)
The graph of equation (6) is given in fig. 4.
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Table 2

List of earthquakes with M = 3.0 which occurred in the north part of Vietnam during
period from 1976 to 1984

Date Origin time Epicentre H
N° G M T M
DM Y h m s N 1 E (k)
1 19 01 1976 | 13 07 67 22.4 103.1 15 3.3
2 29 01 08 56 22 23.6 166.4 10 3.6
3 26 02 1 59 46 229 105.4 15 3.0
4 @ 03 10 16 11 20.9 103.5 20 3,0
5 03 03 10 58 00 20.1 103.2 15 3.1
6 25 03 18 16 26 21.9 106.7 20 4.0
7 2 03 07 05 50 2.0 103.2 15 3.1
8 07 04 05 34 32 20.3 103.3 15 3.1
9 12 o7 20 30 00 18.5 164.9 15 3.4
10 13 67 21 59 48 21.3 102.3 15 3.7
1 9 08 1 4 34 226 101.9 i) 3.8
12 03 09 17 55 1 19.8 104.0 15 3.1
13 04 10 16 23 06 21.7 163.9 i0 3.0
14 08 11 08 09 13 21.1 107.3 10 3.0
15 09 11 06 09 49 23.7 102.4 10 3.7
16 09 i1 05 i1 35 23.6 102.7 5 5.1
17 23 11 a2 00 43 18.6 104.7 15 3.6
18 31 11 14 28 26 21.9 105.1 6 3.6
19 11 01 1977 | 14 56 05 21.2 102.9 10 3.4
20 04 02 1 12 50 22.1 102.6 i3 3.6
21 05 02 04 33 00 19.9 104.0 20 3.4
22 21 @ 13 32 59 2.3 105.1 15 3.3
23 24 62 20 33 00 23.3 104.5 10 3.4
24 28 02 @ 41 00 19.7 106.4 20 3.1
© 25 19 03 18 28 32 19.4 164.0 20 3.5
26 03 04 16 38 40 21.2 106.0 10 3.1
27 07 04 04 07 31 19.3 106.7 20 3.6
28 08 04 11 48 39 20.9 102.6 10 3.3
29 03 04 14 02 43 26.6 106.9 10 4.1
30 13 04 00 68 32 18.6 104.9 10 4.0
31 13 02 02 33 4 23.3 104.1 10 3.8
32 24 04 02 16 09 23.6 106.9 20 34
33 26 04 08 45 23 233 107.6 20 490
34 14 05 i3 37 60 20.1 105.2 20 3.0
35 02 06 16 48 31 21.0 102.0 25 3.6
36 29 @6 19 15 14 22.3 162.2 15 3.3
37 06 07 12 27 @ 20.8 105.3 15 3.3
38 15 607 14 16 46 2.5 1029 10 34
39 12 08 05 02 35 20.2 102.8 20 3.3
40 19 @3 09 51 52 21.1 103.5 25 3.5
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Table 2 (continucd)
Date Origin time 1 Epicentre H
N° G M T ; M
DM Y h m s N f E (km)
41 20 09 1977 | 11 09 56 207 103.3 20 3.1
42 21 09 03 03 00 20.6 103.3 25 3.0
43 29 09 21 18 06 23.5 102.4 25 5.0
44 09 09 05 55 23 19.3 103.6 20 4.0
45 19 10 02 44 38 235 107.3 20 5.2
46 19 10 03 55 00 235 107.5 25 46
47 19 10 21 39 04 23.5 107.0 20 3.5
48 25 10 05 29 58 21.2 105.8 10 3.0
49 16 12 18 20 00 21.8 102.5 20 3.5
50 19 01 1978 | 19 25 36 23.1 107.6 10 3.9
51 02 02 20 36 26 22.1 103.8 15 32
52 06 02 06 08 59 21.4 102.4 10 3.9
53 08 03 18 21 47 23.5 103.5 20 3.5
54 12 03 20 36 54 21.1 102.4 10 3.9
55 06 04 18 12 54 225 104.3 10 3.6
56 26 04 1 52 27 22.9 102.9 10 3.3
57 29 04 12 08 10 21.2 107.4 10 3.1
58 03 05 2 01 35 19.0 106.4 15 3.5
59 08 05 08 48 00 23.0 106.9 25 3.1
60 19 05 03 i3 19 22.8 107.4 10 36
61 16 07 16 53 5I 23.4 106.9 20 32
62 29 07 22 33 17 26 | 1022 15 42
63 10 08 09 38 S8 21.9 102.7 20 3.7
64 19 08 21 17 59 224 103.0 10 3.2
65 06 09 22 41 08 21.3 102.8 10 3.3
66 0 09 11 57 00 21.9 101.8 25 3.5
67 10 09 14 04 00 22.2 103.2 i5 3.2
68 10 09 14 39 08 2.2 102.6 10 3.2
69 1 09 18 42 31 228 104.1 10 3.5
70 28 09 07 33 23 21.2 103.3 15 3.0
7 28 09 08 23 03 224 102.4 15 4.5
72 o1 10 20 50 38 215 103.6 10 3.4
73 04 10 01 56 33 20.8 102.8 25 3.6
74 07 10 12 25 43 22.5 102.6 10 32
75 09 10 21 42 36 24.1 104,1 10 4.2
76 05 10 22 55 14 | 221 104.3 10 3.8
77 13 10 04 s4 48 | 22 102.0 10 3.4
78 21 10 06 39 11 | 213 106.2 15 3.1
79 o1 11 01 47 17 232 102.3 10 3.5
80 04 1t 06 31 00 21.6 101.9 20 3.7
81 06 11 00 21 03 20.0 104.7 10 32
82 11 11 22 32 07 215 104.4 10 33
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Table 2 (continued)

Date Origin time Epicentre H ;
TN° G M T M !
DM Y h m s N E (km)
83 15 11 1978 | 09 24 25 21.2 106.0 10 32
84 16 1 01 22 32 23,2 101.9 10 4.2
85 28 11 i2 03 23 23.0 106.9 i0 31
86 28 11 17 53 1 23.0 107.0 10 33
87 11 12 13 42 09 221 105.0 10 32
88 13 12 18 21 09 22.8 101.5 20 34
89 19 12 0z 01 50 214 104.1 10 3.2
90 22 12 05 56 58 22.3 103.8 15 3.7
71 23 12 08 15 40 223 103.8 15 31
92 63 01 1979 23 29 00 21.6 102.3 10 3l
93 09 01 23 34 00 21.0 102.8 10 4.8
% 13 01 06 41 30 20.7 102.8 10 4.5
95 24 02 10 15 57 20.2 105.1 15 3.2
96 03 03 16 28 24 23.3 103.9 20 33
97 24 03 19 05 12 23.0 103.5 15 3.1
98 26 03 22 24 09 21.0 102.1 15 3.8
99 04 04 17 12 32 . 202 104.0 15 34
100 06 04 i9 18 00 23.0 106.3 13 4.6
101 14 04 08 00 25 19.4 104.4 10 34
102 20 o4 19 22 35 229 1020 20 3.8
103 01 05 10 29 04 21.3 102.1 20 3.6
104 07 05 07 59 34 226 103.8 15 35
105 20 05 20 58 06 22.9 103.2 10 3.2
106 13 06 12 43 @0 22.7 102.7 10 3.5
107 28 06 18 29 41 21.3 162.2 10 39
108 30 06 03 01 17 23.0 105.7 15 3.6
169 17 07 18 40 47 21.3 106.2 7 3.6
110 05 08 21 29 42 18.7 105.5 15 3.6
111 14 909 12 55 32 19,7 105.3 i5 3.2
112 2 10 19 03 22 21.8 102.9 15 3.7
113 22 01 1980 | 01 21 00 20.0 103.6 10 4.0
114 22 o 14 07 00 20.1 103.6 15 3.5
115 03 04 20 38 00 202 104.9 10 3,0
116 07 04 05 04 Q0 22,6 102.0 15 3.9
117 17 06 21 46 Q0 23.0 104.1 i5 5.7
118 17 06 22 16 00 22.3 103.0 10 4.2
119 17 06 23 02 00 21.3 103.1 19 4.6
120 18 06 00 57 00 234 103.8 10 4.0
121 18 06 03 43 01 224 103.0 10 3.7
122 18 06 05 13 0Ol 234 103.7 10 3.7
123 18 06 07 33 00 228 103.2 10 3.2
124 18 06 12 55 00 23.9 104.2 10 43
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Table 2 (continued)

Date Origin time Epicentre H
N° G MT M
DM Y b m s N E {km)
125 I8 06 1980 | 20 40 00 23.5 103.6 10 4.5
126 19 06 07 11 00 232 103.6 10 40
127 21 06 10 38 00 226 103.1 15 4.3
128 22 06 07 22 00 23.3 103.7 15 4.3
129 22 06 19 06 00 23.5 103.3 15 3.6
130 23 06 06 42 G0 23.0 103.4 15 3.8
131 23 06 15 04 60 23,3 103.6 15 3.8
132 06 08 10 20 55 23.6 104.3 15 3.7
133 06 08 20 44 24 23.7 164.5 15 34
134 10 08 14 28 48 23.8 104.1 15 3.3
135 10 08 21 45 00 23.2 103.6 20 32
136 10 12 01 43 00 29 103.3 15 37
137 10 12 11 47 00 29 103.3 15 3.7
138 29 12 08 45 Q0 21.1 102.1 206 432
139 14 01 1981 04 30 03 22.1 164.3 i5 3.3
146 14 01 11 40 41 237 104.8 20 4.0
i41 16 01 22 23 28 232 103.4 15 3.0
142 3t 01 00 13 37 21.6 1028 10 34
143 04 02 06 26 16 23.0 103.3 26 3.3
144 19 02 21 21 34 |. 207 101.1 15 3.7
145 23 03 18 58 32 22.3 t01.1 10 . 3.3
146 27 03 14 39 o4 20.8 104.9 15 3.0
147 21 04 T 19 065 50 27 103.0 20 4.3
148 21 04 19 11 14 219 102.7 15 31
149 27 05 21 10 38.1 20.3 102.7 10 33
150 28 05 15 09 42 23.3 105.1 20 30
15t 08 06 00 37 00 22.5 103.1 25 4.3
152 16 06 14 04 03 22.5 108.4 10 33
153 18 06 13 32 20 23.3 105.8 15 33
154 i1 07 03 061 38 20.6 108.4 10 3.7
155 18 o7 10 55 12 212 103.2 15 38
156 23 07 05 47 23 22.8 101.8 15 3.7
157 01 08 00 44 57 24.1 162.7 20 3.5
158 18 08 15 17 03 20.0 101.2 20 42
159 18 08 17 13 23 20.5 1029 i5 4.6
160 19 069 . 06 50 36 23.1 101.3 3 54
161 06 07 14 59 @9 234 103.8 10 3.2
162 18 12 10 10 44 23.3 1034 10 3.2
163 23 12 20 47 19 22.6 103.0 15 3.2
164 26 12 08 00 26 235 107.9 20 35
165 08 04 1982 12 23 15 2.6 103.1 15 44
166 24 06 14 01 45 225 102.2 20 44
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Table 2 (continued)

Date Origin time Epicentre H
N° G MDD M
DM Y h m s N B (km)
167 07 06 1982 02 12 26 21.6 101.9 20 4.3
163 23 10 10 49 11 20.9 102.2 20 39
169 25 01 1983 12 16 54 23.7 105.3 15 3.9
170 17 02 04 24 55 25.6 105.1 i5 4.6
171 07 03 06 55 00 20.6 105.2 10 3.1
172 03 03 10 03 04 22,2 102.3 15 3.5
173 30 04 09 16 19 20.3 105.7 10 3.0
i74 04 05 i1 59 48 194 107.0 i5 3.6
175 24 06 06 54 24 21.5 103.4 10 3,5
176 24 06 07 18 22 21.7 103.4 23 6.7
177 24 06 03 15 12 21.6 103.5 15 5.0
178 24 06 09 05 038 21.7 103.5 10 3.0
179 24 G6 09 44 24 21.8 103.4 5 3.0
180 24 06 09 52 28 22.2 103.4 5 34
181 24 06 10 46 31 21.4 103.3 10 4.0
182 24 06 i 23 21 20.5 103.6 i5 2.0
183 24 06 i1 33 56 21.8 103.4 10 3.3
184 24 06 11 38 52 21.7 103.3 15 3.6
i85 24 06 i3 02 12 21.7 103.4 5 3.6
186 24 06 13 4 41 220 103.5 io 35
187 24 06 13 52 56 21.6 103.5 5 3.5
188 24 06 14 03 4 21.8 103.7 10 4.0
189 24 06 14 49 08 221 103.7 15 4.1
190 24 06 15 39 0 2i.8 1034 10 36
191 24 06 16 46 27 21.7 103.4 5 3.5
192 24 06 16 48 46 21.7 1034 5 35
193 24 06 17 37 4 222 103.5 10 36
194 24 06 20 12 32 21.6 1034 5 3.2
195 24 08 21 02 13 22.0 1034 7 3.7
196 24 06 22 02 02 220 103.4 5 4.0
197 25 06 01 47 37 22.0 103.4 5 3.8
198 25 06 03 42 20 222 1034 2 3.3
199 25 06 03 51 59 21.3 103.4 5 4.6
200 25 06 05 02 44 21.6 103.4 5 4.1
201 25 06 05 18 45 214 103.4 2 3.5
202 25 06 03 07 53 21.5 103.5 1 3.7
203 25 06 08 18 24.3 21.8 103.4 5 4.1
204 25 06 08 31 122 21.3 103.5 3 4.5
205 25 06 09 23 00 21.6 103.4 5 3.6
206 25 06 09 47 09 21.8 103.5 7 36
207 25 06 i 04 17 21.6 103.4 5 3.1
203 25 06 10- 53 08 22.2 103.5 7 34
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Table 2 (continued)

Date Origin time Epicentre H
N° G M D : : M
DM Y h m s N ' E (km)
209 25 06 1983 | 12 55 24 217 103.4 6 42
210 25 06 13 16 21 21.8 103.4 5 4.2
211 25 06 14 48 21 21.6 103.4 10 3.9
212 25 06 16 09 40 215 103.4 15 3.5
213 25 06 16 13 04 21.6 103.4 15 3.4
214 25 06 16 52 02 21.6 103.5 20 3.5
215 25 06 18 39 00 218 103.5 20 3.2
216 25 06 19 20 22 22.0 103.5 20 3.3
217 25 06 20 27 33 21.7 103.4 15 3.7
218 25 06 20 28 54 21.8 103.4 15 42
219 25 06 22 34 59 21.6 103.4 5 3.5
220 26 06 00 21 44 21.6 103.4 10 42
21 26 06 02 05 04 21.7 103.3 5 3.3
222 26 06 03 36 14 21.8 103.4 7 3.8
223 26 06 04 40 15 21.8 103.4 8 3.2
24 2 06 04 47 57 21.5 103.8 5 3.3
225 26 06 05 30 00 217 103.4 4 3.8
226 26 06 16 12 04 22.0 103.5 5 3.2
227 26 06 17 36 50 21.9 103.5 15 3.6
228 26 06 17 55 46 21.8 103.5 15 4.1
229 26 06 19 37 46 216 103.4 15 3.4
230 26 06 19 40 38 21.2 103.4 15 3.3
231 26 06 20 03 16 21.9 103.4 15 33
232 26 06 20 15 24 21.6 103.4 10 32
233 27 06 o1 si 42 220 103.5 15 33
234 27 06 02 15 12 21.8 103.4 15 39
235 27 06 02 43 31 21.9 103.6 15 36
236 27 06 i1 18 16 21.9 103.8 10 41
237 27 06 13 38 27 216 103.4 5 42
238 27 06 14 54 32 21.3 103.5 5 3.3
239 27 06 15 44 25 21.4 103.4 5 4.7
240 27 06 20 11 07 21.8 103.5 2 3.4
241 | 27 06 20 54 36 217 103.4 1 3.7
242 28 06 02 38 32 . 217 103.5 2 4.0
243 28 06 07 12 1931 214 103.4 2 3.2
244 28 06 119 09 | 284 103.5 10 3.3
45 i 28 06 20 35 04 21.6 103.4 15 3.7
246 . 28 06 2 23 07 21.5 103.5 10 3.4
247 29 06 13 13 21 221 1033 5 3.6
248 | 30 06 oi 31 o 215 103.5 2 3.0
249 30 06 16 44 06 21.2 103.5 5 3.9
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Table 2 (continued)

Date Origin time Epicentre H
N° G MT M
D M Y h m s N E (km)

250 02 07 1983 03 58 03 21.2 103.4 5 3.9
251 02 o7 15 30 55 20.2 103.6 2 3.7
252 03 07 05 17 19 21.6 103.5 5 3.6
253 03 07 09 26 22 21.0 103.5 3 45
254 03 07 09 33 54 21.5 103.5 7 3.5
255 03 07 12 26 04 21.7 103.5 5 35
256 03 07 15 14 50 21.5 103.5 7 4.3
257 05 07 00 52 34 22.1 103.4 5 3.7
258 05 07 05 09 12 21.8 103.5 5 3.2,
259 a5 07 15 26 53 21.4 103.5 7 3.5
260 05 07 17 58 49 22.2 103.5 5 3.0
261 05 07 21 52 13 21.7 103.4 5 3.3
262 07 07 09 31 12 21.3 1034 2 3.6
263 07 07 11 16 37 22.2 103.5 5 4.3
264 07 07 14 04 24 21.7 103.5 5 33
265 08 07 12 15 00 21.2 103.5 7 3.6
266 08 07 15 21 51 21.6 103.5 5 3.1
267 08 07 21 29 20 21.5 103.5 5 3.5
268 09 07 14 09 52 21.8 103.4 10 3.1
269 it 07 16 32 02 22.2 103.5 5 4.3
270 12 07 02 10 49 21.6 103.4 5 3.9
271 15 07 02 02 23 21.2 103.4 7 4.1
272 15 07 04 48 53 21.2 103.4 7 5.4
273 15 07 05 44 20 21.2 103.5 10 34
274 24 07 05 49 26 21.9 103.6 5 3.2
275 01 09 09 50 38 234 103.4 5 4.9
276 01 09 15 37 49 214 103.4 2 34
277 04 09 16 39 47 21.7 103.6 5 4.4
278 05 09 20 48 40 21.7 1034 5 32
279 09 09 18 17 @2 21.9 103.4 7 3.5
230 13 09 00 39 45 21.8 103.4 7 3.2
281 16 09 09 54 55 21.8 103.4 5 35
282 16 69 22 58 12 21.9 103.5 5 36
283 26 09 04 28 59 21.8 103.5 5 3.8
284 268 09 22 11 29 21.9 103.5 i0 34
285 29 10 13 29 49 23.2 103.5 5 3.5
286 19 12 G0 30 20 220 103.4 10 35
287 24 12 19 45 45 21.2 103.5 5 3.2
288 03 01 1934 13 17 05 21.3 103.4 7 34
2892 04 61 22 00 34 229 103.4 7 33
290 10 of i6 57 57 184 103.9 7 3.5
291 i4 01 09 39 43 19.6 104.3 5 35
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Maximum expected earthquake

Knowledge of the maximum expected energy is of importance for the seismic
zoning of the territory of Vietnam. To determine the maximum expected energy
of earthquakes, the correlation between the possible earthquake with maximum
energy class K, and average seismic activity A was also used (Riznichenko
1964):

log A =2.84 4+ 0.21(K,.x — 15). ' )

The map of expected origin zones was covered by a mesh 0.2°x0.2°, and values
of K., were determined from each knot. A map K, was computed using the
programme by Zacharova (1972), Nuoi and Lap (1985). The maximum value
of K., is found in the northwest of Vietnam. The largest expected earthquake
with K, = 17 will take place only at the contact between the Dienbien-Laichau
fault and the fault system of Sonla, River Da and of the River Ma. At the northeast
of the Hanoi depression, earthquakes with X ., = 16 are considered as the possible
maximum earthquakes. A zone of the River Ca has K, = 15. The map of
maximum expected earthquake in the north part of Vietnam is shown in fig. 6.
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The main characteristics of the Tuangiao earthquake

On June 24, 1983 at 07h 18m 22.3s an earihquake of magnitude M = 6.7 occurred
near Tuangiao town in the mountainous Laichau province in northwest Vietnam. .
Its epicentre located by Vietnamese determination is ¢ = 21.71 °N, 1 = 103.43 °E,
H =23km (Xuyen—Lap 1985). It is the largest known earthquake that has
taken place in the area. The Tuangiao earthquake caused considerable damage.

Aftershacks

. The main earthquake was followed by a number of aftershocks and field micro-
earthquake survey conducted in May 1984 revealed quite a high level of micro-
aftershock activity still in progress, eleven months after the occurrence of the
Tuangiao earthquake. During the first 12 months after occurrence of earthguake
in Tuangiao, 350 aftershocks of magnitude M = 3+5.4 were recorded by Vietna-
mese stations: Tuyenguang, Bacgiang and Hoabinh. The largest aftershock with
M = 5.4 occurred later in sequence, on July 15, 1983 at 04h 48m 52.6s, three
weeks after the main shock. The length of afiershock zone is 100 km, and the width
is 20 km. The hypocenters were located at a depth of 3 to 20 km. A preliminary
investigation indicated that the earlier aftershocks were attached to the north-
western end of the surface rupture, and later they moved to the central and south-
eastern part of the fault. The afiershocks might be subdivided into two groups.
The first group was located near the main shock hypocenter, in the central part
of the fault zone. The second group was locaied near the margin of the fault zone
with depth H = 3+10km (Lap 1985; Xuyen—Lap 1985).

The magnitude-frequency relation of aftershocks of the Tuangiao earthquake
is given by the expression:

log Ny = 4.1 — 0.71 M. (10)

The value of the eoefficient b = 0.71 (y = 0.39) shows that the aftershocks occurred
in a relatively homogeneous and tectonically symmetric medium (Gibowicz
1985). The maximum expected magnitude M,,,, , of aftershocks sequence, expressed
by the relation:

=2 57 an

max,a b

M

is close to the maximum observed magnitude M, , = 5.4.

