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GEOPHYSICAL STUDY OF THE EPICENTRAL AREA OF
ALKYONIDES ISLANDS EARTHQUAKES, CENTRAL GREECE

M. L. MYRIANTHIS*

During February and March 1981, three strong earthquakes accompanied by a sequence of
shocks of lower magnitude occurred in the northeastern part of the Gulf of Corinth near the
Alkyonides Islands in Central Greece. This study attempts an appreciation of the causes of earth-
quakes in the epicentral region. In order to investigate the geotectonic conditions of the broader epi-
central area two marine seismic profiles and a number of marine gravity records are examined and
presented. Finally, a simplified model is proposed to explain the present morphology of the Gulf of
Corinth graben.

Introduction

On 24 and 25 February 1981 a triggering of intense seismic activity occurred
taking the form of series of earthquakes in the northeastern part of the Gulf of
Corinth, in Central Greece. According to released data by the Geodynamical In-
stitute of Athens Observatory, the first event initiated on 24 February at
20: 53 ;37 hours GMT, having epicentral coordinates 38° 13'5" N, 23° 0.06' 00"
E and magnitude Ms= 6.6. The shock was strongly felt in Athens with intensity
ranging between VI and VII on the Mercalli scale depending on the geomorpho-
logical characteristics of the particular area. The main aftershock occurred at
02: 35:36 hours on 25th February. The coordinates of the epicentre were
38°9'0" N and 23° 8' 2" E. The magnitude of this shock was Ms=6.2.

Furthermore, on 4th March a second set of earthquakes initiated at 21: 58
hours with magnitude Ms= 6.2, followed the next day by an Ms=5.9 event. The
first shock occurred approximately 20 km to the northeast of the main shock of
24th February [D rakopoulos €t al. 1981]

The Gulfof Corinth is a tectonically active area exhibiting considerable seis-
micity. Earlier researchers have recognized the region as lying in an extensive
tectonic environment with the area to the north and northeast and to the south
and southwest continuing to be uplifted at a very high rate. The overall effect of
this uplift is the formation of the Gulf of Corinth [T i1fora et al. 1981] which is
an asymmetric graben. This view is also supported from the bathymetric and
topographic features of the area [Sabot and M aroukian 1981].

In 1970 the Gulf of Corinth was for the first time the subject of systematic
marine geophysical research designed as a reconnaissance survey for oil explo-
ration purposes. Seismic reflection data of high quality were accordingly
acquisitioned and digitally processed.

* Public Petroleum Corporation of Greece S.A. Academias 54, Athens, 143, Greece
Manuscript received (revised form): 20. 7. 1982.



6 M. L. Myrianthis

Following the recent intense seismic activity it was thought to interpret two
selected profiles passing close to the epicentres of the main shock and the after-
shock. However, profile KO—105A southeast to northwest and profile
KO—102 trending northeast to southwest were chosen; a longitudinal and
transverse section with regard to the axis of symmetry of the Gulf of Corinth.

The present paper attempts to evaluate some of the information available
concerning the seismicity and stress regime of the area in the light of the data
from seismic reflection profiles.

This is hoped to lead to a better understanding of the prevailing geotectonie
state and the processes which finally led to the major earthquakes.

Seismic data acquisition and processing

From 10th to 15th September 1979, on behalf of the Public Petroleum Cor-
poration of Greece, the research vessel M/V WESTERN BEACH conducted an
extensive geophysical exploration in the Gulf of Corinth. This survey comprised
accurate radionavigation, seismic profiling, gravity recording and precise bathy-
metry.

The MAXIPULSE system was used as the energy source for the entire sur-
vey, at a rate of 40 shots per kilometre

The 2400 m buoyant oil filled streamer cable was used giving 96 x 25 m
groups with 20 geophones per group.

During operations the cable was streamed at a depth of 11—13 m. A set of
six pressure sensitive depth transducers was equally spaced down the cable.
Eight cable “depth controllers” were spread down the cable to aid in maintaining
the cable at the desired running depth. The distance from the Syledis navigation
antenna to the centre ofgroup 96 was 202.75 m and the distance from the Syiedis
navigation antenna to the gun was 44.53 m. Data from the survey were recorded
using an LRS 888 digital seismic recording system.