The aftershocks activity is indicated by the ratio of energies released by after-
shocks (E,) and the main shock (By) (Bracinac 1976). The total energy of the
aftershocks is E, = 2.854 . 10'* Joules and the energy of the main shock is By =
= 1.10° Joules. So, the total energy of aftershocks represents 3 % of the energy
of the main shock.
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Microaftershocks

In May 1984 a Joint Polish-Vietnamese field expedition was organized to the
mountainous epicentral area to study the microaftershocks of the Tuangiao
earthquake (Gibowicz 1985). Three portable seismic stations were operated at
Bancang, Tuangiao and Phadin. The stations were equipped with Portacorder
RV-320 ink-recording systems manufactured by Teledyne Geotech, and with
Soviet SM-3 seismometers. Altogether over 250 small aftershocks were recorded,
but only 22 events were located. They occurred either at the southeast end of the
surface rupture or further away in the southeast direction. Their depth could
roughly be estimated as very shallow, between 1 and 7 km. The largest magnitude
of microaftershock is 2.9. The frequency-magnitude relation was calculated by the
maximum likelihood method and is given by the expression (Gibowicz 1985):

log N = 2.42 — 0.83 M. (12)

103° 104° 105° 106°

23°

22°

21°

20°

7. Isoseismal map — MSK scale (1964 — version) of the Tuangiao earthquake
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Effects of the Tuangiao earthquake Cea ey

Using the MSK-64- scale, effects of the Tuangiao earthguake on the considered
region were drawn in the form of isoseismal contour lines around their epicentre
(fig. 7). A map of isoseismals of an intensity from V to VIII on the MSK-64 macro-
seismic scale was elaborated (Xuyen-and Lap 1985). The maximum intensity VIII
"was felt up to a distance of 25 km from the centre of the elongated isoseismal and
_intensity was felt up to a distance of 350 km. The earthquake was associated with
a surface rupture, a fresh surface rupture was found and mapped along the 23 km
long segment of the Sonla fault, siriking N 130 °E, with a horizontal displacement
of about 16 cm, corresponding to right-lateral motion (fig. 8).

103° 28

8. Scheme of surface
deformations in
Tuangiao
1 — Observed fauit
traces of Tuangiao
earthquake with
length larger than
100 m, 2 — Observed
fault traces of 21°%0°
Tuangiao earihquake
with length over
10 m, 3 —Thunder —
like booming noises,
4 — The wells
observed immediately
after the Tuangiao Q
earthquake,
5 — Boundary of the
area of the surface
deformation;
6 and 42 are the
road numbers 103°20" 103%0°

2°0°

O %, ¢

2°%0' »u

The variations in groundwater level for wells located in the Laichau district
were observed, well-water level had a tendency to lower to 0.5 m until the oceurrence
of the Tuangiao earthquake, after which it recovered. The unusual behaviour
of fish, dogs, rats, snakes, cats, boa reached its climax in the two days immediately
before the Tuangiao earthquake. This is very interesting and may be of use in
forecasting the time of earthquakes.
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Source parumeters

In order to determine the focal mechanism, we used the method of A. V. Vveden-
skaia (1969). The first motion data were obtained from the seismograph station
aetwork of the USSR, Vietnam and contributing stations of neighbouring countries.
The focal mechanisms of the Tuangiao earthquakes are shown in fig. 9. The distribu-
tion of compression and dilatation of the main shock and aftershock shows focal

- mechanism:

Focal mechanism of the main shock (fig. 92): A strike-slip mechanism with
a NE-—SW striking nodal plane (1) dipping 60° towards NNW (azimuth 313°)
with oblique sinistral lateral slip (slip vector az/dip: 224°/18°) and NW—SE
striking plane (2) dipping 72° towards NE (az: 54°) with oblique dextral lateral
slip (slip vector : 133°/30°). The compression axis (i) dips 35° towards S (az: 187°).
The dilatation axis (K) dips 16° towards E (az: 93°) (Lap 1985).

N

9a. Focal mechanism from
P-wave first motion
data shown on an
equal-area lower
hemisphere projection
of the Tuangiao
earthquake
(June 24, 1983)
1 — compression,
2 — dilatation

~ Focal mechanism of aftershock (July 15, 1983) (fig. 9b): One of the planes (1)
"dips to the E (az/dip: 82°/72°), the other (2) to the NW (342°/64°). i — axis (i):
213°/21°, K — axis (K): 123°/6° (Lap 1985).

Focal mechanism of microafiershocks: A tentative composite fault — plane
solution from the firsi-motion data of 21 microaftershocks was determined. 1t
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indicates right — lateral strike — slip motion with a distinct normal faulting
component on a fault dipping at 50° and striking at 314°, with the pressure axis
plunging at about 40°. Such a mechanism could be explained by the locking of the
northwestern end of the fault, where no microaftershocks were located (Gibowicz
1985).

T N

9b. Focal mechapism
from P-wave first
motion data shown
on equal-area lower
hemisphere projection
of the aftershocks
of Tuangiao
earthquake
(July 15, 1983)
I — compression,
2 - dilatation % + 2

The Tuangiao earthquake source is characterized by the following overall
parameters: the static seismic moment M, = 3.5. 10%° dyne . cm, fault length
L = 23km, fault width W = 25km, process time to = 125, rupture velocity
¥, = 2km/s; average displacement D, = 28 cm, stress drop Ac = 11 bars,
dynamic siress drop Ac, = 7 bars and apparent stress G,, = 2 bars. A multiple
unilateral rupture, composed of two subevenis, moving horizontally in the south-
east direction from the epicenter along a vertical square section of the right —
lateral Sonla fault seems to be a reasonable model of the source processes, deduced
from the available field and seismological evidence (Gibowicz 1985).

Conclusions
From the investigation of earthquake activity in the north part of Vietnam, the

following conclusions can be derived:
— The territory of the north part of Vietnam is seismically active. During the last
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9 years, about 1000 earthquakes have occurred in this region, including the
large Tuangiao earthquake. :

— The earthquake density is higher in northwestern Vietnam, almost all hypo-
centers in this region were in the Earth’s crust.

— The earthquakes in the north part of Vietnam are related to the tectonic faults
and geological structures in the northwest —southeast directions.

~ The maximum expected values of A, = 0.2+0.5 and K, = 17 are found
in the northwest Vietnam.

— The Tuangiao earthquake of magnitude M = 6.7 occurred along the Sonla
fault and caused considerable damage. The shock was associated with a surface
rupture and aftershocks.
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Activité des tremblements de terre dans le Nord
du Viet-Nam pendant ia période de 1976—1984

(Résumé du texte anglais)
Nguyen Kim Lap

Présenté le 4 mai 1987

Le territoire de la partie Nord du Viét-Nam est situé 2 Ia proximité des deux
zones de tremblements de terre les plus fortes du monde: celle de la Méditerrande
et celle de I’Océan pacifique occidental. Les dates séismiques monirent de lourdes
pertes en vies humaines et en biens causées par de grands tremblements de terre
dans la partie Nord du Viéi-Nam. Pendant la période 1976 —1984 on a observé
dans cette région 800 tremblements de terre 2 peu prés, y compris un immense
tremblement de terre & Tuangiao (M = 6,7 et I; = 8+9). Les tremblements
de terre sont situés le long de grandes failles comme suit: riviere Rouge, riviére
Chay, Dien Bien-Lai Chau, Son La, riviére Ma, riviére Da, rividre Ca et le Nord-
Est de la plaine de Hanoi. La densité des tremblements de terre est la plus importente
au Nord-Ouest du Viét-Nam, leur fréquence est relativement basse dans la partie
du Sud de Iz région récherchée. On considére que tous les focus du tremblement
de terre se trouvent dans la croGite terrestre 2 une profondeur de moins de 40 km.
La loi de la fréquence de tremblements de terre est exprimée par la rélation:
log N = 2,27 — 0,38 K. L’activité séismique A,, (le nombre moyen de tremble-
ments de terre de I'échelle d’énergie K = 10 se déroulant dans I’unité spatiale
de temps) dans la pariic Nord du Viét-Nam était de 0,01 3 0,5. Les valeurs
maximales A;, étant égales 2 0.1+0,5 furent observées au Nord-Ouest du Viét-
Nam ot se croisent de différentes failles de profondeur, telles que Dien Bien-Lai
Chau, Son La, rivieres Da et Ma. Dans cette zone mentionnée s’est produit le
plus grand tremblement de terre avec I, = 8+9 (MSK-64). Dans le delta de la
riviere Rouge on a déterminé la zone de I’activité séismique de A,, = 0,02+0,2.
Les zones plus basses A;, = 0,05 sont observées dans la faille de la riviére Ca.
Le plus grand tremblement de terre aitendu (K, = 17) se déroulera justement
au contact entre la faille de Dien Bien-Lai Chau et le systéme de la faille de Son La,
des riviéres Da et Ma. Comme les tremblements de terre maximaux sont prévus
ceux au Nord-Est de la plaine de Hanoi (K., = 16). Dans la zone de riviére Ca
on aitend un tremblement de terre maximal avec K, = 15. Le 24 juin 1983 s’est
produit le plus grand tremblement de terre 2 la proximité de la région Tuangiao
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(¢ =21,71° N, A = 103,43° E, H = 23 km). Le tremblement de terre & Tuangiao
est arrivé le long de faille de Son La. La solution de la faille plane montre un
mouvement du ¢bté droit sur la faille presque verticale passant sous ’angle de
140° + 10°. L’intensité maximale (8 + 9) s’est abaissée 3 la distance de 25 km
du centre de I'isoséisme prolongé et intensité s’est abaissée 2 1a distance de 350 km.
Le tremblement de terre & Tuangiao a eu lieu prés de la surface, on a constaté et
dressé la carte de certaines ruptures fraiches lelong du segment de faille Son La
3 12 longueur de 23 km passant sous I’angle de 130°, au déplacement horizontal de
16 cm 2 peu prés. On a observé la variation du niveau de la nappe aquifére dans
un puits de la région de Lai Chau; le niveau d’eau dans le puits avait la tendance
d’8tre plus bas avant le tremblement de terre 3 Tuangiao, aprés lequel il est remonté.
On constate de méme ceriains symptOmes caractéristiques en ce qui concerne le
comportement des animaux avant le tremblement de terre. La plupart des animaux
se trouvant dans la zope séismique deviennent trés inquiets, plusieurs d’entre eux
sentant une grande angoisse. L’endommagement total causé par le tremblement
‘de terre 2 Tuangiao ‘présente 30 millions de dongs viétnamiens. La détérioration
de si grande importance avait dés influences néfastes sur P’économie dans plusieurs
régions de la partie Nord du Viéi-Nam.

" Péelozila P. Kellnerovd

Légendes das tableaax

Tableaun 1. Liste des stations séismiqﬁes dans la partie de Nord du Viét-Nam.
Tablean 2. Liste des tremblements de terre avec M = 3.0 qui se sont produits dans ia partie
du Nord du Viét-Nam pendant la période des années 1976 —1984.

Légendes des figares

1. Statjons séismographiques an Viéi-Nam; les points plains représentent les stations séismiques
permanentes. Le triangle ouvert monire les stations proposées pour Pavenir.

2. Distribution des épicentres des tremblements de terre au Viét-Nam du Nord pendant le
période des années 1976—1984.
Magpitude: 1. M < 3; 2. M =3+4;3. M =4,1+50; 4 M = 5,1

3. Relaxation cumulative de la tension pour les trembiements de terre du Viét-Nam du Nord
pendant la période des années 1976—1984.

4. Graphe des tremblements de terre répétés an Viét-Nam du Nord an cours de la période
1976 —1984.

5. Carte de ’activité séismique Ao au Viét-Nam du Nord daps les années 1976—1984.

6. Carte du tremblement de terre maximal K., attendu au Viét-Nam du Nord pour les années

1976—1984,

Carte isoséismique — I’échelle MSK (1964 — version) du tremblement de terre & Tuangiao.

8. Schéme des déformations de surface a Tuangiao.
I-les iraces observées des failles du tremblement de terre de Tuangiao étant plus longues
que 100m, 2 — les troces observées des failles du tremblement de ferre de Tuangiao étant

h
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9a.

Sb.

plus longues que 10 m, 3 — l'orage — comme le bruit croissant, 4 — les trous observées
immédiatement aprés le tremblement de terre & Tuangiao, 5 — les bornes de surface des
déformations superficielles; 6 et 42 — le numéro de la route.

Meécanisme de focus des données du premier mouvement de 12 vague P montré sur la projec-
tion de I'hémisphére inférieure 2 la conservation de surface du tremblement de terre & Tuangiao
(le 24 juin 1983).

1 — compression, 2 — dilatation.

Meécanisme de focus des données du premier mouvement de la vague P montré sur 12 projec-
tion de I’hémisphére inférieure 2 la conservation de surface au cours des chocs suivants
aprés le tremblement de terre 2 Tuangiao (le 15 juillet 1983).

I — compression, 2 — dilatation.

AxTapBOCTE 3emiaerpacenuii B cesepHON wacTn
Connmaxncrnaecxoil PeenyBuruxn Boernmam 3a 1976 —1984 rr.

B mpeacrapnernolil pabore cocrasieH Karanor 3eMiaeTpaceHui B cepeproM Boetname 3a 1976

no 1984 rr., MarewTyna KOTOpHRIX mpeprpmmana M = 3,0. Jlna ceBepo-3amaxHoll 9acrd CTpaHal
XapaKTeprO 3emuerpsceEue Tyamzao (M = 6,7), npoucmemmee Ba rryouee 30 km B riybuemomM
paznome Hlomna, DPOCTEPAIOMEMCS B C.-3. Baupasienny, KaJeCTBeHHOE W3Yy9EHHEC aKTARHOCTH
IEMAETPACCHUN 3aHUMANOCHL HPOCTPAHCTBEHHLIM PacHpeNelCHACM 3eMueTpaceHd, CeHCMIICCROR
ARTUBHOCTHIO Ao, MAKCEMYMOM BOSMOKHEYX 3eMISTPACeHRE Ky, ¥ OCHOBHEIME XapaKTEPHCTR-
KamMm 3eMmneTpacenns Tyanzdo.

Prelozil A. KFiz
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Magnetic minerals
Oxidized titanomagnetites
A. C. demagnetization tests
Computed pole positions

Orlicky, O. (1990): Palcomagnetism of selected Quaternary, Cainozoic, Jurassic, and
Proterozoic to Lower Paleozoic volcanic rocks from Nigeria. — Sbor. geol. Vé&d,
uritd Geofyz., 24, 133—157. Praha.

Abstract: Paleomagnetic results have been obtained from seventeen localities (30 sites)
in volcanic (mostly basaltic) rocks of Quaternary, Younger Cainozeic, Jurassic, and
Proterozoic to Lower Palecozoic age from the Jos plateau, Biu plateau, Samunaki
locality, and Runka locality, northern and north-¢astern Nigeria. A complex of physico-
analytical methods and laboratory procedures was u-ed to obtain information on the
carriers of the magnetism, paleomagnetic stability, and the distribution of the direction
of the RMP in the mentioned geological complexss.

Oxidized (cation-deficient) titanomagnctites are the most frequent magnetic minerals
in the studied rocks, but ilmeno-hematite solid solutions, ferroilmenite, and magnetite-
hematite solid solutions also were revealed in some petrographical types of rocks.
The RMP of studied rocks is a secondary one, probably of chemical (C.R.M.) origin.
Most of the diabases, olivine basalts, and nepheline basanites under study (sampies
of rocks from 19 sites) are unstable with respect to the A.C. demagnetization tests.
Quaternary (or Younger Cainozoic) olivine basanites from the Jos plateau (JP-2) give
a stable direction of RMP. The paleomagnetic data are as follows: T = 21.4°; D =
= 17.3%; @, = 72.9 °N; 4, = 92.2 °E. Three acceptable sites from the Biu plateau
represented by a Quaternary {or Younger Cainozoic) olivine basalts (BP-2, BP-3),
and aibitized olivine basalts (BP-4) give a mean direction of the RMP, I = —3.9°;
D = 186.5°, and virtual poles g, = 79.2 °N; [, = 154.9 °E. Computed pole positions
of the Jurassic alkali granite porphyry from the Jos plateau (JP-9), (@, = 70.7 °N;
A, = 259.0 °E) are very close to those published by McElhiny et al. (1968 in Piper—
Richardson 1972) for Mesozoic rocks from Africa.
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No detectable movement of the African plate was revealed by the results of Quaternary
or Younger Cainozoic age. But the shift of the African plate has been detected on
the base of the direction of the RMP and computed pole positions of Jurassic alkali
granite porphyry from the Jos plateau.

* Geofyzika, s. p., Brno, zdvod Bratisleva, Geologiclé 18, 825 52 Bratisiava

Introduction

Piper and Richardson (1972) realized the paleomagnetic investigations of the
Gulf of Guinea volcanic provinces (West Africa, fig. 1). They employed the com-
puted pole positions of individual volcanic structures (age: 18.4 to 0.5 m.y.) of the
Guif of Guinea and from the western part along the volcanic line in Cameroun
for the detection of the movement of the African plate. The above-mentioned
authors presented in their work also poles computed for the Upper Tertiary and
younger lavas of the East African Rift (Piper—Richardson 1972). The authors.
have demonstrated no detectable movement of the African plate relative to the
geographic pole for about 25 m.y., according to the analysis of the Upper Tertiary
paleomagnetic results.

This paper presents the results of paleomagnetic study of volcanic rocks from
the following areas of porthern and north-eastern Nigeria (fig. 1): basaltic rocks
from the Jos plateau, Biu platean (Quaternary and Cainozoic age), Runka locality
(mid-Jurassic age), Samunaki locality (unknown age), alkali granite porphyry
from Jos locality (JP-9, Jurassic age) and migmatized amphibolite from Runka
locality (RK-Gr, Proterozoic to Lower Paleozoic age). The presented results are
not the consequence of a systematic investigation, but they only point out partial
problems concerning the comvenience of the volcanic rocks under study for
paleomagnetic investigations and for the detection of the movement of the volcanic.
complexes.

Geological outline

The Jos plateau is a restricted volcanic sequence paralleled by a similar larger
volcanic area in Cameroun. The Jos plateau and the Cameroun highlands are part
of a complex crustal dome, transected by the Benue trough and Cameroun rift,
the whole constituting the Gulf of Guinea magmatic province (Le Bas 1971
in Kogbe 1976). The Biu basalt plateau lies on the axis of NE—SW direction
which connects the volcanoes Annobon, Sao Tomé, Principe Fernando Poo in the
Gulf of Guinea and Mt. Cameroun which were investigated by Piper and
Richardson (1972) (fig. 1).

The Jos plateau is one of the Neogene uplifts tangential to the Chad basin
believed to result from local partial melting of the asthenosphere. Its axis is marked

134




(zL61) e &
vospreydry v pue 18did 'V 'q ' 49
POIESIISOAUT AIOM UOIYAL “SOTUBI[OA $woy ops @
ELTERIEY ] q

U091 puE AYenasy, -

unosowre) ‘008 opurulsd ‘adourry 00,6

AUI0], OLS ‘HOqOUTY (S3NI[EI0[ ~ ¥

{sjreseq

QUIAT[O OI0ZOUIED)

- pdd—1-dd

:negje(d jeseq

nig - g {(syeseq

SUIAL[O) AM[EI0]

pleunuey — £

fLikgdrod

aytaesd yexre

orsseinf — g-dr

‘§3001

onjeseq s10zoule)y

- g=df=1-df

meyejd sof — ¢

foqrpoqrydae

paziyewsiug

o10Zoaed

JOMOT 03 01020131013

= 1-10-3Y4

fsarueseq autfaydau

oISSRINL-pIus

- ¢-9-3¥ pue

-3y sdoano

euny ~ 7

SOTI{ED0]

gurjdues — ‘¢

€2 [ seorv Pajos[as

Surpupout ‘erafiN Jo
dews onewagas 1

004 OpuDNIRg

0E.01

52,01

ofus

06,01

{7 Lanon

00,2

Sha0

0.6

o550y ©

%464
nixng

sop 018uy

QMNSONDWDG

> 67,6

(0300

100,00

0001

SheQle

00 0r

-Gla 0

08,8

o8

00,4

O U500

/

g onuy

t- 49

7
10Ceeb: V

Frallbe)

z-g-u\g e

Jsosi0g

b

10524

[FS7 2

OBk

Ghed

Heé



the infleence on the magnetic needle of the compass by an anomalous local magnetic
field was detected. (It was influenced by a very intensive NRMP of basaltic rocks —
see tables 1 and 2. Jos platean 5 places, Biu platean 1 place, Samunaki locality
1 place, Runka southern facies 5 places).

All rock samples were shaped by a diamond saw to the cube of 20 mm edge.

Remanent magnetic polarization (RMP) of the rocks was measured with the
spinner magnetometer JR-4, and with the astatic magnetometer LAM-24. All
samples were subjected to progressive demagnetization in alternating fields up to
48 or 64 kA . m™ ! in steps 2, 4 and 8 kA . m~!. The external magnetic field was
compensated by the Helmholiz coils and controlled by a flux-gate magnetometer
or by 2 ROCOMA system.

Magnetic susceptibility () measurements were performed using A. C. KLY-2
bridge. This instrument was employed also for the measurements of the change

Table 2
Magnetic characteristics of rock samples
Number of outcrop | Number of samples %X 10°% NRMP 0
(region) 8D (=T)
Jos plateau

IP-1 5 10028 74 292 148.2
Jp-2 21 25113 5740 4.6
JP-3 3 12294 15610 25.4
P-4 6 17948 80702 89.9
Jp-5/2 2 16 319 20983 25.7
JP-5/1a, 3a, 4, 4a,

6b 19 22486 126 908 1129
JP-6-3/1 2 14457 30962 42.8
JP-6-4 8 92 902 4721 1.02
JP-6-6 4 12 744 1215 191
-7 4 11544 110 703 191.8
Jp-8 5 9455 131 783 278.8
P9 14 1769 645 0.73
SMKI-1 3 18 496 182188 197.0
SMK1-2 4 21 0660 2042 1.9

Biu plateau

BP-1 2 20957 166 873 159.3
BP-2 17 28 355 4390 31
BP-3 19 26 317 4369 33
BP-4 6 21756 7627 13.0

For explanation see table 1
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of the x of powdered rocks during their Curie temperature (T¢c) measurements,
The complete apparatus for the T, measurements consists of a special device
(nonmagnetic furnace and cooling system) of our own construction. This device
serves for the gradual heating of the powdered sample. The nonmagnetic furnace
is gradually supplied by automatically controlled electrical power. Continual and
regular increasing of the temperature within the furnace was 10 °C . min~1.
Using several methods, petrographic description of rocks, identification of main
chemical components, and determination of the magnetic minerals as the carriers
of RMP of rocks were carried out. Petrographic analyses and ore Microscopy
were performed in the laboratories of the Dionyz $tir Geological Survey, Bratislava.
X-ray spectroscopy by Philips PW 1420 X-ray spectrometer and PW 1150 diffitacto-
meter were executed mostly in the laboratories of the Geological Institute of the
Siovak Academy of Science in Bratislava. Mdssbauer spectroscopy was performed
in the laboratory of the Department of Nuclear Physics and Technology of the
Slovak Technical University in Bratislava (Lipka et al. 1983, 1988). The additionat
electron microprobe analyses were performed by means of the JEOL electron
microscope with the EDAX system in the laboratory of the Dionyz Stir Geologicat
Survey, Bratislava. Several samples of magnetic fraction of basaltic rocks were
investigated by X-ray and Méssbauer spectroscopy, also in the Laboratory of
Applied Physics 11, Technical University, Lyngby, Denmark (Lipka et al. 1988).
The magnetic fraction of rocks for both X-ray and Méssbauer spectroscopy was
obtained by their crushing, grinding, cleaning by alcohol and subsequent separation.

The results of individual lahoratory methods .

Brief petrographical description of rocks (according to microscopical analyses
made by A. Mihalikova, written report):
~— the rocks of the Jos plateau (JP): JP-1, JP-7 diabase with olivine; JP-2 olivine
basanite; JP-3 to JP-6 and JP-8 olivine basalts; JP-9 alkali granite porphyry;
— the rocks of the Biu basalt plateau (BP): BP-1 olivine basalt; BP-2, BP-3
olivine basalts; BP-4 albitized olivine basalt (spilite ?);
— the rocks of the Samunaki locality (SMKI): SMKI-1, SMKI-2 olivine basalis;
— the rocks of the Runka localities (RK): RK-1, RK-2 nepheline basanites;
— the nonbasaltic rocks of the outcrop near Runka village (RK-Gr): migmatized
amphibolite.

Brief outline of the presence of magnetic minerals in the rocks according to the
results of individual methods:

Ore microscopy (J. Betika and 8. Suchy, written report): Hematite was identified
in all studied samples of rocks. Magnetite is present (except of the hematite) in the
olivine basalts from the localities JP-4, JP-5, JP-8, BP-2, BP-3, also in the olivine
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2. Mossbauer spectra of samples BP-1-1/1, RK-B-1/5, RK-B-2-1/1 obtzained at room temperature
(298 K) and at the temperature of liquid nitrogen (80 K)

basanite from the locality JP-2, and in the nepheline basanites from the localities
RK-1 and RK-2.

X-ray spectroscopy: Two groups of basaltic rocks were investigated by X-ray
powder diffraction. The results of one group of basaltic rocks were published by
Lipka et al. (1988). The results of second group were reported by B. Toman
(written report). The results of analyses made by B. Toman are as follows:

— titanomagnetites (Fe;_,Ti,0,) with hematite (¢-Fe,05), and ilmenite (FeTi0;)
are present in the investigated olivine basalts from the locality BP-3,
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— hemitite (2-Fe,05), and magnetite (Fe;0,) are present in the albitized olivine

basalt from the locality BP-4,

— titanomagnetites (Fe,-,Ti:04), with hematite (o:-Fe203), ilmenite (FeTiOs),
brookite (TiO,), and pseudobrookite (Fe,TiOs) are present in the nepheline
basanites from the localities RK-1, and RK-2.
Titanomagnetites (Fe; - ,Ti,0,) were identified in all studied samples according
to Lipka et al. (1988). The unit cell parameters of the titanomagnetites are as
follows: a = 0.8524 nm, and 4 = 0.846 3nm in the samples of the nepheline
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3. The zesuits of the Curic tempeorature measuremenis of powdered rock
samples
%,, %s, — magnetic susceptibility of the sawple — after heating to the
temperature 2(x,), without the heating effect {i225); 7/, 2 — Curie temperature,
curve registered during the heating () and the cooling (2} of the sample;
7., — Curie temperatare of magnetic mineral of rock sample
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basanite (RK)}, and in the sample of the olivine basalt (BP-1), respectively. A mineral
intermediate between a-Fe,O; and FeTiO;, i.e. hematite-ilmenite solid solution
was identified in the samples JP-2, BP-1, BP-2 and SMKI-1.

Mdssbauer spectroscopy of magnetic fraction was mostly applied at room
temperature, but in several cases also at the temperature of ligunid nitrogen (see
fig. 2). Mossbaner spectra of samples were measured also after heating of magnetic
fraction. Sixteen samples of the studied rocks were analysed by this method.
Volume portion of the Fe-Ti oxides was determined in the magnetic fraction
on the base of the results of Mdssbauer speciroscopy. The composition of the
titanomagpetites in the samples was estimated from their unit cell parameters.
It is as follows: BP-1 Fe, 4Tig 60,3 BP-2 Fe, ;Ti, s0,; SMKI-1 Fe, oTig 1043
RK-1 Fe, 3Tig 70,; RK-2 Fe,; ,Tig ¢04.

Mossbauer spectroscopy and X-ray diffraction showed that heating of the samples
RK-i, RK-2 and BP-1 causes a transformation of titanomagnetites into  almost
titanium-free magnetite, hematite, brookite and ilmenite (Lipka et al. 1988).

Electron microprobe analyses were realized on the samples of four petrographical
types of studied rocks. The content of both Fe and Ti components (according to the
analyses made by F. Caiio, written report) is as follows:

FeO(%) TiO(%)

— olivine basailt (BP-2, BP-3) 74.48 23.30
— olivine basanite (JP-2) 72.54 26.01
— albitized olivine basalt (BP-4) 89.33 8.66
. 4539 54.46

— nepheline basaniie (RK-1) v 74.83 2441
43.06 51.60

— aepheline basanite (RK-2) ' 75.27 24.30
4845 51.23

Curie temperature measurements: It is well known that a quite successfull
identification of magnetic constituents of rocks can be obtained by determining
their Curie temperature. We have applied the method of change of magnetic
susceptibility of a powdered sample with the temperature. The applied method
was worked out by the author of this article. Curie temperature curves of the samples
are shown in figs. 3 and 4. We see that the main carriers of magnetism within, the
rocks of Jos plateau are minerals with T¢ close to magnetite (fig. 3). Olivine basalts
of Biu plateau localities (except loc. BP-1) show T — around 600 °C. The albxtlzed
olivine basalt of the loc. BP-4 shows T, close to magnetite, but also the second
magnetic phase (T about 350 °C) is present in this rock. There is a presence of the
mineral with T¢ = 150—250 °C after heating over 750 °C and cooling up to
laboratory temperature in the rocks of the localities BP-2, and BP-3 (fig. 4).
Nepheline basanites of the localities RK-1 and RK-2-1/1 show 7 around 200 °C.
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The samples of other RK-2 localities and locality SMKI-1 show T close to
magnetite (except RK~B-2-1/2, 1/3) (62.4).

Basic magnetic and paleomagnetic results are presented in tables 1, 2, 3, 4
The results of A.C. demagnetization are in figs. 5 and 6. Average directions of RMP
and computed pole positions of rocks of selected localities are presented in figs. 7
and 8. The results which have been taken over from Piper and Richardson
(1972) in fig. 8 are also presented.
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6. A.C. demagnetization ir nonmagnetic medivm
M — magpetic remanent moment of the specimen demagnetized by field H; full, open circle —
positive, negative RMP respectively
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Table 3

Paleomagunetic characteristics of rocks

Region 23 i | D A [ ass & 2 | G| e | Ou S,
: {
Runka — loc. 1

RK-1 12,505 } 7.186 | 326.9{ 13.5| 26.5 36| 12 569 12709 27.1 | 13.8

RK-Gr 12.506 § 7.205 | 18.3] 49| 81| 694 6 | 699 12581 8.1 4.1

Runka — loc. 2
/2 12.503 | 7.186 | 161.2 | 289 22.5 9.8 6 564 [ 2214 | 248 | 136
13 - 12,503 | 7.186 | 132.3 | 413} 9.6 | 165.8 3 30.9 | 2394 | 11.7 7.1
1/4 12.503 | 7.186 | 34.9 |—-134| 9.1 | 760.1 2 50.3 [ 1243 93 4.7
/5 12.503 { 7.186 | 324.6 | 18.6} 36.2 5.4 5 55.1 | 276.0} 37.6 | 19.6
1j6 12503 | 7.186 } 56.9 |-63.4| 24.4 7.1 7 228 | 2200 385 | 304
1/7 12.503 | 7.186 | 260.0 { ~51.1| 6.7 81.6 7 149 67.21 9.1 6.2
1/8 12.503 | 7.186 } 120.8 | 10.7| 25.0 6.8 7 370 1 2605 ) 25.3 | 12.8

1/2+1/3
+1/8 12,503 | 7.186 | 137.0 | 27.1] 19.6 45) 16 | 451 j249.5| 214 | 116

9z, A4 — geographical coordinates; D; — mean declination of remanent maguetic polarizatién
4, — mean inclination of remanent magnetic polarization; s — semi-angle of the cone confidence
for p = 0.05; k — precision parameter; n — number of samples; ¢, 4, — coordinates of the virteal
pole calculated to the north (N), east (©); 6.4, 6, — dimensions of the reliability oval for pole
position

Conclusion and discussion

A complex of physico-analytical methods and laboratory procedures was used
during the study of Quaternary, younger Cainozoic, Jurassic, and Proterozoic to
Lower Paleozoic volcanic rocks from Nigeria, to obtain information on the carriers
of the magnetism, paleomagnetic stability, and the distribution of the direction
of the RMP in the mentioned geological complexes.

As mentioned previously the Fe-Ti oxides are the main carriers of the magnetism
in the studied volcenic rocks. They are in various magnetic state and chemical
stages, corresponding to different degrees of their alterdtions. Also the products
of the alterations of the titanomagnetites are present in some rocks. Abundant
ilmenite is e.g. present in the nepheline basanites of the northern facies {RK-1),
also in the northern part of the southern facies (RK-2), according to the results
of microscopical analyses, electron microprobe analyses, and Curie temperatures,
except for the non-stoichiometric (cation-deficient) titanomagnetites. The Moss-
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Table 4

Palcomagnetic characteristics of rocks

Region @z A b, FA o5 k 0 | Ppm | Apee Om | Gp
Jos plaiean

iP-1 9709 | 8.450 [359.6 | 590| 17.3| 205| 5] 599 { 79[ 258193
P2 9700 | 8467 | 17.3 | 21.4) 251617 21 | 729 | 922 26| 1.4
JP-3 9.584| 8.318 {1726 | 457110731 25| 3 | 525 ]199.3 | 1368 |87.2
P4 0584 | 8.336 [258.6 | 38913191 12| 8| 68 |1220[157.1 |93.5
JP-5 0.627 | 8.391 13348 | 140| 200 34| 22 | 649 {2746 | 204 |104
IP-6/3 9.559 | 8.641.| 328 44! 1006273 2| 565 | 1090} 100 | 50
P-6/4 9.559°| 8.641.12659 | —1.4| 550] 20| 8| 41} 893 551 (275
IP-6/6 9559 | 8.641 11646 81.4| 460 3.1 6| 66 [1928 ] 89.1.[86.3
fwp7 9.559| 8.679 |249.6 |—64.8]| 132 219 7| 209 | 52i{ 212|171
JP-8 9.580| 8.705 |212.8 {—-23.3| 546 22| 7] 577 | 911} 58.1 309
wr9e 9.936 | 8.859 |341.8 64! 64| 401 | 14 | 707 {2596 | 64| 32

Biu plateaun

1 BP-1 10614 12.141 | 384 {—151| 244 | 265 | 3 | 47.7 {1262 | 25.1 {129
BP2 10.636 | 12.152 | 1829 43) 136 112112 | 769 |1793 | 136 | 6.8
BP-3 . 110600 | 12.216 [ 1843 |—13.8| 11.0| 73| 27 | 844 [1424 | 11.3 | 5.8
BP-4 - 10573 | 12.232 11974 ] 12.8] 107 | 240 9 | 657 [ 1460 | 109 | 5.6
BP-2+

+BP-3+ .

+BP-4 10.603 | 12.200 | 1865 { —3.9| 7.8 80| 48 | 79.2 {1549 7.8 3.9
SMKI 10.223 | 10.168 [288.3 |~148| 95| 172{ 15 | 164 [269.1 | 9.8 | 50

For expianaﬁon see table 3 . '

bauer spectra of the magnetic fraction from the nepheline basanites (all samples
of the locality RK-1, and the samples of northern outcrops of the locality RK-2)
are very complicated. The basic spectra probably correspond to non-stoichio-
metric titanomagnetites. The presence of the ilmenite is also reflected in the samples.
The ferroilmenite.is probably the main carrier of the magpetism in these rocks,
to judge from their magnefic characteristics and all the data mentioned above.
Most of these rocks have extreme high magpetic susceptibility. //"

The cation-deficient titanomagnetites are probably the main carriefs of the
magnetism in the nepheline basanites of the southern part of the locality RK-2.
Most of these rocks have extremely intensive NRMP. The cation-deficient titano-
magnetites are probably the main carriers of the magnetism in the olivine basalts
from the localities of the Jos platean. The ilmeno-hematites are present in the
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olivine basalts of the localities BP-2, BP-3, and in the olivine basanite of the locality
JP-2, except the cation-deficient titanomagnetites. The ilmeno-hematites are only
present in the albitized olivine basalt of the locality BP-4.

The magnetite-hematite solid solution is probably the main carrier of the
magnetism in the olivine basalt of the locality SMKI-1, and in the alkali-granite
porphyry of the locality JP-9, also in the migmatized amphibolite of the locality
RK-Gr. The ferroilmenite is probably present in the olivine basalt of the locality
BP-1.

180

100

20

8. Pole positions of the selected localities under study and paleomagnetic
pole positions according to J. D. A. Piper and A. Richardson (1972)
IP-2 — ofivine basanite from the Jos plateau of Cainozoic age;

JP-9 — alkali granite porphyry of Jurassic age; BP-2, BP-3, BP-4 — olivine
basalts from the Biu basalt plateaun of Cainozoic age;

RK-Gr — migmatized amphibolite of Proterozoic to Lower Paleozoic age
Explanations according to J. D. A. Piper and A. Richardson (1972):

the continental (closed stars) and oceanic {open stars) parts of the
African plate; FP — Fernando Poo, AN — Annobon, P — Principe,
ST — Sae Tomé, C — Cameroun, E — Ethiopian traps, TU — Turkana
lava, MA — Madeira, GC — Gran Canaria, GO — Gomera,

H — Hierro, TE — Tenerife, L — La Palma; R1, R2, R3 — African
rift valley: 0—2.5 m.y. (R1), 2.5—5.0 m.y. (R2), 5.0—7.5m.y. (R3);
MCEL — the Mesozoic poles from Africa published by McElhiny et al.
1968 (in J. D. A. Piper, A. Richardson 1972)
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All analysed properties and detected signs indicate that the above-discussed
rocks have been altered from the time of their origin. I suppose that their remanence.
1 not a primary one, but that it has been acquired during the alteration processes.
It means that the RMPis a secondary one, probably of chemical origin (C.R.M.).

The alterations of the magnetic properties of the rocks with regard to an
alteration of their Fe-Ti oxides have been described by many authors, e.g. by
Ade—Hall et al. (1971); Tarling (1974); Stacey—Banerjee (1974); Pecher-
skij et al. (1981); Pecherskij (1985); Orlicky (1987); Orlicky—Lipka (1987).
But it is complicated to reconstruct the whole alteration process in the individual
rock with regard to detection of the stages of forming of the magnetic fraction
from its origin. This means that the considerations concerning the carriers of the
RMP and their origin in the rocks under study are despite many particular results
of analyses not definite in all cases.

It remains to examine whether we can separate the influences of an alteration
processes on the RMP of volcanic rocks, the reflections of nondipole behaviour
of the field and real polar wandering or continental drift in the Jurassic, Middle
Jurassic, Upper Tertiary and Quaternary times.

The virtual pole position obtained from Middie Jurassic (Runka localities),
Younger Cainozoic (Biu platean), Quaternary (Jos plateau) basaltic rocks, includ-
ing nonbasaltic rocks (alkali granite porphry from JP-9 locality and migmatized,
amphibolite from RK-Gr locality) are in fig. 7.

The virtual pole of JP-2 locality is derived from the results of olivine basanites,
the magnetic minerals of which are believed to be of secondary origin. This means
that this virtual pole corresponds to the time of alteration of original magnetic
minerals, or to the time after, but not to the time of the origin of the mentioned
rocks. The olivine basanite of JP-2 locality belongs to Newer basalts of Jos platean
(age: 2.1-0.9 m.y.). As already indicated, there is not always a distinction between
the Fluviovolcanic series (age of basalts up to 7.0 m.y.) and Older basalts, and the
subdivision between Older and Newer basalis may also be artificial.

The Biu basalt platean of a Younger Cainozoic age is represented by three
virtual poles (BP-2, BP-3, BP-4). There is evident distinction among the carriers
of the magnetism of the albitized olivine basalt (BP-4), and those from the olivine
basalts of the localities BP-2, BP-3. There are different positions of the virtual
poles of these localities in fig. 8. The individual localities differ in the inclinations
of the RMP of rocks, but the declinations of all three localities are close to each
other. I suppose that the differences in the inclinations are probably due to a local
irregular slope of concrete volcanic bodies. Unfortunately it has not been corrected
due to the lack of detailed geological data. The petrographic signs, magnetic
characteristics and Curie temperature curves of the samples of the locality BP-4,
and those of the localities BP-2, BP-3 suggest that the process of the origination
or postvolcanic development of these rocks has not been vniform, A total sum
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of @, and A, of all three localities is believed to be the probable virtual pole for
the Biu basalt plateau of a Younger Cainozoic age.

The alkali granite porphyry of JP-9 locality belongs to the porphyry ring dyke
complex of the large Jurassic (160—170 m.y.) Younger Granite massif centered
on the Jos platean, according to Kogbe (1976). It has been reporied that the
emplacement of the Younger granites was associated with epeirogenic uplift. The
ring complexes of the entire Nigeria — Niger provinces lie on a north-south belt
which is 1,200 km long. This can be related to two major features of the African
continent. First it corresponds to the central part of the north-south trending
Pan-African orogenic belt and second, it forms a northerly continuation of the
continental margin of southern Africa. These may be inter-related. The rifting and
separation of South America from Southern Africa during Jurassic to Cretaceous
times was guided by structural irends in the basement. It seems probable that the
Younger Granites lie on an extension of this ancient rift structure on a zone of
incipient faulting where crustal separation did not take place (Black 1965
in Kogbe 1976).

The computed pole position of alkali granite porphyry from JP-9 locality is
@p = 70.7° N; 1, = 259.6° E. The RMP is probably a secondary one of C.R.M.
origin. It is probable that a stable RMP of these rocks was acquired in the times
close afier the forming of the Jurassic Younger Grapite massif. Migmatized
amphibolite of the RK-Gr locality belongs to the Older Granite suite of an Upper
Proterozoic to Lower Paleozoic age. In north-eastern Nigeria, a group of fine-
grained granites is described as being earlier than the migmatites. These granites
represent a minor, discordant intrusion of small areal extent occurring as dykes
and irregular bodies rarely extending for more than 200 m, according to Kogbe
(1976). The magnetism of migmatized amphibolite of RK-Gr locality is believed
to be a secondary one, of C.R.M. origin. The origin of the magnetism falls probably
into a Brunhes epoch of positive polarity. This means that a stable RMP of rocks
has been acquired during the recent time, and not in the Proterozoic to Lower
Paleozoic.

The other 18 derived poles have been exluded from this discussion due to in-
sufficient paleomaguetic stability, anomalous magnetization or shortage of rocks
of individual outcrops.

Piper and Richardson (1972) investigated rocks of 205 sites from the Upper
Tertiary to recent lavas and intrusions in the Gulf of Guinea volcanic area of
equatorial West Africa. They have presented an idea “that there is no paleo-
magnetic reason for believing that the African plate has moved relative to the pole
in Upper Tertiary times”, on the base of their results, supported by the resulis
of other authors (see fig. 8).

The nine Mesozoic poles from Africa group closely at near 65° N and 261° E
have been published by McElhiny et al. (1968 in Piper—Richardson 1972).
The youngest Mesozoic pole is of about 100 m.y. age and the shift of the African
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ného titanomagnetitu, ktory je nositelom novej pomerne stabilnej CRMP. Vedla
neho je v hornine ilmenit, ktory je magneticky pasivay.

Vysledkami je potvrdené, Ze extrémne intenzivnd NRMP vykazuji nefelinické
bazanity Runka lokality a olivinické bazalty Jos platé s jednou Curieovou teplotou
(7o) blizkou T, magnetitu, priSom nefelinické bazanity s nizkymi hodnotami T,
u ktorych je potvrdend zéroveil pritomnost FeTiO;, vykazuji vyrazne niZSie
hodnoty NRMP.