A minimum of 6.0 sof data was recorded at a 4 ms sampling rate. Input sig-
nals to the A/D converter as well as the tape output were continuously moni-
tored on an oscilloscope. An uncorrected 100% shipboard section was also
recorded.

The recording filter settings used during this survey were the Low-Cut 6 Hz
and the Hi-Cut 87.50 Hz.

Seismic data were processed at the London Data Processing Centre of Wes-
tern Geophysical Company.

Initially, field data were demultiplexed from scan sequential order to trace
sequential order. The bubble sequence, taken from channel 98 of each file, was
searched for time-break and the file time adjusted to compensate for the varia-
tion in digital start-to time-break inherent in the MAXIPULSE system. From
time-break, the first 512 ms of the bubble sequence was used to design a
Wiener—Levinson least squares error filter operator (992 ms long) which, when
convolved with the bubble sequence, would produce a single sample negative
spike. This operator was convolved with each input data trace to produce the
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output data trace. A unique operator was computed for each file. Input, compu-
tation and output were in 32 bit floating point mode at a 4 ms sample rate.

A zero-phase bandpass filter of 6 Hz (12 dB/oct) low-cut was also applied
before deconvolution.

A Wiener—Levinson least squares predictive deconvolution filter was com-
puted from and applied to the data on a trace by trace basis. The filter operator
was computed from the autocorrelation ofthe input trace and the specified mini-
mum predictive lag.

The deconvolution parameters selected for the Gulf of Corinth area are pre-
sented in Table I.

Table |
DECONVOLUTION PARAMETERS
MODE NUMBER OF WINDOW LENGTH OF MINIMUM
OF WINDOWS LENGTH OPERATOR PREDICTIVE LAG
DECONVOLUTION (ms) (ms) (ms)
BEFORE STACK 2 2200 248 12
AFTER STACK 1 4000 220 40

A multiple attenuation filter (MAF) was applied to the deconvolved CDP
output of the preprocessor program before running velocity analyses.

In the MAF, traces within a CDP were NMO corrected with a velocity of
1550 m/s to align the strong, low velocity, multiple energy. A model trace was
constructed by summing traces near to, but excluding, the trace to be filtered.
From the time of the first water bottom multiple, the model trace was subtracted
from the input trace and the process proceeded trace by trace continually within
each CDP. Inverse NMO was then applied.

Velocity analyses were performed using the VELAN program on the output
of the MAF program.

Stacking velocities were obtained from the interpretation of the VELAN.

Filter pass-bands as specified on each section were applied to the data at the
times indicated. Pass-bands at intermediate times were linearly interpolated to
give a smooth, gradual transition between specified filters. The time positions of
the filters were varied according to structure.

Interpretation of seismic reflection profiles

The 21km long profile KO—102 runs generally northeast—southwest
revealing a well defined asymmetric graben, as shown in Fig. 1 Seven kilometres
from the northern end of the section in the same direction of shooting lies the
epicentre ofthe main earthquake of 24th February 1981. This part of the profile is
governed by a strong shallow reflector developed in some places on the sea bot-
tom in water depths of approximately 330 m. The horizon in question is consi-
dered as the basement and is attributed to the top of Mesozoic in general and
most probably to Triassic. Lithologically it consists of limestone and dolomite.
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Fig. 1 Seismic reflection profile KO—102 crossing the Gulf of Corinth asymmetrical graben.
The lower left corner shows a rock mechanical analogy of a rod subject to tensile triaxiai stress.
Note that in Dreyer's experiment the relationship between the biaxial stress field <= <3 and a,

iS <= U3>ffj
I. &bra. A Korinthoszi-6b6l aszimmetrikus arkat keresztez6 KO— 102 szeizmikus reflexids
szelvény. A bal alsé sarokban hadromtengelyl hazasi fesziltségnek kitett rad kézetmechanikai
anal6giaja lathat6. Megjegyzendd, hogy a Dreyer-kisérletben a kéttengelyl fesziltség-tér <2= <3
és o kozotti dsszefuiggés: a2= 03>al

dur. I. Mpodunb ceiicmopassegkmn MOB KO-102, nepecekatwLwmnii acUMMeTPUYHBIA rpabeH