V olivinickych bazaltoch troch lokalit Biu platé (BP-2, BP-3 a BP-4) je okrem
titanomagnetitov zistena aj pritomnost tuhych roztokov ilmenito-hematitov. Tieto
olivinické bazalty vykazuju relativne nizke hodnoty NRMP, reverznu polaritu
a stabilny smer RMP voii demagnetizécii striedavym polom.

Olivinické bazanity JP-2 lokality, alkalické granitové porfyry lokality JP-9
a migmatitizované amfibolity lokality RK-Gr obsahuji z magnetickych mineréloy
hlavne nestechiometricky magnetit. Magnetizéacia tychto bornin je pravdepodobne
sekundarna, aviak magneticky i smerovo pomerne stabilna.

Iba 6 vypotitanych pélov (JP-2, JP-9, RK-Gr, BP-2, BP-3, BP-4) z celkového
podtu 25 na obr. 7 bolo vyuZitych pre zévereént analyzu vysledkov.

Virtuilny pdl lokality JP-2 je odvodeny z vysledkov olivinickych bazanitov,
magnetické minerdly ktorych s povaZované za sekundérne. To znamend, Ze
odvodeny virtudlny pél zodpoveds obdobiu altericie povodnych minerdlov, nie
viak obdobiu vzaiku pdvodnych hornin. Vek tzv. ,,Newer bazaltov®, do ktorych
st zallenené i bazanity predmetnej lokality, je ca 2,1—0,9 mil. rokov (alebo
7,0 mil. rokov — Fluvio — volcanic serie). Vysledky poukazujn, Ze altericie mine-
rilov prebehli v olivinickych bazanitoch lokality JP-2 v recentnom obdobi.

Bazalty Biu plaié6 — lokalit BP-2, BP-3, BP-4 — sa vypoditanymi hodnotami
smeru strednej RMP i virtudlnych pélov medzi sebou vzijomne lifia. Deklinacia
RMP vietkych troch lokalit je veImi blizka, inklinicia RMP je ovplyvnena pravde-
podobne nepravidelnym zaklesnutim individuélnych telies, z ktorych vzorky po-
chadzajt. Zial, pre nedostatok dalfich geologickych Gdajov tieto lokélne zmeny
polohy telies a ich vplyv na inkliniciu RMP horniny nie je mozné vyhigit.

Vieme, e vietky tri lokality patria do Biu bazalt platé, vrchnokenozoického
veku. Podobné petrografické znaky, magnetické charakteristiky, rovnaké Curieove
teploty i daliie vysledky analyz poukazuji, Ze pdvod alebo postvulkanicky vyvoj
tychto hornin boli pravdepodobne rovnaké. Na zéklade uvedeného predpokladam,
e stredné hodnoty @, a A, vypotitané z individualnych vysledkov lokalit BP-2,
BP-3 2 BP-4 st pravdepodobnym virtudlnym pélom olivinickych bazaltov vrchno-
kenozoického veku Biu platd.

Alkalicky granitovy porfyr lokality JP-9 patri do porfyrového — ,ring-dyke* —
komplexu rozsiahleho jurského (160—170 mil. rokov) mladiieho granitového
masivu, vyskytujiceho se v ramci Jos platé (podla Kogbeho 1976).

Vypoé&itand poloha pélu pre granitovy porfyr lokality JP-9 je ¢, = 70,7° N,
A, = 259,6° E. RMP tjchto hornin je pravdepodobme sekundirna (CRM). Je
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pravdepodobné, Ze stabilnd RMP gravitového porfyru vznikla v obdobi velmi
blizkom po formovani jurského miadSicho granitového masivu.

Migmatitizovany amfibolit lokality RK~Gr patri do ,.starSej granitovej forméicie**
proterozoického az spodnopaleozoického veku.

Magnetizmus migmatitizovaného amfibolitu lokality RK-Gr m4 pravdepodobne
sekundarny povod. Stabilnad zloZka RMP tychto horuin vznikla v recentnom
obdobi, pravdepodobne potas Brunhesovej epochy.

Zo skimanych hornin poukazuji: na mo#ny pohyb a rotéciu africkej litosférickej
dosky iba vysledky merani jurského granitového porfyru lokality JP-9. Ostatné
vysledky bud nepoukazujii na pohyb africkej dosky, alebo z dévodov nestability
RMP, nedostatotného potiu experimentilucho materidlu su vysiedky pre taknto
interpretaciu nevyuZitefné.

Ako je zndme z tivodu prace, Piper a Rlchardson (1972) vyslovili nézor,
Ze na zéklade paleomagpetickych vysiedkov receminych aZ vrchnoterciérnych
vulkanitov z obiasti Guinejského zalivu a rovaikovej z&padnej Afriky nie je detego-
vany pohyb africkej dosky relativoe voéi pdiu v obdobi vrehného terciéru.

Me Elhiny et al. (1968 in Piper—Richardson 1972) publikovali devat
mezozoickych pdlov lokalit Afriky ¢, = 65° N, 4, = 261° B. Podla uvedenych
autorov doslo k premiestneniu africkej dosky v obdobi od mezozoika do vichného
terciéru (v intervale 100 aZ 25 m. r.).

Ako vidief z obr. 8 i z predchidzajiiceho textu, pomerne dobré zhoda je medzi
strednoun hodnotou pblu vypocitaného pre mezozoické horminy lokalit Afriky
podfa Mc Elhinyho et al. (l.c.) a hodnatou pélu pre granitovy porfyr jurského
veku lokality JP-9. NaSe vysledky taktieZ poukazujii na okolnost, ¥c od obdobia
vzaiku jurského granitového porfyru lokality JP-9 doslo k premiestneniu africkej
dosky z jej predo§lej polohy.

Paleomagnetické vysledky mladsich vulkanickyeh hornin pohyb africkej dosky
nedetegovali.

Yysvetlivky k tabalkim

Tabulka 1, 2. Magnetické charakteristiky hornin.
# — objemova magnetickd susceptibilita; NRMP — prirodzend remanentnd magneticks
polarizieia; Q0 — Koenigsbergerov koeficient.

Tabulka 3, 4. Paleomagnetické charakteristiky.
@r, A, ~ geografické stiradnice; B, — strednd deklinicia remanentnej magnetickej polari-
zécie; Iy — strednd inklinicia remanentnej magnetickej polarizicie; o5 — poloviény uhol
kuZela spolahlivosti pre p = 0,05; &k — koeficient presnosti; n — potet vzorick; @ps Ap — Sli-
radnice virtudlneho pélu potitaného voii severu (N) a vychodu (B); 8,,, d, — parametre
oviélu spofahlivosti pre vypogitany pol.
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Vysvetlivky k obrizkom

1. Schematicki mapa Nigérie, v&itane vybranych oblasti, z ktorych boli cdobrané vzorky.
! — oblast Runka: odkryvy RK-B-1 a RK-B-2 — strednojurské nefelinické bazanity,
RK-Gr-1 — proterozoicky a7 spodnopaleozoicky migmatitizovany amfibolit; 2 — Jos platd:
JP-1 az JP-8 — kenozoické bazaltické horniny, JP-9 — alkalicky granitovy porfyr jurského
veku; 3 — lokalita Samunaki (olivinické bazalty); 4 — Biu platé (bazaltové): BP-1 az
BP-4 — kenozoicks olivinické bazalty; @ — lokality Annobon, S¥o Tomé, Principe, Fernando
Poo, Kamerun — terciérne a recentné vulkanity skGimaané J. D. A, Piperom 2 A. Richardsonom
(1972).

2. Mudssbauerove spekira vzoriek BP-1-1/1, RK-B-1-1/5 a2 RK-B-2-1/1 ziskané pri izbovej teplote
(298 X) a pri teplote kvapalného dusika (80 K).

3. a 4. Vysledky merania Curieovych teplot praskovych vzoriek hornin.
%, %25 — Imoagnetickd susceptibilita vzorky — po vyhriati na teplotu #(x,), bez tepelného
atinku (3¢,s); 1, 2 — krivka merania Curieovej teploty podas vyhrievania (1) 2 potas chladnu-
tia {2) vzorky; T — Cwricova teplota magnetického minerdle vzorky horniny.

5. a 6. Vysledky demagnetizécie vzoriek hornin striedavym pofom, s kompenzovanim geomagne-
tického pola.
M — magneticky moment po demaguetizovani vzorky polom H; plny, otvoreny krifok —
kiadné, zdpornd RMP.

7. Stereografické projekcie strednych smerov RMP a poloh p6lov hornin jednotlivych $tudova-
nych odkryvov.
1, 2 — kladné a zapornd RMP, 3 — stredny smer RMP lokalit BP-2, BP-3 a BP-4; 4 - strednd
virtudlna poloha Studovaného odkryvu; 5 - strednd virtudlna poloha polu lokalit BP-2, BP-3
a BP4.

8. Polohy pélov vybramych Studovanych lokalit a paleomagnetické polohy pdlov (podla
J. D. A, Pipera a A, Richardsona 1972).
JP-2 — olivinicky bazanit z Jos platé kenozoického veku; JP-9 — alkalicky granitovy porfyr
jurského veku; BP-2, BP-3, BP-4 — olivinické bazalty z Biu-bazaltového platé kenozoického
veku; RK-Gr — migmatitizovany amfibolit proterozoického 2% spodnopaleozoického veku.
Vysvetlivky podia J. D. A. Pipera a A. Richardsona (1972): kontinentiine (plné hviezdicky)
a ocednické (prdzdne hviezdikyy Sasti africkej dosky; FP — Fernando Poo, AN — Annobon,
P — Principe, ST — 830 Tomsé, C — Kamerun, E — etiépske trapy, TU — turkanska lava,
MA — Madeira, GC — Gran Canaria, GO — Gomera, H — Hierro, TE — Tenerifc,
L — La Palma; RI, R2, R3 — africké riftové Gdolia: 0—-2,5 mil. rokov (R1), 2,5—5,0 mil.
rokov (R2), 5,0—7,5 mil. rokov (R3); MCEL - mezozoické pély z Afriky, publikované
Mec Elhinym et al. 1968 (iz J. D. A. Piper—A. Richardson 1972).

Maneomargernsm R30paHHbIX YCTBEPMUYRDIX,
xaiiHo3OlCKAX, IDPCKEX U ONpoTeposolierux
X0 HmkEenanleosolickux Byarammeeckux mopox Hurepuw

BOSLIMHCTBO H3YYCHHHX OMaGasoB, OMMBUHOBEIX 6a3ansros ¥ wehenunosmx Ga3amuToB
SIBIACTCA C MANEOMATHUTHON TOURYM 3PCHWA HECTAOUNbHEIM.

Yersepraaanie (Wi BepXHEKAURO30HCKHIE) QNRBREOBEE 6a32BUTEL u3 HK0oC wiaro (IP-2) umeror
¢rabuaLHOS HAOpaBicHEe OCTaTowHOM HamarHuverHocTH (OH). OCHOBHBIMH MarudTERIMH MUHE~
panaMy HBIAIOTCS HECTEXHOMETPHYECKHE MATHCTATHI C HEDONBIUM RPUCYTCTBMEM FEMAaTUTa.
OH ropHEIX DOPOR AEISETCH RTOPWHHOM, HMEs BEPOSTHO XuMieckoe nponcxoxnenne (I = 21,4°;
D =173 gp=729°N; 4p = 92,2°B).
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Cpeaxee nanpasnegae OH ueTBepTHIHHX (1R BEPXHERAHBO30UCKYR) OIMBHHOBLIR 6a3am;'ron
¢ Tpex mect Bmo unato (BP-2; BP-3; BP-4) XaparTepn3oBaH0 CICAYIOUIEME BE/IMIAHAME! I=
= —3,9°; D = 186,5°; ¢p = 79,2° N; 1p = 154,9° E. MareERTEsMY MHHCPAJIAMHE B ITAX HOPOAAX
ABIITIOTCH TETAHOMATHETUTHL B TREDHRIC PACTBODH MILMEHUTO-TEMATATOR.

IOpckye menodaEe TPanuT-nophupst w3 Hxoc wiato (JP-9) nMeioT ManoOPHTEHCHBHYIO €CTe-
creensyio OH, BEpOATHO XMMUIECKOTO HPOUCRORACHRS. VCTRCACHALH TANCOMATHUTHEL DOJOC
{@e = 70,7° N; Ap = 259,9° E) oucHb 630K HOMIOCY, MCTACTEBHOMY A ME3030HCREX TOPHBIY
nopon, Adpuxa apTopavu Mc Elhiny et al. (1968 in J. D. A. Piper—A. Richardson 1972).

PesymsTaTht HOKA3ami, 970 B TEACHNE IETREPTUHHOTO M BEPXHEKAUHO3OMCKOTO BPEMEEN Adpr-
KaEcKas AMTOCHEpHAs OIMTA B DEpeMemanach, HO C BDEMEHN BOSHAREORSHUS CTaGmibBOre
xommionenTa OH FOpCKUX IHENOYAHIX TPANHT-IOPHHPOE OHA NEPEMECTANACH B3 €€ MPEREETO
TIOTIOXEHMS, ‘

PreloZit autor
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Havenennsa yaenbHbIX COUPOTHBIACHH
H OTHOCUTEAbHBIX [JAOIEKTPHICCREX
OposuyacMocTel OT BAAMHOCTA

npu wacrore f =80 MI'n

Zmény mrnych odpori a pomérnych permitivit
s vlhkosti pFi frekvenci =80 MHz

Josef Kozel!
Tipeacrasienio 9-ro mapra 1988 r.

Resistivity

Relative permittivity
Water saturation
Effect of clay

High frequency

Kozel, J. (1990): Tzmenenija udelnych soprotivienij i otnositelnych diglektriteskich pro-
picaemostej ot viaznosti pri Casiote f = 80 MHz. — Sbor. geol. V&d, uZitd Geofyz., 24,
159-184. Praha.

DreTpakt: B opeactapiennol paGoTe DPABOPAICA TEOPETUISCKES (hOPMYIE! ANA 32-
BECHMOCTH YAEALELIX CONPOTHBICHBH M OTHOCHTENLHBIX MU3CKTPHYECKUX IPOEHANAC-
MOCTEiX OT BAAKHOCTH OCAA0IBHIR, 8 TAKKC N3BEPKEHERLIX, PYSOHOCHEIX FOPHBIX HOPOX.
OnRUCHBAIOTCS TAK HA3biBacMas HEPROISIMOBHAS TEOpPHS, C HOMOIIBIO KOTOPOH B 1o~
cieaRee BpeMsi OOBLACHMIOTCH 2HOMANBLHLIC E3MEHCHHMS YACHHHEIX COHPOTHBACHMI OT
BIAKHOCTH, W LEAbE DRI GPakTHISCKEX OUPCACHCHHME ITHX 3aBACHMOCTER B CHyZae
ropEpix mopos Ha Teppmropum HCCP. V3yuamorcs Takxe HEKOTOPHE TCXHHTECKHC
MaTepHAlikL, KoTophle 6a3ka K TOPHEBIM HopojaM. B saxinodeHEna paboThi ¢ HOMOmBIQ
JMEKTPUUECKOY MOIENE TOPOBOTO Kagana ocafoaHoi HOPOFE! AaSTCH 0OBACHE e dKene-
DHMEHTARBHO YCTAHOBNCHHOIO HONEAEHHOTO W3MEHSHMS OTHOCHTCIALHBIX AROCKTPR-
9eCRAX NPOHULACMOCTER TIMHACTHIX HOPOJ B 3aBHCEMOCTH OT CTCHEBY HACHIHCHMA DOD
ciabompBepamasoBanHol Bogol. IT0ABICKERaI0TCE COOCOOLT 2HATUTHIECKOTO BHIpAe-
BMS 3TO# 3aBHCHMOCTH.

! Geofyzika, 5. p., Brno, Jednd 29a, 612 46 Brno
Beegenue

B mocnenmne ronbl B reouskuecKy o pazBeixy BHEADPSIOTCA HOBEE BHICOKOYAC-
TOTHBIE METOIBL, KAk HAMp. reodu3AYECKHil paguoNOKANHOHHLIA METOM, KOTOPBIA
8 YCCP nposoauTcs NpeuMyLIECTBEHRO ¢ MOMOLbi0 uMnopTHOro npubopa CUP-7.
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. TIpH BCCHENOBANNAX B CKBAXAHAX BCE YAIE NPUMEHIETCS METO JNONEKTPHIECKOro
XapoTaxka, KOTOpri woiyuun Gonpmoe pacnpocrpanenue 8 CCCP (Haer (1980,
Kapyc u mp. 1980). O6a na3saHubix METOHA UPOBOZATCH HA YACTOTAX NOPAIKA
107 I'n; wactora f = 80 MI' — 3TO OfHA U3 HECYINAX 9acTOT amiaparypel CUP-7,

HaxonneHHEH] [0 CHX YOP ONEIT CBHAETENLCTBYET O TOM, ITO HiIs ONpeHeleHus
riyGUAEAOCTY PafHONOKANHONHLIX MCCHEROBAHAN, HNs OGNerdeHns ¥ YTOYHEHUN
FRTEpHpETanuM PE3yJLTATOB HONEBHX paboT, B TOM 3UCAEC KapOTaXHEIX, OYEHb
BaXHO 3HATH U3MEHEHWS YACTLHRX CONPOTUBNCHUN ¥ OTHOCUTENLHEX NU3NEKTPU-
Yeckux npounnaeMocredl ot praxuocty. Ha meGonpmpx rioyGaHax oGrMHO BCTpE-
YaeTcs BIAKHOCTE, 3HAYCHAA KOTOPOH koJebmoTes ot creneHn sackenns S, = 0
BIIOTH Ao 3uagewwii S, = 100 9%. Clexyer 3aMeTuTh, YTO B HOPAX HTHX TOPHEIX
nopoX OOBIYHO HAXOIUTCH CNa0OMWHEPaNM30BaHEAS BOAA, YACNBHOE CONPOTHBIE-
HUE KOTOpOM COCTaBifeT NECATKH OMMETPOB.

Hacrosmmas paGota, ssisiomascs upofoikepmeM paborwr ,,Ornocmreibubie
RAIMCKTPUICCKAE NPOHUNAEMOCTH ¥ YHNCNbHEIE CONPOTHBICHWS TOPHBIX NOPOX
B auanasone wacror 10°—10° I'n* (K ozel 1989), B koTopoii, kpoMe npovero, npu-
BOAWTCA AeTANbHOE OHWCAHWE METOHNOB W3MEPEHHS OTHOCHTENBHLIX OHNCKTPAYEC-
K#X npoHuRaeMocTedl ¥ yAENbhAKX CONPOTHUBACHHYE Ha O0pasyax ropHklx NOPOH,
HOITKHA COREedCTBOBATE PEWICHNIO JarHOU npobueMarTuxd. HeobxonuMo 3amMeTUTS,
9T0 WIMCPCHHS HPOBOAWIACh € HOMOIBID BHICOKOYacTOTHOre Mocra Tecna
BM 431 E. Cpenuas norpelminocTs u3Mepenyst YKa3annkix napamerpos xonebaniaco
B mpeaenax ot 2 40 5 %, B 3aBUCEMOCTE OT TOYHOCTH H3rOTORJIEHES 00pasioE.

Hexoropeie saanna 06 UaMeHERHAX YACULELIX CONPOTHBICHUN
I OTHOCHTENPHEIX AUBNEHTPHYECKUX NPOENNAEMOocTeldl OT BIAMBOCTH

W3yyenne 3apUCHMOCTHE YAEALHEIX CONPOTHBJCHAN OT BIAXHOCTH — 3TO 4acTo
BCTDERAIOWICECH 3a2HYE, PCIIEHRE KOTOPOro HYMAO AN WHTEPHPETALHM JAHHbIX
Pas3IgYubIXx METONOB JNEKTpopasBemku. B KaweCTBE NMPUMEPOB MOXHO Ha3Bath
pabotai: Bitterlich—Wobking (1972), Jaxuos (1962), Keller (1966), Kozel
{1983, 1985), Mapxomenko (1965) u ap. Paju wunocTpamuy MOXKHO TPHBECTH,
HawuPp., OUPCHLJICHHE 3aBUCHUMOCTH YHCHBHOTC CONPOTHRNEHUS 0, OT CTENECH HAChi-
menug nop S, apreETos ¢ opranmacckaM kommonenToMm (Kozel 1989) (puc. 1).
m, — Hig

——, rlie m,, — Macca 4aCTHYHO
Mype — Mg
HACHUYEHHOHA FOPHOH TIOPOAH], Myge — M2ACCA TOPHOH ropopkt co 1009%,-bIM Hachi-
HICBACM ¥ Mg — M2CCa COBEPIUCHHO CYXOH ropHON IOPOAEL.

U3 puc. 1 BeiTexaer, YTO N0 Mepe YBERHYEHNS BIAKHOCTH HPOUCXOMUT TIOHMKE-
Hye yAeaproro comporusicnust. Cradana 3T0 MOHWKEHHe SBIETCA QOBOJILHO GrIC-
TP, ¢ S, = 30 9%, OHO CTaHOBATCA yXe Gojiee MEHJIEHHEIM, 2 HPHOINZHTENLHO
¢ 60 9, oHO FBIAETCA YiKE AOBOMBLHO MaJibiM. DOpMa 3aBUCHMOCTH ¥ 06oux obpas-
gos Ul, U5 B uppnnune oxuHaxkosa.

3navenue S, BHMACIHCTCS IO Popmyne S, =
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Opnako GoJee 4acTo, YeM ONpeAciicHue 3aBHCUMOCTH YAEILHOTO CONPOTHRICHUA
OT CTeNeHy HaCHUIEHHUS TOP, BCTPEYAETCHA ONpele/eHue YASLHBIX CONPOTHBACHUH
VU1K TAPAMETPOB IOPUCTOCTH F OT MOPHCTOCTH D; ¢4/0, = F = f(p), TAe 0, — yACIL-
HOG CONpPOTHBJEHHE PacTBOpa B mopax. B HaHHOM ciyyae BA2XHOCTH BBIPAXKACTCA
HE TOCPEACTBOM TPONCHTA 3aTOJIHEHUS TIOPOBOFO NMPOCTPAHCTBA OFHOTO 06pasma

Pn{0OMM)
1000
800 -
600 I
500 Moo oL
400 SR S
| T I~
300 | |
200 7,|L N -
i
)
09 S I |
g0
60
50
40
30 b—— - . ]
us M
1. 3aBACAMOCTH YACALHBIX 2w0b . b ::;::%
COTPOTHRACHUY OT CTENCHHA .
HACHTIUCHEMA BOJOH apIHANTOR i
¢ OpTaHRYeCKEM KOMIOHCHTOM B S o |
{oB6paswst Ul, US) 20 40 60 80 1060 Sy, %

NOPOAEL, & HOCPEACTBOM HOPUCTOCTH COBOKYIHOCTH FOPHBIX MOPOZR (bopmanum
N0pof), B KOTOPO#l HAXOAATCS TOPHbiE MOPOAbl PasHOM TOPHCTOCTH. IIpu atoM
obbiuHO mpepmonaraercd, wro S, = 100 %. Omuoi#t u3 Haubonee IPUMEHSEMBIX
GOpMYJ ANS BHIpaXEHMs JTOH 32BUCMMOCTH fABAACTCH dMOHpRYecKas (popmyna,
pBeacHHas Apuu: F = p~™, rAe m — T.Has. Ko3pQHUKEHT CHEeMEHTAPOBAHHOCTH.
BriocieacTeuy 372 hopMyJia 6pLia MOAMQHUIMPOBAHA PasHbiMu aBTopaMu. AaxHo-
BHiM (1962), Hanp., A4 KODHUTMEHTOB CUEMEHTHPOBAHHOCTH BBOJAATCSA SHAUCHUA M
B mpegenax m = 1,3—2,2. B HacTosIee BpeMs IPUMEHACTCA 3aKOH Apau B opme
0, =a.g,.p ™ TOe KOHCTaHTAa g MoXeT obGnajaTb 3Hauenuamu ot 0,6 no 3,0
B 33aBHCUMOCTH OT JIMTONOTHMH M TeKCTyphl ropubix nopon (Handbook of physical
properties of rocks, Carmichael, ed., 1986).

B Tedenue mpowemuerc aecaTwietust aBTopkl Schante—Kirkpatrick (197])
n Kirkpatrick (1973) ony6auxoBaiM HOBYIO TEOPHIO A OGBACHEHUS CYIIHOCTN
3NieKTPONPOBOFHOCTA B HEOAHOPORHLIX CHCTEMAX — TEOPHIO mepKondumu (mpo-
cauuBaHus, NPOTeKauus). Buepsbie 5Ta TeopuA Gbina npumeneHa A1 0ObACHEHHA
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SNCKTPONPOBONHOCTH TOPHEIX HODPOH, WO Beel BeposraceTd, B pabore aBTOpOB
Schanki—-Waff (1974).

B CCCP 6ruia amanorgaso wewons3osasa Teopus uporexamus (IIEaoBCRAH —
Ddpoc 1975) mum obbscuenus IPOBOARMOCTH CANBLHO HEONHOPOAHSIX CPeX.
B 1979 r. Yennnse Grua ony6iukosana paGota ,,[IepKoNSIIOHRAs MOKEHD JIEK~
TPOIPOBOAROCTY MUBEpasios. Jing Harnsmaoro o0LICHCHNS NPGOIEMATIRY BIDRS
HPHBONWTCH 4aCTh €ro padoThl B ¢cBOGOAROH mepepaborke.

SxcnepumerntamsEem myTem (ITapxoMerko— Mrprasu 1974) 6euta nonygena
32BUCAMOCTb YACNLEOH NPOBOXUMOCTE MUEEPAJNIOB OT CONCPXAHWS HPOBOXILNEX
_ OkHCHOB (pHC. 2). J{Ns YHCNICHEOro BHIPAKEHHAS TAKOH 3aBACEMOCTH OGEITHO opy-
MEHIOTC 32KOHEl JUia cMeceli Maxceesura, Jimxremekxepa w apyrax. Yemugse
BCHONIL30BaN 3ak0H Makcsemia — Barrepa — Xauas B fopMe o = o4 (l — Vo)n~3,rae
0y — yAeHbHAS NPOBOAVIMOCTL OTHOCUTENLHO HEHPOBONIMEro ckelera (OCHOBHOM
Maccel), ¥V, — ofBeM MpOBOASNIAX YACTHAN YAENLROH IPOBOZEMOCTEIO O.

109 GfOMM)- '
i —t
! 5
2 >
0 ]
T
/“/q:
0 7
-6
16 ; o
! " 2. 3aBEcEMOCTE  yaeMEHOR
" C—/ . NPOBONEMOCTE MHECPANOB
0® < OT CONEPKAHNAT EPOBOANIHA
Y oxucios. Yepkonarmmonsas
=0 01 c2 03 v mozens mo T. JI. Yemamse

JelictBATENbRO, YTO ¢ CYIECTBEHRO MEHBINE 0,. OFpako, 32K0HOM OPefnONa-
Taercs, 9TO B3aWMHOC BOZACHCTBHE APYr Ha ApYra 4acTEll UPOBOHEMOCTHIO G,
He umeeT MecTa. I'paduueckoe usobpaxenue 5Tol 32BECAMOCTH TO3BOJMIO YCTa-
HOBUTb, 9TO 3Ta (OpMYJI2 COOTBETCTBYET 3KCHEPAMEHTY JHMDIL NO 3RAYCHMAA Vs
KOTOpOE Ra3HIBAETCA HOPOrOBHIM 3HAYCHWEM. B Ciyuae HoJiee BHICOKUX 3HAYCHUI
(V2 > V,) npoBomaMoCTs pe3ko YBENWUMBAETCS. D710 sABJiCHEE OBLACHSETCS C IO~
MOIIBIO TEOPUH NepKoNsan (ITpocavHBaHws) TEM, WTO HPOHCXONAT OGbeHuHEHUE,
CKANTNEAHAC MPOBORSINUX vacTul. JUIs UpOBOAUMOCTA TAaKOH CHCTEMEI NHO YCTa-
wopnemuto  aBTopoB Schante—Kirkpatrick (1971) nelicrpurencana dopmyna
o(V) =~ (V- V), roe t — xpurmueciaii ko3()pEOUCHT; B Ciyuae ABYMEpPHON
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MOZIEHE eTo 2HaqeHne cotrapnget 1—1,3, B eny=ae Tpexmepsoit — 1,5—~1,56. O6ne-
AEEEB TakmM o6pazoM ofe sactamte GopmMyns:, Yennase BaZ0uT OKOHYATENLAYIO
dopmyny

JeQ-"7 o v <V,
RV -V)) mna V>V,

Ecim pafu CpapeeHus B34Th RIACCHACCKEM 33KOH ApDYH, €r0 MOKHO HAIECATH

O . P, OTRYHA @, = @, . P ™ K, CCAOBATENHLHO, 00paTHAA BEIH-

w

B dopme F =

i
upHA YOENBHOTO coupoTmeiecsns oy = —.p" = G, .p", T4e m, Kak yxe OGpuio

w
CKa32HO, HAXOAWTCA B mpegenax m = 1,3—2,2, KoajdunueaTr m npeacTaBnseT
co60if CoXHYIO (PYHKIEIO CHeMEHTAPOBAHBOCTH, CTPYKTYDHL HOP HAM e TInTHc-
TOCTH HOPOZ.

IlopmeTocth, KAk W3BECTHO, ONPEAENACTCA Kak p = V o /V (V — obumii obnem
ropHoli mopoapl). Cnexosatebno, Aid BHIICHPUBEICHHON 9aCTH SKCHOBCHIEANL-
HOTO HWPHPOCTA MPOBOOMMOCTH MOXKHO HONYTATh GiusRoe OYBKOHOBANLHOE OT~
HOIDCHHC.

Ompuocumenvible duaﬁekmpuuecxue npoHuyaemocmiy

328mCUMOCTH OTHOCKTENBLBLIX AHEDICKTPAUCCKAX DpoHAraeMocTell & oT BlaX-
HOCTE W HI3YYatoTCd yxe B MeHpilicll CTEHeHHW, 4eM aHajiorTAYHas 33BHCUMOCTD
ANS YASHLHBIX COHMPOTHRICHEA. B mETepatype BETpedaroTes HBa BEA2 JAHHBIR.
YacTo HaXOAAT WK NPEATONAraioT IGueclHyIo 3aBHCAMOCTS &, = fiw)(Zemé&ikova
1981; JaSek 1984 n ap.), maorga pe3yAbTATE COOTBRTCTRYIOT HCHIHCHREIM, CTCHCH-
HBEIM 3aBucEMocTaM. HlETepecHbic JauHble IO IPYIHaAM ilopol, pasHoll HOPHCTOCTH
ony6rinkoBankl, Hamp., KpaeseiM (1951).

Y1068 MOXKHO OBLIO Jydille H3Y9aTh XAParTep HAMCHERHM yACIBLHBIX COTPOTAR-
JieHAl B HEePEMEHHARX JU3CKTPHYECKUX TPOHAIAeMOCTel OT BIAXHOCTHE B ¢hopmy-
JHPOBATh OUPEHCHECHHOE MHCHNE OTHOCATENBHO 06pasioB TOPHBIX IOPOA U3 BALEX
obnacteii, 6pina BHWIOAHEHA COBOKYHHMOCTD HMCCICOBAHAY PA3HBIX THOOB FOPHBIX
HopoJ, a € OCiibIO CPABHCHUA — TaKKC HEROTOPBIX TCXHHYCCRMR MaTePHAAIIOB.

Pezyas1aThl MCCASHORABHNA 3ABUCAMOCTR YICHLEBIX CONPOTHBICHRI
07 BARKHOCTH WAM K€ OT CTENeHN 3ANONHeHNA HOp UOPOXR
enaGoMuHepann30Bann0il BOIOi

KpOMe OPUBCHSHHOrO YXe mpuMepa AJId aprujauToOB € OpraBm4ecKsM KOoMuo-

HenToM ObLIH HPOBEACHb! NCCACHOBAHUS MEIKO3EPHACTOIO CaborNInBRCTOro Hecka
u3 paifona xaprepa BpHo-HepHOBuHile, B KOTOPOM MapaMETPAYECKH YBOIMUMBAJIOCH
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conepxanue 6enronnta (or 10, 25, 50 06pemunix %, 1o 100 9%,) BInoTH 10 ,,MHUCTOTO
Gentonuta. Pesynprarhl npusomstrcs ua puc. 3. Us rpaduxos scHo, 4TO 1O MEpe
YBEJIMYEHUS. BIAXHOCTH NPOUCXOAUT CHAuada pe3Koe YBENUUEHUE NMPOBOOMMOCTH
(pe3koe noHUXeHue CoNpoTURNIeHHA) n 910 npubmusarensro ¢ 30 Y, S,, noHMwKeHuUe
CONPOTUBJIEHHS CTAHOBUTCH GoJice MELJICHHBIM, SBJISACH Donce mny MeHee JuHel-
HbiM. 3aMeTHO Takke, uTo npu S50%-HOM conepxaHwy OeHTOHWTa 3aBUCUMOCTb
6amsKa K 3HaYeHusM conpoTusnenuii mis 100%-noro 6entonura. OnHaxo, B o6meM
XapaxkTep 3aBHCHMOCTEN O4eHb GNU30K K yike 0OCYKAaBIMMCS 3aBUCUMOCTSM AN
APTUAIMTOB € opraEmdeckumM xommonenToM (oOpasmer Ul, US).

Ch (Omm}
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500 3

&

200 1\\ T i

100 :
. PS-20 .
\
H 0 %
20 LN I 1 i A
\\\: \\_\ | !\
100 %5 g 25 %,
\\&N\‘“ 3. Bimsune COHEpIRAHUS
O OcHTOHUTA Ha M3MEHEHH:A
VHENBHEIX COMPOTHBICHAN

necka PS-2a npu pasno#
0 20 4] 80 €0 00 SA%) BIAKHOCTH S,

Ecau cpaBHUTH XapakTep WEMEHEHWI 3aBHCHMOCTU C NPENIONAaraeMeIM U3Mene-
HMEM N0 TEOPUH NMEPKONSUNM, HEOOXOAUMO OTMETHATH, YTO 32BUCUMOCTU HE Conep-
*arT ,,uHedHON“ yacTH RO T. Ha3. NOPOTOBOrO 3HAYEHUS, WK YTO HOPOT CMENIEH
K 3Hayeunio Onuskomy k S, = 0.

Jlnist NnpoBepKy BOCMPOM3BOAMMOCTY PE3yILTATOR HCClenoBauuii Oputa npose-
JEHBI KOHTPOJIbHbIE UCCAEAOBAHUA BTOPOIO ¥ TPETHEr0 0OPA3IL0B U3 TOTO XKe paliona
(puc. 4). Upadbuki CBUAETENECTBYIOT O TOM, YTO XapaKktep W3MEHCHUH Takod e,
paccestHie TOYEK BLI3BAHO HECKOJIBKO APYroi mOpPUCTOCTLIO, T. €. HETOYHOCTHIO NpH
3aNONHEHUH T0P.

M3yvamice TaKkxe ropible nopoabl U3 HEKOTOPHIX PYAOHOCHBIX 00JIaCTel, UMEHHO
u3 paiionos 3marte Topsl (cksaxuna 3I'-2093) u Cyxa Pymna (cxsaxuma CPB-4),
colepkalue pasHble KOJWYECTBZ NWUPUTA, NHPPOTHHA, WHOrAa Takxke rpadura.
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5. TlpmMepy! 3aBBCAMOCTH YACTBHBIX CONpOTHBREHUH OT BAAKHOCTH HEKOTOPAIX obpazuos
72 paiiogon 3mate Topet (ckBaxuna 31-2093) o Cyxa Pymua (cxsaxnua CPB-4)
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Tlonyyennnie pesynLTATE IPUBOLATCH HA prc. 5. 3aBACHMOCTH YAENbHEIX CONpPOTHE-
SieHn# OT BIaXHOCTH 06NafaX0T OOLHEM XapaKkTepoM, 3HAYCHUSA g, MOHIKIIOTCH
C pOCTOM BJIAXHOCTH, CHayana GEICTpee, a nps HoJee BLICOKOH CTeNeHn HaCkINenys
- mennennee. Heobxommmo ofparaTs BmiManpe Ha TO, 9TO HOPRCTOCTEL 3THX
06pa3nos Buska @ KonebieTCs B mpenenax p = 0,2—2 % (Kozel 1985), Tak aro
HOHILKEHWE YENBEEIX CONpPOTHUBIICHAN OT BIAXHOCTA JOBONLHO HU3KO., Hanee Ban-
HO, 9TO BLICOKOE Conepanye rpadura (cM. xeprnt N°N° 35C, D) Brr3nmaer cye-
CTBCHHOC HOHWXCHUC yIENBLHOrO CONPOTURICHAS YKE Y CyXmx obpasmos, Tak 4To
XapaKkTep 3aBUCHMOCTH B NAKHOM MacmiTabe HeNb3s YeTKO PaiiTanTh, ONHAKO HO-
HEKCHUE YHENBHOTO CONPOTHUBNIEHNS OT BJIRXHOCTHE XOPOMO 3aMETHO. B 3aximove-
HUEC K 9TUM npuMepaM (puc. 5) XOTesoch Ghl eIme 3aMeTATh, YT0 BIEIRHE napura
U rpauTa Ha YACTbHBIC CONPOTHBIIEHNS U OTHOCHTEILHbIC HUSNEXTPUIECKUE HpOHN-
UACMOCTH JHETANILHEE DacCMATPUBAETCS B YaCTHOM RaKNIOYATENHLHOM OT4eTe
{(Kozel 1985).

Ecym 0600muTs pesyiLTaTH HA3BAHABIX BINE VCCHEROBAaRAH, MOXHO CKa3aTh,
9TO ,, NEPKOJLTIUORHOTO XapaKTepas’, T. . Pe3KOro YBENHWIEHHs YAENbHONU NpOBO-
AUMOCTH C XaKOro-T0 HOpora ¥, yCTaHOBAEHG AE GHLIO, TONLKO, ZOHYCTUM, BCIyUae,
ecan Ger nopor V, 6but copmEyT B 0GNACTH 3HAveHmi Sy = 0. Opnako, Mul HE
B KOEM CNy4ac HE COGHMPAEMC: CYLIECTEOBARNE NEPKOMSIUOHKOYO XapaKTepa oTpuE-
DaTh. Bromme yormawo, uro mpum yBenmuenmn o6nema HPOBONAMR YaCcTHN, Ha-
XO/LINIXCA B HEMPOBOXMINEH Cpelie, LpH ONPENEHHOM, HOPOTOBOM KOMAYECTBE,
KOrna 3epHa HATHYT CONPUKACATHCH, JOIKHO NPOM3OHTH PE3KOE YBENHICHUES IPO-
somumocTh. OpHako, Kakercs, 4T0 y oGmEepacHpOCTPaHeHHbIX TOPHEIX HIOpPOZ,
0COBEHRO €CIN OHY YACTUYHO BJAXKHLL, HET TAKOTO KOHTPaCTa MEXKAY IPOBOIALIAM
B HENPOBONAUMM KOMIOHEHTAMH, YTOGH NEPKONALMOHHEI XapakTep wMor npo-
SABATHCS,

Yro xacaercs dakra, 9To He CHUMIKOM CYX¥i€ MOPONB! OTIWYAIOTCH YACHBHEIM
CONPOTUBIIEHHEM OJH3KUM K CONPOTHBJIEHHIO COBEPHIEHHO MOKDHIX IOPOX, Kak
06 3TOM roBOPHUIOCH B HpeaBILymeii paGoTe asropa (Kozel 1989), T0 Jicrko HOBATS,
YTO 3TOT (JaKT BHITEKAET W3 OOIMX HaAMeHerni e, = f(S,,). Uenssii pax moiay1eHHEEIX
DE3YIBTATOB CBUAECTENLCTBYET O TOM, “TO NPUGIE3ATENLHO C S, = 50 %, nonmxe-
HUC YACHbYLX CONPOTHBNEHWH ABNACTCH NOBONLHO HUSKUM. DTOT (AKT MONKET
uMeTE GONBIIOe 3HAYEHUe AJIA NPAKTAKA HOJNEBHIX MaROFITyORIHBIX HCCHe/[OBAr.

Xapaxrep nsuemenwii ormocurernRO REBECRTPYICCRO
TPOHUNZEHOCTHE OT BNAMHOCTH PaSHLIX THHOB FOPHEIX HOPOR,
W TeXNHYCCREX MATEPHAAIOB

B npenpyrymeii pabote asropa (K ozel 1989) ckazano, 4ro u3yuenne 3apECAMOCTEH

OTHOCRTCILHBIX QUAEKTPUECKAX TPORUN2EMOCTeEll OT BAAXHOCTY GyneT mpoRoi-
KeHO C NeNbI0 00bacHenAs NeTPOYU3HIECKRX YCNOByL g CYINECTBOBAHNY JInei-
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HOTO WA HCNEECHEOro XapakTepa 3aBECHMOCTH &, = f(S,). Zlnd neneit penenns
3TOT0 BOUPOCA HPOBOFHIUCEH CHEAYIOUIHAE N3MEPEHH.

E‘
£ D1
16

121
01

T ¥ T T

6 20 40 60 80 100 Syi%)

[
:; ] P3
i0- P
6. Mprmepst 84

32BACHMOCTH
OTHOCUTERBHEIX 6 -
AMDIIEKTPHICCKEX 4 J
TpPOBHIASMOCTER 2 ¥
OT CTCDEHR HACHUNEHRS T . 7 : y
TYHOB ¥ NECIAMMKOB 4] 20 40 60 80 100 Syl{%}

167



npouymMmepoBanaerx X1 —X9, [ neneil npoBepKy ONHOPOAHOCTH KApOUYa Y BCEX
OGpasoB OUpeACHsUIMCh, NAPaMETPR WIOTHOCTH. IlOAyYeHHEERIC pesymbTaThl npu-
Bogsitcs B Taba. 3, KOTOpast HONMONHEHA 3HAYCHHASMH OTHOCATENbHEIX NUIJIEKTpU-
9eCKAX IPOHULAEMOCTEH COBEPINEHHO CYXUX H HONHOCTLIO HACHIUEHHEIX BOHOH
obpaznos, rae g, = 7 OMMETDOB.
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Y710 Kacaercs NapaMeTPOB MAOTHOCTH, BUAHO, UTO 3HAYCHMA TAOTHOCTM ADYF
OT Apyra He CluilkoM oTauyatorcs. [IOpHCTOCTL 3TOr0 MaTeppana ABASCTCH AO-
BoNBHO Gonbmioit, B GonpbuIMHCTBE CliydaeB OHA HpACAEXAETCH K 3HAUCHBAM
p = 30 Y%, onnaxko 3mavYeHns OTHOCHTENLHHIX AU3NEKTPHYCCKHX TpOHMIacMocTefi
npu S, = 100 %, oTHocuTensHO HR3KA, & = 11,4, BT0 3HAYCHHE FOPA3LO MEHBLIOE
3HA9€HNA, YCTAHOBJEGHHOrO Wi TOH X&e uacToThl f = 80 MI'y m npabamsareanEO
TaKo#l e NOPHUCTOCTH aprujMTOB C OPTAHMYCCKEM KOMIOHEHTOM, TAE e, = 16.