KopuH(CcKoro 3annsa. B neBOM HMXXHEM Yrny — CXeMa MeXaHW4yeckux gedopmaLnunii CTepXHsA
noJ BO3/elCTBMEM TPeX0CeBOro pacTskeHUs. CnegyeT OTMETUTb, YTO B IKCMEPUMEHTaxX
[peiiepa No 4BYXOCHOMY pacTsHKEHUD MMeNo MecTo <2 = <x3><7L

This unit which is widespread in the area geotectonically belongs to the west side
of the Peiagonic ridge. Overlying the basement there are some strong reflector
seismic facies of limited extent and thickness which could be assigned to Parnas-
sian flyschoid. They were recognized by c 1ement [19771 in the southern Beotian
zone where the northeastern end of profile KO—102 terminates near the little
island of Phomas. The general basement structure is controlled by step-faulting.
There is also evidence of toe slumping of the sediments overlying the basement*
dipping to the southwest forming the acoustic basement of the sedimentary
basin. In the southern flank of the graben there is little evidence of the basement
which appears sporadically below chaotic depositional patterns. However, a
basement reflection is recognizable at 13 s suggesting the existence of a large
normal faulting system striking east—west and dipping to the northeast. The
approximate throw of the fault is estimated to 1500 m. Onshore geological data
from the Parachora area support the existence of parallel fault zones running
east—west along the northern slope of the Gerania Mountains on the Peracho-
ra—Alepochori axis, as shown in Fig. 2

As can be seen from Figs. 1 and 2, there is little ambiguity that this large
normal fault is the offshore extension of the long normal fault of the Perachora—
Alepochori axis. It is interesting to realize that the same fault is considered as the
cause of the main earthquake of 24th February 1981. Thus, Papazachos et al.
[1981] argue that the first two earthquakes are due to a normal fault which dips
to the north and strikes parallel to the Gulf of Alkyonides as illustrated in Fig. 2
Field geophysical data reported by b rakopoutos et al. [1981] revealed two sur-
face ruptures each of9to 12 km in length trending east—west. These features are
also created by earthquakes which occurred in February 1981 near the
Alkyonides Islands. Movement was down to the north on both traces and a total
vertical offset of up to 1.5 m has been measured. The preliminary composite local
mechanism solution indicates that most of the activity occurs along east—west
normal faults.

Sesmic profile KO—102 indicates the presence of another reflector overly-
ing the basement. This horizon is clearly shown in the southern part of the
graben. Geologically it is attributed toThe base of Plio—Quaternary. Land data
in the area of Corinth and Kiato suggest the existence of sand, clay, marls, con-
glomerates; rarely limestone, gypsum and lignites.

* A strong reflection package which is attributed to a carbonate surface.
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Fiy. 2 Above: A schematic section of the epicentral area of the February and March 1981
earthquakes in the Alkyonides islands, Gulf of Corinth. (After Papazachos et al. 1981)
Below: Generalized location map of the epicentral area. Marine seismic profiles are included as
well as the inferred thrusted fault. (Modified from Papazachos et al. 1981)

2. 4bra. Fent: az 1981. februdr—marciusi foldrengések epicentralis teriiletének vazlatos szelvénye
(Papazachos et al. 1981 utan)
Lent: az epicentralis terulet &ltaldnositott helyszinrajza, a tengeri szeizmikus vonalak és a
javasolt feltolédasi vonal feltiintetésével (mddositva Papazachos et al. 1981 utan)

dur. 2. Beepxy: cxemaTuyecknini Nnpouab 30HbI 3NULEHTPOB 3eMNeTPAcCeHUl B heBpane —mapTe
1981. r. (no Papazachos et al., 1981). BHU3y: 0606LEHHbIA CXeMaTUYeCKUA NnaH cuTyauun
30HbI 3MULEHTPOB C 0603HaYeHNEM NIMHUIA MOPCKOIA celicMopasBeAKu U MpeanosaraeMmoro

B36poca (no Papazachos et al., 1981., ¢ MU3MEHEHUSIMN).

These sediment are mostly freshwater but there also exist brackish and salt-
water deposits all of Pliocene age. The seismic section reveals a noticeable,
although gentle, relief on the base of Plio—Quaternary involved with diffraction
patterns suggesting the presence of closely spaced minor normal faults emerging
up to the sea bottom. This is an additional strong indication of active tectonism
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which is postulated for the said area from known past strong earthquakes of
cumulative magnitudes in the range of 6.0 6.4.