Jlns peneii Golee JeTanibHOTO M3YIeHNS W3MEHEHMH g, = f(S,) oOpaszupr X5— X9
TIoC/i€ YaCTHYHOTO HackhlIieHNs NOPOBOTO MPOCTPAHCTBA NIOABepriamch Gojee ie-
TanbHeIM MCcrefoBannamM. Tlomyyennrie pesyabTaThl HPUBOASTCA Ha pHEC. 7. MoxX#HO
€Ka3aTh, YTO B CIyJae BCEX ITHX 0OpasmoB 3HAYCHUS! OTHOCHTENBHON NESACKTDH-
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9eCKOM MPORANAEMOCTY IMHEHHO PACTyT ¢ BIAKHOCTHEO. WTO KacaeTcs OTKIORCHUS
(o6o3naueno mrrpuxosoil mzmmei) nmo obpasny X7, TO OHO BHI3BAHO IPE3MEPHOH
BIAKHOCTBIO HOBEPXHOCTH 06pasya npr mamepenvy npu S, = 100 %. Mocne yaa-
nennst 5Tod u3GHLITOIHON BNAKHOCTH 3HRYEHEE NOHUBMIOCH ¥ 3aBACUMOCTH CTaNa
Jareinoi,

B xoniie HacTosmel 9acTy HeoGX0MUMO KOCHYTECS SINE Pe3yNbTaTOB H3MEPEHAH
pecka PS-22 w3 kapeepa BpHo-UepHopnnge, o KOTOPOMY 3aBHCHMOCTH YHACHLHOTO
CONpOTHUBJICHNS OT CTeNeHy Hackuuenns S, yxe obcyxumanacs. Kpusas na puc. 8 (2)
CBUMETENLCTBYET O TOM, Yr0 32BRCHMOCTH SBNAETCs cilerka HenmHelino#. Hnd
KORTPOJIS BOCHPOWSBOMUMOCTE PE3YJLTATOB Ha pUC. 8 (H) WOKa3aHB! PE3YNLTATH
[0 BTOPOMY ¥ TpeTheMy o6pastiaM a3 Toro e paiiona (PS-2b, PS-2¢). Cpasnerme
0GOUX PUCYHKOB MONTBEPKIACT, YT0 3aBHCAMOCTY SBILIIOTCH HPAKTHICCKA TORIC-
CTBEHHBIMY Y YTO OHIIO NOCTETHYTO OYEHL XOPOINEH BOCHDONSBOHEMOCTH.

Paru wonmoTH HeoGxommMo cxasatk, 4o B paGore Kozel (1985) usywamich
Tawke Apyrue oOpasmbl PHIXJILIX [OPHBIX HOPOA, 2 AMEHEO, OOpasHE! IPYHTOB
€ NPUMECHIO FIMH, TPaB, XBOH U T. H., @ Takxke o6pasnk 6¢3 5TaxX mpmveceil. Takxke
B 9TOM CJIyuae HONTBEPAMIIOCE, YTO HPUMECH FIIHH BHI3hIBACT HEIMBCHALIH XapakTep
3aBuCUMOCTH &, = f(S,,) ¥ noBwImenue spavenuii g, i S, = 0.

ARqauzsl 308UCUMOCIY OMEOCUMEnbHOl Oudsexmpudeckol
RPORUYAEMOCIIU O CIMENEHY HACLIUJCHUR 20PHREIX NOPOO U3
HQuiux paiionoe, KOMOpsle UCCALODEANUCH HEKOMODLI MU OPY2UMU
asmopamu

B numnomuoii pabote Slmeka (Jafek 1984) omacrmsaercs GoJbaiee KONHICCTEO
onpeneneanii 32BACAMOCTH &, = f(S,,). DTE paboTE HPOBOAWIMCE B Hawel sabopa-
Topuu. MccnenoBannio NOABEPINCH HPEKHE BCETO TEXHHYCCKAS MATEPHAEl, Kak
KUpOuY {3 Tepe3uaHCKoH KpemocTd, 0Gpasniel B3 AOPOKHOIO NMOJOTHZ, RaMEHHO-
KepamMuMecknil Matepuai Gonpmmx Tpy6 u T. . Pe3yibTarsl NpABOAATCA SleKoM
B dopme Tabnpm. HexoTophie ero usMepenms mHOkasade! Ha puc. 9. O6pasmer J1
u J6 — 370 WIacTHHKE U3 TepesuaHckoro kmpmmia, Kl @ K2 — obpasou u3 ka-
MeHHO-KepaMmaeckoli Tpy6w, Al — o6Gpasen w3 GuTymuoro cios n H2 — obpasen
w3 BepxHEro ciios GeroHa aBTOMATHCTPANH.

Kpussie Ha puc. 9 CBUAETEINHCTBYIOT O TOM, 9T0 B GONBLIIMHCTEE CIIyIacs HMEIOT
MECTO npubTM3HTENBRO Naneiinie 3apucuMocTd &, oT S,. Omnako, Beobxommvo
3aMeTHTh, 9TO B CiIyyae mpuBenenHoro obpasna J1 (# To xKe camvoe OBUIO YCTaHOB-
JIEHO BAMM TAKKe Y APYrux obpasios, NprBeJSHHRX B paboTe SINeKa) HpOHCXONAT
peskoe, hukTuBHOE yBemuyeHue &, npa S, — 100 %,. M gymaeM, 9T0 3TO BHIZBAHO
T. Ha3. B3OBITOUHON MO CpapHeHm:O ¢ npeAnonoxenrmeM mnst S, = 100 %, soxo#
Ha MOBEPXHOCTH 00Opazna. € 5THM ABNCHEEM MBI BCTPETAWIHACH TP ACCIE{OBARMN
kapmmaroro nona (puc. 7, o6pazen X7). Ilocne monpaBKy 3a ITO SBJICHAC IUHEHHAN
3aBECUMOCTS &, = f(S,) cTaHoBUTCA eme boliee 4eTKOH.
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B saxmounTeisEoM oTyere 3emunkosoii (Zem&ikova 1981) ocrorpoe BamMaBne
yAenseTcs OMpefcieHAio BAUAHMA BIAXBOCTH Ha TOBEACHHE OTHOCHTENBHON AM-
9MeRTPAYCCKOl DPOHMNACMOCTH. BHUIO HPOBEHCHC HCCHC/IOBAHUE DIECTH PA3HBIX
©6pa3noB HOPACTOCTRIO p = 1,3—8,5 %, upu pasBEol CTeNeHA HACHLIMCHEA TOPOBOTO
TPOCTPaBEcTRa. ¥V BCEX HPEANofaractea mpubAMBUTENLHO JipHelHad 3aBACEMOCTE
& = f(S,). C noMompio 06paGoTKU PE3YNLTATOR ITHX HCCHEHOBaHMH, KOTOpHIC
IPABOIATCS HaMM B BR/AE KPEBEX HA PAC. 10, BeMaEKoBa RaXOAT CHOCOD ompenene-
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HHI H3MCDEHHH ¢, IO BIASHACM BIKHOCTH, 6C/I H3BECTHEL IOPUCTOCTE P, CTENCHD
BACHUNERUs S, H OTHOCHTENHHAS JUINEKTPUYECKAsd HPOHUAEMOCTE B CYXOM CO-
cm”m éo . . fe ‘ B ’ v
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Bawasnue ,,radcroeTaY HA M3MEHCHNA OTHOCHTENHHBIX
JRBIERTPIIECKNX HPOHHNAEMOCTel B 3ABUCHMOCTH OT BIAJKEOCTH

AHanmuss!, IPOBEACHHRBIE B OPeARIAYINEY 9aCTd, IMENMU CROSH NENLI0 HAKOIUICHHS
JaHHBIX, KOTOpEIC MpHBENH Obl K OOBACHEHHIO DaSHOLO XapakTepa 3aBHCAMOCTH
& = f(S,). Tax xax xraccndukanms no nopuctoetd (em. Kpaes 1951) Moxer 6biTn
npobnemarauoii (aprewmT ¢ opranmdecknm komnoreatom Ul o6nanaet p npubiu-
3rTesbHO 30 %, 1 TO# Ke HOPUCTOCTEHI0 OTIHIAETCS TAKKE KHPIIWIHELN 1101, 06pa3ipl
X1-X9), HaupanmMBaeTcs BO3MOKHOCTH 3aHAMATHCS BJIHSHUEM TJIHHUCTOCTH.
C 370l TOuKM 3peHUs NPUXOZEM K 3AIITIONCHHIO, 9TO JUIA T. Ha3. HErJMHUCTHIX
TOPHBIX HOPOX WK TEXHHWIECKHX MATEpUalioB GyeM, Kak NPaBUITO, HONYIATh JIuHEH-
HEIE 32BHCUMOCTH OTHOCHTEJILHEIR ARIEKTPHYECKAX HPOHHLAESMOCTEH OT CTEeneuu
Hacemuennst mop ojoid. K 3To#t rpymre MOXHO OTHOCHTH HOPOAW M TEXHEYCCKHE
MaTepHalibl, KAK Hanp. KpECTAJUIHIECKHe Hopoasl ¢ M. JAyGpasa, usMepenne KOTo-
peix omacano asropoM (Kozel 1989), paznrie TaNE! rpaHATHEX DOPOA, 0GOMKEH-
HbIE FIHHEL, KHPIWY U3 Tepesnanckoit kpenoctu Hocedos, o6pasuwt u3 nona cobopa
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B T. 36pacnag, oﬁpaznu n2 GETYMEOTO ClIoS aBTOMATHCTDANH, mmeuno—xepamw
qeckmii MaTephali CTOWHEIX Tpy6 @ Apyrue obpasmpr. MoXHO NpeAmoarath, 410
K 3T0# rpymue GyHeT OTHOCATECHA OoNbiliasi 9acTh H2BEPKCHHBIX H MeTamopdu-
4eCKAX TOPHHIX HOPOJ.

Ko sTOpoii TpymIie ‘T. H23. TIHAHACTHIX TOPHBIX HOPOA MOXHO OTHECTH HPEeXAe
BCEFO ApTHILIHTH ¢ OPTABHYECKAM KOMIOHEHTOM, TECKH ¢ GCHTOHUTOM, YaCTHYHO
ONOMHUTOBHE TYDEL, K Hell OTHOEHTCS TaKxke Hecdauuky ¢ Oompilicl CTCHEHbIO
rmracTocTd. B paGoTe aBTopoB Uhmann—Kozel (1957) npusogares Tarxe
APHMEPHT PE3KOT0 YBEIMYEHAS 32aBUCHMOCTH &, OT BIAXHOCTH B Ha4aibHOM CTAIuH
.HacLINIeENs apranAnaToB u3 paitona Jiyxmme. C 9TEM XOPOINO COTNACYeTCsA Tak:ke
i pabota, omy6nuxoparHas Pukarakn (Rikitaki 1951). ITo pesynbraTam ero mecye-
[oBamuil OTHOCHTEILHAS AHANERTPUYCCKAad MPOHMIAEMOCTS NOYBEL &, HPH yBend-
YenuH BAAXKEOCTH S,, 0T 0 70 50 Y, yBemmumBaeTCs 10 KpHBOH, 6Au3K0H K napabone,
or & = 3 j0 & = 40.

HeobX0AUMO TaKXKE 3aMETHTh, YTO TOA HOEATHAEM TJIMHACTOCTL B JAHAOM ciyuae
He TOJPA3YMEBAETCA TONLKO CONCPKAHWE WaCTHH, PasMepPbl KOTOPHIX MEHBHIE
0,01 MM, KaK 3T 4aCTO EMEET MeCTO. [ IMHACTOCTS CHMTACTCA (PU3AKO-KEMAICCHEM
OpOABNEHACM HOPO/R, TAE HAPARY © COPEPKAHMEM gacTry, MeHbLLiX 0,01 MM, polik
BIPAIOT TAKKe KA9eCTBO IEMEHTA, CTENCHR CIiEMEHTAPOBANHOCTH, KPUBOMAHEHHOCTD
Hop ® T. A., T. €. TOHSTAC TIHAMCTOCTH B JAHHOM CliyJae COOTBEICTBYET MOHATHIO
PAMHUCTOCTY B 2JICKTPHUECKOM KapoTaxe. M3BeCTHEI TaKke CHOCOOB! KONMYECTREH-
Horo ompeaeieuns TamHACTOCTA (BenAensuiTelH 1960 Kozel 1969, Schium-
berger Corp. 19722,b).

JnerTprueckad MOFeAb TWOPOBOTO HPOCTPAHCTES

OTHOCATENHHO PEIKOE YBENMUCHNE SHAYCHHH OTHOCUTEIbHAIX AUIICKTPUICCKAR
npor-muaemocweu PAMHECTHIX TOPOX B HAaNbHOH dase Hackumierys (B Cilyuae apra-
JMTOB ¢ OPraHMYECKAM KOMIOHERTOM 3TO GBiio mpubmuzntensHo Ao S, = 20 %
OGBACHSEM C THOMOLIBIO CAEAYIONIEro MpeACTARJCHUS, ONHPAOLIErocs Ha MOJeb
3JIeKTPHYECKOTO HBOMHOTO Cliof, 06pa3ylolWierocs BEYTPH MOPOBOTO KaHand oca-
AOYHBIX MOPOL. ‘ ’

CornacHo YacTo MPUMEHAEMOMY MPeACTABNCHRIO MOPOBOE MPOCTPAHCTBO OTIO-
SKeHMii MOXKHO 3aMEHUTH CHCTEMOM KanuiiasgpoB, Ha CTEHKaX KOTOPHIX HAXOAUTCA
SIEKTPHUECKAN 3apik. DTOT B GONBIIMHCTBE CHy1acB OTPUUATCAbHBIA 3apsii KOM-
nencapyercs mouam HY, Na*, Ca™* ... u3 moposoro pactsopa. Takum obpaszoM
Ha TpaHAUE TBepHo H KuiKoit ¢a3 o6pa3ye'rcﬂ SNEKTPUYECKHil JBOHHOM CIIOH.

B ciiyuae TAMHECTHIX FOPHBIX NOPOJA BO3HAKHOBEHUE 3apsaja MOXHO NO I‘pnmy
(Grim 1959) wmocTpuporaTs Ha HpuMepe Munesmst Si0, (puc. 11). B pesynsrate
MECCONMALMN KpeMHEBOi KUCTOThl o6pasyrotcs Katmomel HY u ammomsr Si0;™ .
Annonit SiQ,;~ ~ ocTaroTcs Ha IoBepXAOCTH A4pa Si0, U MpUAAIOT eMy OTpUNATelb-

175



HLM 3apslt; TakuM 06pa3oM OHY O6PasyIOT BHYTPEHHIOK 060N0UKY EKTPAIECKOTO
asoiHoro cnos. Bueumelt oGonoukoll seisroTes karuonst HY, KOTOpLIC C onpexe-
JICHHOH UHTEHCUBHOCTBIO NPHUTATABANOTCA K OTPHHATCNBLHON HOBEPXHOCTH.

11. Obpasopasme 3MERTPHUYECKOTO MBOHHOIO ClION Ra WPMMEpE MANELTE! SiO;
] — sxpo mmmemnd; 2 — BAYTpeHHSS 060TOUXA NEKTPHYECKOro HBOHHOYO Cios; 3@, & —
BHENBIsIS 00009K2 NBOMHOrO Cioy

Taxam o6pazoM 06pasyeTcs Tpexcioiaas MOAeNs:

1 — sppo mmuenmey, 7. e. TBepAas $asa, KOTOpas C 3NEKTPHIECKON TOUKH 3peHng
HEHTpadbHa;

2 — croil OTPMIATENLHOTO 3apsjia, HPANUNAIOUNN K IOBEPXHOCTH anpa 1 OTHO-
CHIMMICH X TBepAIol (ase MOPOAHI (BHYTpEHH:AS YaCTh IAEKTPAUECKOrO ABOH-
HOYO ClIod);

3 — cnoil mONOXHUTENLHOro 3apsna, 06PasoBaHALIT KATUOHAMH, HAXOLFIIUMHCS
B KOHTaKTHOM PaCTBOpE (HapyXHas 4aCTh NEKTPHYCCKOro ABOMHOrG Cios);
no HEKOTOpPEIM mpencrapiennsm (Buzagh 1958) ero moxuo paspenats Ha
zse wactu 3a, 3b (puc. 11).

B ecTecTBEHHBIX YCNOBHSIX NOX BIUAHMEM pPAa3ROH MWHEPANM3AIMM TODPOBBIX
PacTBOPOB NPOKCXOAAT Pa3Hbiec MOHOOOMEHHEIE HPOLECCH. TakuM o6paszoM no
Benpgenvmreiiny (1960) n Koseny (Kozel 1966) rnumuCcTYIO YOPOAY MOMKHO
nepesecty va Tum Na*, K™ wm Ca**. TipuMep 20eKTprueckoro ABOWHOTO cios
€ BHELIHEH 060n04KOR, cro)uBILelics u3 noroB Na* npusoxutca Takke Ha puc. 11.

IpumenenneM npuBesennbX Mofeneil i 06bICHERNS BO3HAKHOBEHYLS mubhby-
3HOHHO-aICOPOIMOHHEIX NOTEHUUANOB 3anMManuch Diamann (1956), a Taxwe
Kozel (1966). Ha ocsoBanmy aTux paboT 31eKTputecKyio MOaENs TOPOBOTO KaHalla
MOXHO ce6e NpencTaBuThL CHOCO60M, NPHBEACHHEIM Ha puc. 12:

() Mpu 100 %-+OM HACHILERUY OP PACTBOP 3aIIOJHSET POCTPAHCTBO BHEHIHER
HacTH SNCKTPRIECKOTO ABOMHOIO €O U B CCPeARHE 0P HAXOAKTCA T. Ha3. CBObON-
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HEIA DPACTEOP, Ha KOTOPEIH 2NEKTPHYECKOE Hojle ABCHHOIO €04 yXe He [icHCTRYeT.

(b) Tlpu monEoM (BREAY HMEETCH CTAaHAAPTHOM) BHICYmEBagHH S, = 0, uro
y TIMHECTHX IOPOA ABIACTCA B ONPEACHCHHON CTEHCHH PeNATMBHLIM (KDECTAMLIH-
geckad BOM2), NPEAUONATAEM, YTO BOJA YAANACTCd cHaYaja B3 MECT CRODOAHOrO
pacTBOpa H 3aTeM U3 060HX CIIOEB BHEHIHETO ABoitHoro cnos (3a, 3b).
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12. DnerTpU3ecKas MOACHL HOPOBOTO KaBANlA HOPOME
1 — anpo MEHEUILI; 2 — BHYTPeBRHAA ODONOUKA IMEKTPUIECKOTO
HBOMHOrO CIios;, 32 — ancopbuaEoHEEH ot ; 36 — maddy3nomaest CHO#;
2 — HacemoenEe S, = 100 %; b — vacemmenne S, = 0 %;

k. v. — ,KpECTanm@decras Boga‘ (Dp# CTaggapTHOM BRICYIIHBAHMM)

Ji72 yaCTASHOTO HACHIULICHAS TAHHUCTOM NOPOALI (B pasMepe eanHuL S,,) ¥ THAPO-
dRILELE TOPOA MOXHO IPEANONAraTh, Y10 BIAXHAOCTh pacnpeaensgetca Gonee niu
MEHee PaBHOMEDHO IO CTEHKAM HOP M 3aMolHSeT DpPOcTpaucTea cioes 3z @ 3b
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(1. pas. cnoes Crepna u [y#osa). VIOHE 3THX CHOEB 1O OTHOWIEHWIO K CJOIO 2
MOXHO cebe NMpenCTaBUTh KaK NAapajuieNibHO PACHONOKEHHBIE Mﬁxpox{onneﬂcaropu,
KOTOPHIE CYMIECTBEHHO CONEHCTEYIOT YBEMUUEHHIO OTHOCHTENLHOMN AUANEKTPHICCKO
NPOHANAEMOCTH.

Tlocne 3amonHEHHs NMPOCTPAHCTBA BHEWIHEW HacTV 3NEKTPUYECEOTO NBORHOFO
€O WPOUCXOAMT TMOCTENEHHOE 3AIIONHEBYE TPOCTPAHCTRA T, Ha3. CBOGOAHOrO pac-
TBOPa U OTHOCHTEHABHAA IUINEKTPUYECKash NPOHHBACMOCTL YBENUYUBACTCH YRe
TNIPRKTAIECEY JNHHEHHO.

Ans cnyqas 3XCTPEMaNILHO [NHHUCTHIX TOPHBIX NOPOX (MeMGpas) MOXHO npej-
nojarath, YTO MPOCTPAHCTBOM T. Ha3. CBOGOJHOrO pacTsBopa MOXHO mpeHeOpeus
7, CHeAOBATENbHO, Y9aCTOK € JuHelnbIM yBenuuenueM &, = f{(S,) B gopme 3aBucu-
MOCTY HE NPOSBHTCS.

Anasumuvecxoe evipasicenue sasucumocmu g, = f(S,)

Zing AErJMANCTHIX IOPHBIX HOPOX MOXKHO NPUHATHL GopMyiy
8 S gy Sy T+ &y (1 — S

And rIMHECTEIX NOPOR WONYTCS MYTH, KAK JOJO, KOTOPAS MpH YaCTHIHOM U HOJ-
HOM HaCHUNEHWH NMPUBOAHT K NMOBHIUICHUIG OTHOCHTENBHBIX RUINEKTPUIECKAX NPO-
HRWAEMOCTEH, yIeCTh B upenbiayLieii Hopmyne, U3 pasubix BO3MOKHOCTEN GBLIO ObI,
MOXET OHITh, IOAXOASIMM BBeieHKE B QOPMYLy T. Ha3. TIMHUCTOCTEl B. B pesys-
TaTE ITOr0 MOXHO ObUIO Obl MOMYYHTE:

g =&, Sy, + &,.(1 —8,) + B.f(S,)

Onmako, B JaHHOH cTamuu paGoT MOKA elle HeT JOCTATOYHOIO MaTepHana [us
EOJIM4ECTBEHHOYO oNpeneieHns uieHa B. f(S,,). 3aTpyaHenye 3axii04aeTcsi B TOM,
4T0 B HAIUCM DPACIOPIKEHHH MMESTCS JIMilib HeDONbIIOE KONHYECTBO PE3yJILTATOR
H3MEPEHHH TIUNECTHIX TOPHEIX HOPOA U WX [NMHHCTOCTL B B GONLUIMICTBE Clydacs
ONIEHHBACTCS 110 MaKPOCKONUYECKOMY ONUCAHUIO TOpHOI nopoasl. [Toatomy xena-
TCILHO WPONOIKUTL paborel mo 370i TpobiaeMaThKe, NOCTENEHHO NPOBOLITH
IANbHERIAE UCCIENOBAHUS Y HA CNELYIOLEM 3Tane 3TY GOPMYNY YTOUHHTS,

3aBHCHUMOCTD OTHOCHTENbHBIX JAMBIERTPHYCCKM X npommaemoc'reii
OT IOPHCTOCTH TOPHLIX HOPOK .

fpu nonioM 3amo/IHeHNH TOPOBOro MPOCTPAHCTBA MOXKHO B OBILUEM CKA3aTh, 410
OTHOCHTEJBHASE JUINEKTPUYECKAsT NPOHNIAEMOCTL OYAET YBEJHYUBATHCS 110 Mepe
YBEJIMYEHUST MOPUCTOCTH. ECM nonyuenHble pe3ynbTaThl BLIPA3uTh Ipaduqecku,
MOXKHO NOJIYUUTh O4eHb CBOOOIHYFO CBI3L OTHOCUTENbHON NUIIEKTPUYECKON IPOHH-
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DACMOCTH C TIOPHCTOCTHIO (prc. 13). Paccesmue nannmiz o6ycnORneHO HPCKAE BCETO
FOPHBIMHA HOPOGAMH HE3XOH HOPACTOCTH p = 1 —3 %, MuHepanbublfi COCTaB KOTO-
PHIX BH3BIBACT OTHOCHTENBHO BRICORHE 3HAYEHNS OTHOCUTCIBHEIX MHJICKTPHIECKAX
HPOHRBACMOCTEH. DTO, Hamp., A3YUCHHHEH aBTOPOM AHTBMOHHUT (Kozel 1989), n3
AWTCpaTyphl H3BECTHBI MpaMopHi (¢, = 8,3), pannutH (6, = 13,0), rab6po (s, = 9
go 10) u 1. . (Mapxomenxo 1956). HaoGopoT, 3Ha%eHHs OTHOCHTENBHBIX IN-
SACKTPHYCCKMX TIPOHMIAEMOCTEH GONBIUMECTBA OCaJOUHBIX NMOPOA, 0COBeHHO He-
[HECTHIX, HAXOOATCA B NPCONOJaracMoM AHAna3oHe MOPUCTOCTed e, = 3—5.

£,

T rpauTh
[]cynbci:smbl
SGJ
207 : -
Y 3HTUMOHUTbI - m/-/
4 .
FF
PUANTbI /aeg’:;{*
A '/ [«30) X
04 ~ab6po A /.,uﬁH 7 e %
Mpamo pbl p—"
MarHe3uTbL- =" 4
A - A
SR PAHNTOULb!

HerfANHUCThte -
TﬂécanMKw
ra T T T 7 T =
120 2 5 10 20 50 ——o= P (%)
1 5-e 9o
20 ‘o 10
3x 7§ ' "t
4 A 8 X

13. CBA3b OTHOCHUTEIBHON JHIIEKTPUHECKOH NPOHHUACMOCTH € MOPUCIOCTLIO MOPO.I
[ — ponomutosbe Tybsl; 2 — necuadnkun P1—P8; 3 — obpasusr X1—X9; 4 — obpa3ust
. 3eMuMKOBO#; 5 — APTUATATEL C OPTAHUMECKMM KOMROHEHTOM; 6 -— HOPLCHIAHKTEL;
7 — rpasoduopuTel ¢ M. JlyOpasa; 8 — martue3ntel; ¢ — rpadurosbie cnaunst; 10— obpa3tet
I'. Sweka; f/ -— wecok u3 xapeepa bpro-Uepuosuue ’
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Tlo mepe ysemennﬁ‘rzopnc'rocreﬁ (apm S,, = 100 %,) opoucxoxur yseiwacaue
OTHOCUTENBHEIX JUBNCKTPHIECREX TPOHEDAEMOCTEH, XOTOPEIe MO JAHHEIM HCCHENO-
BaBVl NOCTHYA¥OT 3pavenuii g, = 15, IOpmueM ait TOH ke wopucrocTd (Hamp.

= 30 9) MOXHO IpeuonaraTsh Gommee~3wememe OTHOCHTENLHEKIX AUNCKTPHA-
qecxux TIPORATAEMOCTEY TITMHNCTEIX HOPOX, qem«:mae "ermmudcTex. Oxrako,
H 371€Ch MOXET UMETh MECTO HENkLil psn uckirouennil, 3navenns, npeesnnatomnme 81,
7. €. & BOJ®I, OTMEUCHE! Y TpaduTa, REKOTOPHIX cynsdawxos 1 i (l'!apxoMeHKo
1965). —

Hns veneli Gonee ynoGuoi 06paborka 3aBACEMOCTA GTHOCHTENLHEX zm:anexrpn—
YCCKUX HPOHWIAEMOCTEH OT MOPHCTOCTA ME! BBENA OTHOMIEHHWE OTHOCHTE/LHEIX
AHBIICKTPHICCKIX NPORMNIAEMOCTEl COBEPIIICHHO HACKINEHHOM ¥ COBEPUIEHHO CyX0ll
POPHEIX IOPOZL &,,,/8,,. TakuM 06pa3oM kak GYATO BCKIOYAETCS BITAAHNE MUHEPA b~
Horo cocrasa. IloroM, B oTimuue or cBoGoaroH ceaza (puc. 13), Haxomam 3aBrCH-
MOCTh OTHOINCHHS OTHOCHTENHHEIX NUINCKTPHYECKHUX NPOHHLAEMOCTEH OT nmopuc-
TOCTH, KOTOpas NPEBOXUTCA HA puc. 14. .

HAna vacror f = 80 MI'n, npyu KOTOpEIX HCCHEACBANACH OGCYXIACMBIE obpaznzy,
3aBHCHMOCTD &y,,, = &, -.f(P) MOXEO BEIpa3wTh TAKKE NOCPEACTBOM MPUOIIMKCHROH
aHANMTEIECKOH (opmykt. Jd HOPUCTEX PHIXILX B YIVIOTACHHLIX FOPHBIX HOPOX

¥ G)m3KEX K TOPHEIM LOPOHAM MATEPHANIOB MPHOGIHZHICLHO ACHCTBUTENLHO:

Epi00 = &1 + 0,080. p); p(%)

5’100
Ero
10
—_ / /-/
] '
¥
L
-
P
g~
Bt
2- /’ﬂ
At
Pt
I
Y9 LT '
| S
: v T T 7 >
=0 2 5 10 20 30 —= P (%)

4. 3aBRCUMOCTD OTHONICHWS OTHOCUTENLHKL SUNIEKTPHYECKAX HPOHANZCMOCTEH OT HOPHCTOCTH
TOPHEX NOPOR W TEXHAYECKUX MATEPHANIOB
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PeayanTaThi HCCHeAOBARN}, IPUBCACHHBIC Ba PuC. 14, nenecoobpasno 6yaeT B Te-
neHHe AATFHSHDIETO 9TaNa JONOIHATD CINE ACCIECHOBAHMEM FIMENCTHIX TOPOK, TOYB
# APYrAX TOKPHLBAIOIIKMX MATEPHANOB U B CllyJac HEOOXOAMMOCTH YTOMHATE, HATIP.,
[0 JINTOAOTAYSCKAM THIAM TFOPHBIX HOPOX & T. I.

OGobmeane pesyiabTaToR

B pabote ofCyRAAIOTCS TEOPETAYECKAE HOPMYyIBL A 3aBACEMOCTH YACNBHBIX
CONPOTHBICERH 1 OTHOCHATENHHBIX JEOACKTPHICCKEX OpOHMIAeMOCTEHR OT BIAKHOCTA
0Cal0IHBIX, H3BEPIKEHHBIX, PYAOROCHHIX MOPoA. OmuckBaeTed T. Ha3. HePKOJIATMOH-
Has TEOpH4, C TIOMOIILIO KOTOPOH B IOCHEAHEE BPeMs OOBICHIIOTCS AHOMABLHEIC
XapaKTePUCTHERA A3MEHEHAH YACTBHHBX CONPOTHBICHUA B 3aBHCHMOCTHA OT BlaX-
mocT. BBUI IpoBeien ekl psf NpaKTHYECKUX HCCHeI0BAHAN ITHX 3aBUCAMOCTER
Ha BHOparsbix nopodax YCCP. Mzygannch Takxe HEROTOPHIC TEXHHIECKUE MATe-
puaml, GMu3KEe K FOPHEIM HOPOAAM, Kak Hanp. KEpHuYHLA HOJ, KaMeHHO-RepaMu-
YecKuii MaTeprall CTOUHBIX TPYG, 06pasiisl B3 AOPOKHOTO MOJNOTHR A T. A. Hceaeno-
BaHUS TMPEJOCTaBAN TENbIH P/ HOBHIX, KOHKPETHHIX HAHHAIX KaK IO HCCICAOBAB-
DIAMCA DOpoJaM, TaK W HO TEXHEIECKAM MarepyayaM, KOTOPHIC IpH 9acToTe
f=80MTI'g B8 nmTepaType OBECHIBAIOTCA JHiibL M3DPCHKA.

¥3 m3yuenns 3aBACEMOCTH YAEHBHBIX COIPOTHBICHAN OT BIaXHOCTH BEITEKAET,
470 y HCCHEOBABIIMXCA 0OPA3OoB TOPHBIX HOPOA N3 Pasaek patioros HCCP i
€ TPYACM MOKHO FOBOPHTS O T. Ha3. IEPRONSTAOHHOM XapAKTEPHCTHAKE 3aBACAMOCTH;
MoOXKeT OHTh, JMHIlL TOIH2, KOTHA HOPOr ¥V, Pe3koro yBeNHICHHA TPOBOJEMOCTH
CIBUHYT B 06nacTs 3@avennmil, 6nm3kux S, =~ 0. Taro# Xe pesynbTaT MOXHO yCTa~
HOBHATH TAKKe HO MOJCIH HOPOBOTO Kamalla 0cajiouHol ropHol mopoas.

Ha ocsoBanuy H3yveHNd 3apucuMocTed &, = f(S,) PasHLX THIOB TOPHEIX HOPOA,
¥ TEXHWICCKAX MATEPUAIOB ObUIH HONYYEHEL HOBHIC, OPUTUHAJBHBIC CBEICHUA O HO-
BeOCHWY OTHOCHTENLHBIX AWDICKTPHYECKHX NPOHBIIAEMOCTEH TIHHUCTHIXK MOPOR
pasHoll BI2XHOCTH. B ciyuae 9THX HODOJ € MOMOIBIO SNEKTPHICCKOH MOAETH
TOpOBOTO KaHaja HOBHIM CHOCOGOM OGBACHEHH! HENPHEHABIC AIMEHEHUS 32BHCH-
mocta & = f(S,). BeAyTca MomcKu ¢mocOGOB AHANMTHYCCKOTO BHIPAKCHEA a1ol
3aBACAMOCTH.

B sarmrounTeibEON 33CTH pabOoThi TPOBEILH aHAJIH3 3aBACAMOCTH OTEOCHTENLELIX
IUARERTPUEECKAR TPOHANAEMOCTeH OT HOPHUCTOCTH. BRecHHE OTHOIMCHHS Er100fEro
TO3BONUIO YUHATHBATH ¥ KOMEYCCTBEHHO BEIpAXKATh 32BHCEMOCTE OTHOIMCHWS OT-
HOCHTENBHBIX AEANCKTPUYECKAX MPOHNIAEMOCTEH OT MOPUCTOCTH IIMHMCTEIR M He-
FJIEEBCTHIX TOPHAR NOPOA.

K tisku doporucila M. LaStovi¢kovd

PreloZila E. Peskovd
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Zmény mérnych odpori a pomérnych permitivit
s vihkosti pFi frekvenci f =80 MHz2

(Résumé ruského textu)
Josef Kozel

PiedloZeno 9. bfeznz 1988

V predloZeng praci byly diskutovany teoretické vztahy pro zavislost mérnych
odpori a pomérnych permitivit na vihkosti hornin sedimentarnich i hornin vyvfe-
Iych, rudonosnych. Byla popsana tzv. perkolacni teorie, kterou se v posledni dobé
vysvétluji anomalni prub&éhy zmén mérnych odpord na vlhkosti (obr. 2). Byla
provedena fada praktickych méfeni téchto zavislosti u vybranych hornin 2z tizemi
CSSR (obr. 1, 3, 4, 5). Rovnéz byly zkoumany i n&které technické materisly blizké
horninam, jako je napfiklad cihlova dlazba, cibly, kamenina odpadnich rou-,
vzorky z dalni¢niho télesa apod. (obr. 6 aZz 11). Mé&feni pfineslo Fadu novych
konkrétnich poznatki na studovanych horninich i technickych materialech, které
pii zvolené frekvenci f = 80 MHz jsou v literatufe uvadény jen ojedingle.

Ze studia zdvislosti mérnych odporh na vlhkosti vyplynulo, Ze u sledovanych
vzorki hornin 2 riznych lokalit CSSR ize stéZi hovofit o tzv. perkolaénim pri-
behu zavislosti, snad jen tak, Ze by byl prah ¥, pro prudky narist vodivosti posunut
do hodnot blizko S,, = 0. To lze vyvodit i z modelu pérového kanalku sedimen-
tarni horniny (obr. 12).

Na zadkladd studia vziahlt ¢, = £(S,) u riznych typi hornin a technickych
materialt byly ziskany nové, puvodni poznatky o chovani pomérnych permitivit
jilovitych hornin s rdznou vihkosti. U téchto hornin byl pomoci elektrického mo-
delu pérového kanalku (obr. 12) originalnim zpisobem vysvétlen nelinedrni prubéh
zavislosti g, = f(S,). Je hledana cesta pro analytické vyjadieni tohoto vztahu.

V zavéru prace je proveden rozbor zavislosti pomérnych permitivit na porovi-
tosti (obr. 13). Zavedenim pomeéru &,,q0/e,o s¢ podafilo vystihnout a kvantitativaé
vyjadiit zavislost poméru pom&rnych permitivit na pérovitosti pro jilovité i nejilo~
vité horniny (obr. 14).

Vysvétiivky k tabulkdm

Tabulka 1. Hustotni parametry a pomérné permitivity nékterych hornin z lokality Bankov.

Tabulka 2. Hustotni parametry a pomérné permitivity nékterych vybranych piskovcil.

Tabulka 3. Hustotni parametry a pomérné permitivity vzorkua z cihlové dlazby chrimu ve
Zbraslavi.
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8a.
8b.

10.

11,

12.

i3,

14,

Vysvétlivky k obrazkdm

Zavislost mérnych odporu na stupni nasyceni vodou pro uhené jilovee Ul, U3,

Zavislost mérné vodivosti miner4ld na obsahu vodivych oxidd. Perkolacni model T. L. Ce-
lidze,

Vliv obsahu bentonite na zmény mérnych odporl pisku PS-2a p¥i rdzné vihkosti S..
Zivislost m€rnych odport: na vihkosti pro vzorky slabg jilovitych piskd PS-2a, PS-2b, PS-2c.
Kontrola reprodukovateinosti mé¥eni.

Ukdézky zévislosti mérnych odpor&t na vihkosti nékterych vzorkd z oblasti Zlatych Hor
(vrt ZH-2093) a Suché Rudné (vrt SRV-4).

Ukézky zdvislosti pomérnych permitivit na stupni nasyceni pro tufy a piskovce.

Zivislost pom&iné permitivity na vihkosti cihlové dlazby.

Zavislost pomé&rné permitivity na vihkosti pro slabé jilovity pisek PS-2a.

Kontrola reprodukovatelnosti méfeni — vzorky PS-2b, c.

Zavislost pomé&rnych permitivit na vlhkosti pro nékteré tcchnické materidly (podle mefeni
H. Jagka).

Normovand zména romérné permitivity v zdvislosti na stupni nasyceni (podic méFeni
J. Zemé&ikové).

Vznik elekirické dvojvrstvy na ptikladu micely SiO,.

1 — jadro micely, 2 — vnitfni obloZeni elekirické dvojvistvy, 3a, b — vnéj§i obloZeni
dvojvrstvy.

Elektricky model porovitého kandlku horniny.

1 — jadro micely, 2 — vnitini obloZeni elektrické dvojvrstvy, 3@ — vrstva adsorpéni (Ster-
nova), 3b — vrstva difdzni (Gouyova), ¢ — nasyceni S, = 160%, b — nasyceni S, = 0,
k.v. — ,krystalickd voda* (p¥i standardnim vysuseni).

Vztah mezi pomérnou permitivitou a porovitosti hornin.

1 — dolomitické tufy, 2 — piskovce P1 - P8, 3 — vzorky X1 —X9, 4 — vzorky J. Zeméikové,
5 — uhelné jilovce, 6 — porcelanity, 7 — granitoidy loziska Dubrava, 8 — magnezity,
9 — grafitické bridlice, 10 — vzorky H. Jaska, 17 — pisek — Brno-Cernovice.

Zjvislost poméru pomdrnych permitivit na pérovitosti hornin a technickych materiali.

Dependences of resistivities and relative permittivities
on moisture content at the frequency of =80 MHz

The theoretical relations for dependences of resistivities and relative permittivities on the
moisture content of ore-bearing sedimentary and igneous rocks are discussed. The so-called
percolation theory is described which has recently served for an explanation of anomalous
dependences of resistivities on the moisture content. Several measurements of these dependences
are studied, which were conducted on the rocks from the Czechoslovak territory as well as for
some technical materials. By means of an electric model of the pore channel of a sedimentary

rock

the detected nonlinear dependence of relative permittivities of argillaceous rocks on the

rate of pore saturation with weakly mineralized water is explained. Attempts are made to express
this relation analytically.

PreloZil G. Pliva
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The influence of electric current transmission
through mud on the measurements
of self potentials

Vliv propousténi elektrického proudu vyplachem
na méfFeni vlastnich potenciala

FrantiSek RySavy?
Received October 27, 1987

Self-potentiaf methods
Well-logging
Electricaf resistance
Mud

Rysavy, F. (1990): The influence of eleciric current transmission through mud on the
measurements of self potentials. — Sbor. geol. V&d, uZitd Geofyz., 24, 185 —199. Praha.

Abstract: In the rocks of higher geological ages exist some permeable beds that we
cannot evaluate simply after a record of the specific elecirical resistance and of the
self potential. Characteristic of them is a relatively high specific electrical resistance
of the invasion zone and a higher specific elecirical resistance of the mud. The curve
of the self potential in such beds is extraordinarily smooth and monotonous in character.
1t is similar o a curve of the seif potential forming in a very salty mud. It seems, that
both c¢ases have 2 common cause — a low electric current transmission through the
mud, which influences the self potential curve. We can make use of this fact for a re-
caiculation of the self-potential curve to obtain a more differentiated curve allowing
us to evaluate and locate the permeable beds.

1 Moravské naftové doly, k. p., Hodonin, Uprkova 6, 695 30 Hodonin

if we measure by using the method of the self potential, the chemical composition
of the mud plays a decisive role there. This has been published in the relevant
literature. The author invites you to concentrate on the electric transmission of the
mud and is going to attemp to explain this process, that can bave an influence
on the measurement of the self potential.

The origin of the self potential is based on the existence of a double electric
layer forming on the boundary-line of the mud and rock or if need be on the
boundary-line of two lithologically different rocks. We shall commit a certain
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inaccurancy, when we assume, that an electric current source of self potential was
found inside of the rock. Under these conditions, for a point being located inside
of the mud, following formula has been accepted (after Dachnoyv, 1967):

= M TSP 1
Use Ro+R, dmr’ O
where

Ise — an electric current flowing between the rock and the mud [mA],
r — a distance between the electric current source and a point, where
the potential Uy; is registered [m],
Ru, R; — the specific electric resistance of the mud and the invasion zone
[Qm].

The formula (1) can be adapied as follows:

2R, R‘
- m 2
Usp = R Ri . ISP . - . ( }

Now we shall use the following substitution :

R
ES!’ = Isp . 47;1, . (3}
Thus we shall obtain the next formula :
__ 2R,
Ugp = m Egp, 4)
where

Usp — the self potential being regisiered by an electrode lying in the mud
[mV],
Egp — the self potential situated on the borehole wall [mV]

For Egp the well-known Nernst’s formula is accepted:

B = —a. k. log (%nf_) )

w
where
k, — the lithological factor for NaCl solution [mV7],
¢ — the shaliness of the rock,

Russ Ry, — the specific electrical resistance of the mud filtrate and the stratum
water [Qm].
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inaccurancy, when we assume, that an electric current source of self potential was
found inside of the rock. Under these conditions, for a point being located inside
of the mud, following formula has been accepted (after Dachnov, 1967):

2R.R; Iy

U= R.+R, T

(D

where

Ise — an electric current flowing between the rock and the mud {mA],
r — a distance between the electric current source and & point, where
the potential U, is registered [m],
R, R; — the specific electric resistance of the mud and the invasion zone
[Qm].

The formula (1) can be adapted as follows:

2R, R,

= Ny . 2
Vo= R & T @
Now we shall use the following substitution :
R
Ep=Ip. —4?;' . 3
Thus we shall obtain the next formula:
2R
= 4
Use = 525 B @

where

Ugsp — the self potential being registered by an electrode lying in the mud
[mV],
Egp — the self potential situated on the borehole wall [mV].