The Plio—Quaternary reflector is not traceable above the basement in the
centre of the elongated asymmetric basin. Structurally, this basin comprises
acoustically well stratified laminated reflectors forming a gentle depression. The
reflection profile indicates bending of these horizons but not fracturing. This is
probably due to the age of the basin and the burial under deep sea conditions, i.e.
water depth 800 m. Geometrical elements of the basin indicate a width of
approximately 10 km and maximum sedimentary thickness of about one kilo-
metre. Stratigraphy is not known because seismic profiles lack borehole calib-
ration.

In the northeastern edge of the basin sedimentary sequences pinch-out
against the basement while in the southern margin seismic records form an angu-
lar unconformity with the base of the Plio—Quaternary. The structural dif-
ference between the two walls of the graben and the existence at both sides of
rather recent normal faulting subparallel to the trend of the basin indicate a dif-
ferential uplift of these two blocks. The southern one is apparently more active
and is undergoing deformation moving upwards with, probably, a higher rate
than the northern block.

The 45 km long seismic profile KO—105A runs practically southeast to
northwest. As illustrated in Fig. 3 the eastern end of the section is governed by a
proximal onlap environment marking the lateral ending of depositional features.
There is evidence of thinning westwards of the relevant seismic units against the
reflector assumed to be the top of Mesozoic. Seismic depositional sequences of
the area could be divided from the sea bottom to the reflector assigned as the
base of the Plio—Quaternary, the second from the said reflector to the horizon
representing the top of the Mesozoic. Where both horizons are present they
generally run parallel. However, in the central and western part of the profile the
Mesozoic basement crops out directly into the sea bottom forming a small sea
mountain. The area to the east of this mountain is governed by intense normal
faulting. Some normal faults extend deep into the Mesozoic sequence, but
they do not continue into the Plio—Quaternary deposits above.

The most distinctive feature of the seismic profile KO— 105A appears near
the epicentre of the main earthquake of 24th February 1981. The tectonic frame
of this area suggests thrust faulting passing virtually through the epicentre. Land
geological mapping indicates an overthrust of the subpelagonic on the Par-
nassos geotectonic zone.

Delineation of the overthrust in provided by various authors notably c re-
ment [1977]; this latter author suggests that the actual line passes in the north
(Sterea Hellas) from the Elopia—Korombili axis in Beotia through the Gulf
of Domvraina and between the Makronissi and the nearby small islands pro-
bably continuing offshore east of Alkyonides Islands and finally terminating at
the Gerania Mountains to the south (see Fig. 2).

The same delineation although on a considerably larger scale is adopted by
Thiebautt [1977], while Fieury [1980] accepts in principle the above picture
arguing that the actual overthrust is between the subpelagonic and Beotian zone.
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The latter zone is thrusting against that of Parnassos. The existence of the in-
ferred Beotian zone which according to c 1ement, 0Op Cit, appears in the southern
part of Sterea Hellas as a flyshoid continuously overlying the Tertiary Parnassian
flysch does not alter the main concept that the actual overthrust occurs between
the subpelagonic and Parnassos zone. Apparently to the south a buffer zone exist
which is the so-called Beotian zone.

Finally, referring to the seismic section shown in Fig. 3, it might be argued
that the sea bottom differs morphologically on both sides of the sea mountain.
The eastern side represents a relatively calm environment with rather flat bottom
at 300 to 312 m water depth. The western side is displaced by a considerable nor-
mal fault. Water depths in the eastern sector range between 500 and 800 m.

Gravity recording

Gravity recording was done concurrently with seismic operations. Measure-
ments during the survey were carried out with a LaCoste and Romberg sea gra-
vity meter. The compiled Bouguer anomaly map given in Fig. 4 provides a com-
prehensive picture for the Gulf of Corinth area. Calculations are based on a den-
sity value of 2.25 g/cm3.

The trend of the gravity contour lines is NW—SE parallel to the longitu-
dinal axis of the Gulf of Corinth. The values are positive ranging from
+ 80 mgal* in the western extreme of the gulf near the area of Egion in Pelopon-
nese to +125 mgal* in the area of Perachora and the Alkyonides Islands. A rather
characteristic feature of the gravity field is the rapid change of the gradient and
the observed small local anomaly trending NNW—SSE, i.e. roughly from the
area of Corinth to Mount Helicon. This trend is parallel to the main geological
and morphological zones of Greece.