For Eg the well-known Nernsi’s formula is accepted:

o 'Rmf
Egp = —a.k,.log (__Rw ) , (%)
where

k, — the lithological factor for NaCl solution [mV],
o — the shaliness of the rock,
Russ Ry, — the specific electrical resistance of the mud filtrate and the stratum
water [Qm].
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We can use the next substitution:

2R,
Kl e ©

where n — the factor of the electric current transmission.
The equation (4) will be modified as follows:

Ug = 7. Egp. (D
The equation (6) can be transformed into the following form:
2. Ra
n=—ma— ®
1+ R,

We shall attempt to analyse the two last-mentioned equations. We must distinguish
the following cases:

1. R, < R..

For such a case, there exist two causes. The first and better known can be caused
by salting of mud after drilling through a salt bed or 2 bed of salty clays or shales.
The second one which is less known, can occur after drilling through a rock having
an outstanding specific electric resistance exceeding the specific electric resistance
of the mud. The mud may be characterized by a low salinity.

Both cases lead to a common conclusion. The factor of the electric current
transmission through mud is approaching for either cases to zero and with respect
to equation (8) # = 0. Then we are able to record on the measuring electrode
in the mud oniy Ug = 0.

2. Rm = R;.

In this case the factor of the electric current transmission is equal to one. 4 = 1.
Therefore, after the equation (7) we receive

Ugp = Ege.
3. R, » R;.

It is very difficult to realize this case. It can occur only, if a very low-salinity
water serves as the mud. Then we can record 7 = 2 and after equation (7) we shall
receive Ugp = 2Egp.

The most interesting case of all mentioned cases is the first one. It has a concrete
consequence for well-logging, too. The mud having a high salinity is perfectly
able to wipe out any information about the bed. Within the electric resistance
measurement, the electric current flows largely through a highly conduetive mud,
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so that the specific electric resistance of rock is not able to assert itself. The electric
contrast of either environment is too high and therefore throughout the self-
potential measurement the electrically conductive mud does not allow potential Egp
to penetrate on the registrating electrode. The curves of the self potential and of the
specific electrical resistance of a salty mud are characterized by low values, a low
differentiation, and a2 monotonous character.

The boreholes drilled in rocks having a relatively high specific electric resistance
are characterized by similar, but not by the same curves. The electric conductivity
of mud is usually low. Therefore the curve of the specific electric resistance is
considerably differentiated and has high values. But the electric contrast between
mud and rock is high. For the curve of the self potential the same effect is produced
as for the curve of the high salinity. The curve of the self potential is monotonous
and differentiable to a very low degree.

It might have been worthwile to have used in this case a mud having a higher
specific electric resistance. This could have had a positive influence changing the
monotonous character of the curve.

Let us go back again to equation (7). This equation still furnishes us with the
following information. In case, that any conditions being important for forming
of the self potential be not favourable, we receive Egp = 0 and on the measuring
electrode we register then Uy, = 0. This may occur if we observe that either @ = 0,
or that the ratio contrast between R, and R,, equals one. According to equa-
tion (7) we obtain By = 0. It is really difficult to distinguish the conditions vnder
which the factors # and Eg, are applied there. The two processes are not mutually
excludable, but they rather complete each other. Where Egp = 0 we obtain Ugp =
= 0. But where Egp # 0, the process of electric current transmission begins and
the mentioned factor will reduce the values of Egp. Therefore, we shall register on
the measuring electrode lower values of the self potential than the real values
recorded at the wall of borehole. E.g. U, < Egp.

This is of considerable significance for evaluation. Up to now it has been premis-
ed, that # = 1 which meant, that medium was electrically homogeneous. R; = R,,.
The consequence thercof was, that Ugp, = Egp. The application of the electric
field theory shows, that this premise is not right, because the electric inhomogeneity
of the environment influences the self potential. In some cases even, when 5 = 0,
we observe such an extensive smoothing of the self potential curve that we receive
the false line of clay there, where the really permeable beds exist.

Figures 1 to 7 show the measurement of the self potential and of the specific
electric resistance from various boreholes.

Figure 1 representes a well-logging record of the so-called formation having
been drilled through by borehole Dlhé Klovo-1. This formation is situated in the
depth interval of 1 132—1 320 m and has several beds of salt. The total thickness
of the salt attains 60 m. The other rocks of that formation consist of anhydrite,
gypsum, sandstones, and a calcareous clay. The specific electrical resistance has
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Jow defiections and a monotonous character. The same is observable on the curve
of the self potential. Even though we cannot exclude that some of the beds of the
illusirated profile have Egp = 0, there is a higher probability that the mentioned
smoothness of the self-potential curve is evoked by factor # as a cobséquence of
salting of the mud. o

A similar situation is at borehole Albinov-7. With respect to the geological
profile there is 2 Karpatian Formation at the depth of 2 895—4 000 m there. It has
two beds of pure salt, their thickness is 60 m and 80 m. The curve of the specific
electric resistance is more differentiated there than in the last example, but alto gether
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" is evident. Also in this case, we rather suppose an influence of the transmission

factor 5 on.the registration of the self potential, as the mud was salted.

Figure 3 refers to borehole Zdanice-4. The geological profile is represented by
the Zdanics — Hustopete Formation in the depth interval of 0—915 m. It consists
of grey calcareous shales alternating with grey fine-grained calcareous sandstones.
The specific electric resistance has relatively high deflections and its character is
differentiated. But the récord of the self potential bas a smooth character. The
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 mentioned conditions for forming of the self poténtial may ot be favourabie there.
Nevertheless, some of the sandstones may be fissured and therefore we cannot
completely exclude local more favourable conditions.

The other illustration, figure 4, belongs again into the Zdanice — Hustopete
Formation. This formation was found in the depth of 0—653 m. The well-logging
record is characterized by a differentiable curve of the specific electrical resistance
and the monotonous curve of the self potential. Although favourable conditions
for the forming of the self potential are not generally present there, we cannot
exclude some fissure zones inside the mentioned formation, where Egp # 0.

Figure 5 represents borehole Zdanice-18. The biotite granodiorite has been
altered by hydrothermal process and miylonitized. The boundary-line begins in the
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depth of 834 m. The specific electrical resistance is extraordinarily high. The curve
of the self potential — with respect to differentiation — is comparable with the
curve of borehole Albinov-7. By this borehole permeable beds have been aitained
resulting from the mentioned mylonitization. In the upper part of the grano-
diorite, there is a deposit of oil and gas. Therefore we can expect good conditions
for a forming of the self potential.

The next illustration belongs to borehole Lubna-5 (fig. 6). The geological unit is
the Magura Flysch Formation there. The specific electrical resistance is characteriz-
€d by high deflections and its record is differentiated. However, the well-logging
record of the self potential is perfectly smooth and comparable with the curve of
the borehole DIhé Klgovo-1. The conditions for the forming of the self potential
are not favourable in that formation. But in the flysch there exist local fissure
zones, that can have Egp # 0.
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The last illustration, figure 7, represents borehole Lubna-6 drilled into crumbling
kaolinized granite. The specific electrical resistance reaches high values, whereas
the curve of the self potential is only sporadically moderately undulated. The
upper part of the mentioned granite is easily permeable and we may therefore
expect favourable conditions for the forming of the self potential,

192




I shall now attempt to express the factor of the electric current transmission
for every illustration. The results are in table 1.

The specific electrical resistance of the mud was registered by a resistivimeter
on the surface of earth for an outside temperature. The specific electrical resistance
of the mud having been registered on the surface of the Earth, is in column 2.
It is marked as R,(to). The temperature characterizing the ohmic measurement
has been marked as t, and we can find it in column 3. Table 1 shows a depth interval
and the respective temperature.

The mentioned temperature marked as t is in column 5. It has been determined
from a temperature well-logging registration.

The specific electrical resistance of the mud in the determined depth interval
was calculated after Dachnov (1985).

_ Rm(to)
Ru(t) = 1+ 0.0216.(t —t,) + 0.000008. (t —to) ®)

The mentioned resistance is marked as R (t) (see column 6, table 1). The specific

Table 1

Evaluation of the mud electric current transmission in boreholes situated in the regions
Diké Kidovo, Albinov, Zdanice and Lubné

Borehoie Rm(to) to Interval t Ru(t) R,
@m] | °C] fm] Ci | 2wl | @m) K

Dlhé Kléovo-1 0.07 18 | 1150~1195 48 0.04 1 0.077
1200—1220 4 0.020
Albinov-7 0.30 20 {3505-3590| 105 0.11 8 0.027
3 600—3 620 25 0.009
Zdénice-4 5.00 18 440470 23 4.50 50 0.165
470~ 530 75 0.113
Zdéanice-16 5.20 10 128—-170 17 4.50 40 0.202
70-128 90 0.095
Zdanice-18 4.50 20 845~ 850 30 3.70 175 0.041
898 —905 950 0.608
Lubna-5 3.60 12 128—132 18 3.20 30 0.193
145—148 260 0.024
Lubn4-6 6.90 24 11230—1245 72 3.40 16 0.351
1315—1335 225 0.030

Column i 2 3 4 5 6 7
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elecirical resistance of the invasion zome was not accurantly determined. 1 have
applied for calculation the value of the electric lateral as the value lying near the
-real value. For this electrical resistance, symbol R, has been used (see column 7).

Now we may compare the results. All illustrations have shown, that the boreholes
having a mud of high salinity and those having a fresh mud and an invasion zone
of a high specific elecirical resistance, have very similar the self-potential records.
We may say, that in several cases these records of the self potential are almost
identical.

The factor of electric current transmission through the mud varies within the
determined interval and sometimes it varies considerably. However, the lower
boundary-level of all examples has values lying very close to one another. The
nearest comparable values belong the boreholes Albinov-7 and Zdanice-18. The
electric current transmission factor of the mud attains at the borehole Albinov-7,
that is characterized by 2 salty mud, the values of 0.009 —0.027 and at the borehole
Zdanice-18 having a fresh mud the values of 0.008 —90.041. Thus the visual similarity
of the self-potential curves is validated by numerical data of the electric current
transmission factor.

The electric current of the self potential does not flow through a permeable bed
and through the mud only. It flows also over adjacent rocks that are continuous
with the mentioned permeable bed. Therefore, their influence must be considered,
~ too. Now let us go back to the equation (6), and w:th respect to it we write an
analogous equation

R,

= (10
R, + R}
- The value R’; can be expressed in the following way:
Ri-R
- t
Ri R; + R, 1y
where

R; — the specific eleciric resistance of an invasion zone [Q@m],
R, — the specific electric resistance of adjacent rocks [Qm].

After substitution of this formula (11) into the equation (10) we shall receive the
following expression :

R..R; + R, .R,
"R,-R,+R,.R, +R,.R,

n=2 (12)

We shall modify this equation into a form that is suitable for an analysis:
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o {Ra Ry R,
2- l R; + Ri' _R:]

[Ro . Ra R R
| Ry Ry R R

(13)

Now we are able io analyse this equation.

1. For R, € R; the raiio —gs— = 0 and the transmission factor # is independent
of the ratio. Its value = 2.
2. For R, = R, the ratio -%’-; = 1. We shall obtain this equation:
. i B
n=—p—: ' _ (19

1+2.Tﬁ

a) If R, <€ R,, the ratio % = 0 and the transmission factor # is equal to zero,
i :

too. p = 0.
R, ' 4
b) If R, = Ry, the ratio —R—- = 1. We shall obtain, that 4 = 7
i
¢) If R, > R,, we can write, that 1 4 2. _R— =2. I;’" We shall receive,
i i .
that g = 2.
3. For R, > R, the ratio %& = co. We shall obtain the following equation. It is
i
the equation characterizing an asymptote: ’
B
)e 2. R,
=
T+

This is equation (8) which has already been analysed. It is a partial case of the

equation (13) on condition that R, > R,. The mentioned equation (13) was solved

in the form of the correction chart for these conditions. (0 =7 £ 1, 0.001 =
R,

<3m <y, omsRs < 100).

The formula (13) for R,, < R, attains the minimum, when # = 0. If R, < R;s
we shall obtain, on the contrary, a maximum, when 7 = 2. Under certain condi-
tions, the equation (13) has one point on inflection. If R, > R;, then the equa-
tion (13) has a tendency to pass from its fundamental form to the form of the
equation (8), which is the equation of an asympiote. '
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Segesman (1962) published his results of modeling on the resistor network
analog. The published correction charts include not only such parameters as the
specific electrical resistance of an invasion zone, of the adjacent beds and of the
mud, but also further parameters such as the diameter of the borehole, the dia-
meter of the invasion zone, and the bed thickness. As this is another transformation
of the illustrated curves, where the electric current transmission factor still depends
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on the mentioned further parameters not expressed in equation (13), we cannot
directly compare Segesman’s correction charts with this equation (13), even though
the curves are similar in shape and character to the correction chart constructed
after equation (13). But it is necessary to emphasize the fact, that also after
Segesman’s correction charts, one fundamental phenomenon becomes evident
there which has a lot in common with the mentioned equation (13). We can observe,
when R; > Ry, then # = 0. Thus, the mentioned correction charts verify the
significance of the specific electric resistance of the mud on self-potential measure-
ment,

If we summarize the results of the analysis, we arrive at the following con-
clusions.

1. The influence of an electric inhomogeneity of the environment on a measure-
ment of the self poteatial is evident. This influence must be considered when
evaluating the seli-potential curves. The premise, that the environment is electrically
homogeneous, is not right.

2. By means of the influence of the electric current transmission factor on self-
potential registration we are able to explain the character of the self-potential
curve not only uader the conditions of a salty mud, but even in a medium, where
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boreholes have been drilled through rocks having a high specific electrical resistance
of the invasion zone and where the mud is fresh.

3. After the formulas (13) and (7) we can recalculate the registered data Ug
to Egp. For such a recalculation we need a continuous depth-related curve of the
electric current transmission factor #. Such a curve can be evaluated, if the para-
meters R,, Ry, R; are known. The mentioned parameter R, can be directly
registered by a continuous well-logging resistivimeter. The remaining parameters
R, and R; can again be registered by means of the microlog or proximity log. Two
depth-related continuous curves indicate the transmission factor 7.

During the regressive evaluation of the self-potential curve, we must consider-
with respect to equation (7), that in certain cases the self potential on the wall of the
borehole can be zero, when Eg = 0. Therefore, we should take into account some
further methods such as gamma ray log. An information about the specific electric
resistance of the stratum water can be obtained, for example, by using the R,
comparison method.

We can expect, that the corrected curve of the self potential after formuia (7)
will be more differentiated and that the permeable beds will be more easily re-
cognizable. This could be important in a geological profile consisting of rocks
having a higher specific electrical resistance and a fresh mud. For well-logging
practice, when the interpreter has to determine the permeable beds in the just
mentioned rocks, this should certainly be valuable.

K tisku doporucil A, Tézky
PreloZil autor
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Viiv propousténi elektrického proudu viplachem
na méFeni vlastnich potencidld

{Résumé anglického textu)
Frantifek RySavy

PredloZeno 27. Fijna 1987

V piedloZené préci je vysvétlen zpiisob, jak se projevuje vliv koeficientu pro-
pousténi elektrického proudu na rozhrani vyplach —hornina na méfeni viastnich
potencialii. Ukazuje se, Ze zhlazeni k¥ivky vlastnich potenciall, vzaiklé zvySenim
obsahu NaCl ve vyplachu po provrtani loZiska soli a zhlazeni téZe k¥ivky v pfipadé
vyplachu s nizkym obsahem NaCl, ale s pom&rné vysokym mérnym elektrickym
odporem zény filtrace, miZe byt zpusobeno stejnym faktorem — nizkou hodnotoun
koeficientu propousténi elektrického proudu vlastnich potencial ve vyplachu.

Rozborem pfedloZenych rovnic jsme dospéli k t¥mto zavérim:

1. Vliv elektrické nehomogenity okolniho prostfedi na méfeni vlastnich poten-
cidla je zcela ziejmy. Proto jej pfi interpretaci kfivek vlastnich potencialt musime
brat v uvahu. Pfedpoklad, Ze okolni prostfedi miZe byt povaZovano za elektricky
homogenni, je nespravny.

2. Prostfednictvim koeficientu propousténi elektrického proudu vlastnich poten-
cialt miZeme vysvétlit charakter jejich k¥ivky nejen v podminkéach silné mineralizo-
vaného vyplachu, ale i v podminkich provrtani horniny s pomérné vysokym mér-
nym elektrickym odporem zény fltrace, p¥idemZ vyplach byl jen slab& minerali-
Zovan.

3. Méfeni vlastnich potenciali ovliviiuje nejen m&rny elektricky odpor vyplachu
& zony filtrace, ale také mérny elektricky odpor okolnich hornin. Uplatiiuje se
zejména tehdy, kdyZ plati, Ze R, < R;.

4. Podle rovnic (13) a (7) mbZeme provést pfepotet bodnot U, na hodnoty Eg,.
Pro zminény pfepodet potiebujeme ziskat spojitou k¥ivku koeficientu propousténi 4
s hloubkou. Tuio kfivku miZeme sestrojit podle rovnice (13), zndme-li parametry
R, R; a R;. Parametr R, muZeme pfimo regisirovat ve tvaru spojité kfivky
s hloubkou podle udajii hlubinného resistivimetru. Zbyvajici parametry R; a R,
miZeme piimo méfit formou spojité k¥ivky s hloubkou na zakladg vidajit Mikrologu
nebo Proximity logu. Podle viech téchto tdaji miZeme zmingny koeficient pro-
pousténi elekirického proudu vypotitat a pozdgji podle rovnice (7) provést pie-
pocet hodnot Uy na hodnoty Egp.
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Predtim v3ak je tieba zvaZit ty piipady, kdy pro vznik vlasinich potenciala
nejsou ve vrtu vhodné podminky. V takovych piipadech piati, Ze Egp = 0. Proto
musime piihliZet i k jinym karotiZuim metoddm, jako je napf. metoda gama-
karotdZe. Informaci o mérném elekirickém. odporu vrstevni vody mi¥eme ziskat
napi. podle srovnévaci metody R, .

Soudobé technické prostfedky umoZiinji zkonstruovat spojitou zhvislost koefi-
cientu propousicni elektrického proudu vlastnich potenciali na hloubce. Tato
zhvislost se d4 pak dobie vyuZit pro pfepoet nam&fenych viastnich potencidlii
na elektrodé ve vyplachu na vlasini potencidly na sténé vrtu. To miZe mit sviij
vyznam pro vyClefiovani propustnych vrstev v horninich geologicky starS§ich,
vyznadujicich se vySSim mérnym elektrickym odporem v 26né filirace a pomé&rné
malo mineralizovanym vyplachem.

Yysvétlivky k tabulce a obrézkam

Tabulka 1. Interpretace koeficientu propoulténi elekirického proudu vyplachem ve vrtech
z oblasti Dihé Ki¢ove, Albinov, Zdanice a Lubns.

. Kfivky viastnich potencidlli 2 m&rného elekirického odporn z vrtu Dihé Kicove-1.
. KF¥ivky vlastoich potencidhh 2 m&mého elekirického odporn z vrtu Albinov-7.
Kfivky vlastnich potencidld a méraého elekirického odporu 2z vrtu Zdanice-4.

. K¥ivky viastnich potencislii 2 mérného elekirického odporn z vrin Zdanice-16.

. K¥ivky viastnich potencialii a mérného elekirického odporu z vrtu Zd4nice-18.

. K¥ivky vlastnich potencilii 2 mérného elektrického adperu z vetu Lubna-5.

. K¥ivky vilastnich potenciil 2 mérného elektrického odporu z vrtu Lubni-6.

. Nomogram 77 = f(R,, R:, Ra).
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Bananne roodunnenTa MPONYECKAANA DAGRTPHEUGCRKOro TOKA
B GyporeM pacTBope L2 u3Mepesne cofCTEeBHMX UOTCANNANGE

B ropenix nopoiax 6ornee BEICOROFO FeOROrBICCROTO BO3PACTA CYIRECTRYIOT TAKUE HPOHHIACMEIE
XIACTRI, KOTOPHIS HEAL3A BHLIACHATE TORLKO [O YHEHLEOMY DICKTPHUCCKOMY COUDOTHBICHERO
¥ RpHBOR COGCTBCHEAIX HOTCHUMANOB. MIX XapakTepu2yeT OTHOCHTENHHEO GONBLIIOS YIenbnoe
DTERTPAIECKOS CONPOTHBACHNE 30BLI NPOHMKHOBCANA A OOMNee BLICOKOE YACHLEOS CONPOTHRACHME
Sypoeoro pacteopa. Kpaeas CoGCTRCBELIX HOTCHIMANIOB B TAKEX MNACTAX GPE3BHIARHO TIafKa
¥ EMeeT MOROTOHHBDR Xapaktep. ORa HOXOX2 Ha KPHMBYIO COOCTRECHHEIX DOTCHOHANOB, ROTODAd
BO3HEKAET B CHYJae CONEHOro pacTsopa. Kamercd, wTo 002 ciy3as mmMeror ofmpl noBog — He-
Gompmol ROIHPFNMEHT NPOKYCKARRS ICKTPHICCKOIO TOK2 COBCTREHEEIX HOTEHMANOB TPARKIEH
paspena 6yporoi pacTBOp — rOpHAsi HOPOXA, ORA3BBAICINEA BO3AHCTENE Ha KPHBYIO COGCTECHARR
noTeHIAAnon. 27107 GaKT MOKHO ACHONL30BATE Gl HEPECUETa KPEEOH COGCTRCHARIX HOTCHIAATIOR,
"robrT FOCTHIL KpHBof Gollee CRORHEOTO XapaKiepa i, TakaM o6pa3oM, EETEPIPETAPORAT B Bbi-
BENATh YOOMABYTHI® OPOHAN2AEMBIS DAACTEL

PreloZil autor
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