Evidently, the trend coincides with a major tectonic event delineating the in-
ternal to external geotectonic zones of Greece. The latter zone is associated with
the Alpine geosyncline, the westward limit of the internal zone coincides with the
sub-Pelagonian zone. Higher values of Bouguer anomalies are expected in this
zone due to the presence of ophiolites. m akris [1977], in a detailed geophysical
study of Greece, points out that both the mainland and the Peloponnese show
negative Bouguer anomalies with maximum negative values of —140 mgal con-
fined to the lonian and Gavrovo zones of the miogeosynclinal area of the wes-
tern Hellenides. The gravity field rapidly changes to positive values at the Pela-
gonian zone. This area has its maximum values at south Attica (+100 mgal).
These findings are generally in agreement with the records along the Gulf of Cor-
inth (see Fig. 4).

Additionally, it could be argued that the rapid increase eastwards of the gra-
dient of the Bouguer anomalies may be attributed to the inferred overthrust of

* These values are valid as relative differences only because no tie to an accurately defined land gravity
station was attempted before the initiation of the survey. However, it is believed that a systematic shift of +30
mgal exists in all measurements. Accordingly the above values are modified to +50 and +95 mgal respectively.
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the sub-Pelagonic zone on the Parnassos one. As already shown, delineation of
this overthrust was attempted by various authors while the seismic section
KO—105A clearly indicates its existence.

STERE A HELLAS

|
P ELOPONN I s § 0S8 GULE OF SARONI

Fiy. 4. Bouguer gravity map of the Gulf of Corinth area. The trend of gravity anomalies is
NW —SE parallel to the longitudinal axis of the gulf

4. dbra. A Korinthoszi-6bél Bouguer-anomalia térképe. Az anomaliak trendje ENy— DK,
parhuzamosan az 6bdl hosszanti tengelyével

dur. 4. Kapta aHomanuin byre KopuHdckoro 3anvsa. AHOManuu BbITAHYTbl B C3-HOB
HanpaB/fieHWW napanesbHO NPOAOALHON OCU 3anuBa.
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Seismotectonic regime in the Gulf of Corinth

Bearing in mind the tensile stress regime existing in the Gulf of Corinth
ascertained by various authors it might be argued that the Mesozoic formations,
which are the basement of the graben shown in the seismic profile KO—102 (see
Fig. 1), can be modelled by a rod subject to tensile triaxial state of stress. This is
of course an oversimplification. b reyer [1973] describes an axis symmetrical
tension experiment where a biaxial stress state a2= <3 was superimposed on the
tension a 1which acted parallel to the rod axis as shown in the left part of Fig. 1
This was accomplished experimentally by means of a resin bond. Under uniaxial
loading, fracture occurred across the small sample cross-section normal to
Under multiaxial loading a higher tensile stress up to a maximum <mna value is
required to induce failure. In certain specially shaped samples, the fracture plane
did not lie in the smallest cross-section but rather it moved towards the margin
of the axis-symmetrically stressed region. The strength in the centre portion of
the specimen has increased.

Comparison between the real state of stress and the one described in the
mechanical model leads to the assumption that the direction of axis crl, coincid-
ing with the tensile axis T minor principal stress component, is nearly horizontal
and strikes north to south. The vertical stress component <3 (3= @2><n) coin-
cides with the vertical major principal stress component (axis P). As a result both
flanks of the graben retain to some degree the original cross-section while the
central part undergoes reduction in the cross-section combined with some degree
of rock strengthening. Additionally, the observed (Fig. 1) major normal faulting
at both edges of the graben is consistent with experimentally derived results of
the rod where the fracture plane did not lie in the smallest cross-section but
where it moved towards the margin. The model also suggests that fracture planes
(orthogonal faulting) are normal to the direction of a” which is true as well for
the actual case where normal faults strike east—west, normally to the horizontal
tensile axis T. This axis has a north—south direction. As expected from the
model there is apparently no rupture in the basement of the basin itself, i.e. in the
assumed smallest cross-sectional area. This is inferred by the gentle folding of the
overlying sediments which show no evidence of faulting. The argument is to
some extent valid because the state of the sediments reflects the morphology and
tectonics of the basement.

The analogy—although generalized—between the state of stress existing in
the Corinth graben and the stress and deformational pattern experimentally
developed in a rod under triaxial tension is remarkable. A different approach of
the problem can be obtained by modern concepts of graben formation based on
normal fault mechanisms. A fundamental prerequisite is again the crustal ten-
sion.
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Conclusions

Seismic reflection profiles along and across the Gulf of the Corinth graben
were studied together with marine gravity data. Using a knowledge of the areal
geology the ages of the main reflectors are determined as accurately as possible,
and the inferred stratigraphy of both seismic sections is interpreted. The
obtained results support the already expressed view that the main shock of
Ms=6.6 on the Richter scale was due to a large normal fault running east—west
and dipping to the north. The first order aftershock of Ms=6.2 was due to an
antithetic normal fault running also east—west and dipping to the south. Both
normal faults are related to the Corinth graben.

Various studies and seismic reflection results point to the fact that a ten-
sional stress regime prevails in the area. A seismic section across the graben
reveals an analogy—as far as stresses and deformations are concerned—to an
experimental model consisting of a resin rod subject to tensile triaxial state of
stress. However, the direction of the minor principal stress component coincides
with the tensile axis Twhich is nearly horizontal and strikes north to south. The
major principal stress which is the vertical stress component coincides with the
compressional axis P.
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M. L. MYRIANTHIS

AZ ALKYONIDES-SZIGETEK (KOZEP-GOROGORSZAG) KORULI
FOLDRENGESEK EPICENTRALIS TERULETENEK GEOFIZIKAI
VIZSGALATA

1981 februdr— marciusdban harom erds foldrengés volt, melyeket egy sorozat kisebb erésségu
rengés kisért, a Korinthoszi-6b6l EK-i részén, az Alkyonides-szigetek kézelében. A tanulmany a
foldrengések kipattandsanak okéat vizsgalja az epicentralis teruleten. A tektonikai viszonyok tanul-
ményozésara két tengeri szeizmikus szelvényt és szamos tengeri gravitacios felvételt vizsgaltak meg.
Végeredményként egy egyszer(sitett modellt javasol a Korinthoszi-6bdl jelenlegi morfol6gidjanak
magyarazatara

M. 1. MUPNAHTNC

FEO®USNYECKWUE UCCNEAOBAHUA B 30HE IMULEHTPA
3EM/IETPAICEHVI B PAMOHE ANKMOHWACKMX OCTPOBOB
(CPEAHAA TPELINS)

B deBpane—mapTe 1981. r. B ceBepo-BOCTOUYHOM YacTu KopuHdckoro 3anmea, B6ausn An-
KMOHWACKMX OCTPOBOB 6b1/10 TPU CU/MbHbLIX 3eMNEeTPSAICEHUSA, KOTOPble COMPOBOXAANUCL cepuei
TOMYKOB MeHblLUeR cunbl. B paboTe paccMaTpuBalTCA MNPUYMHBbI BOSHUKHOBEHUA 3eMeTPsicCeHUn B
30He anuueHTpoB C Uefiblo UCCNeoBaHNA TeKTOHUYECKUX YCMOBUIA 6bII U3yYeHbl ABa MOPCKUX
ceiicMmyecknx npouns u psaf mMaTepuanoB MOPCKOW rpaeupassefku. B uTore npegnaraercs
ynpoluieHHas Mofenb AN 06bACHEHUA COBPeMeHHOW Mopdonorum KopuH{cKoro sanusa.
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EARTH TIDE OBSERVATIONS
WITH RECORDING GRAVIMETER BN—O07 (GS 11 No. 190)
(1974—1980)
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Processing is based on a total of 38,136 hourly values (1589 days) collected from 8 different
stations. Analysis of earth tide curves permits the inference that the reliability of earth tide para-
meters obtained corresponds to standards postulated by the literature and the parameters show
good agreement with values calculated for theoretical earth models. At the same time a denser
network of stations is needed for investigating the areal distribution of these parameters. The accu-
racy of observations with a single instrument is several tenths of one per cent, nearly equalling the
difference between individual stations when measured with the BN -07 gravimeter.

Spectra of residual curves determined by eliminating instrumental drift and lunisolar effect
show that a higher accuracy than previously obtained can be achieved with existing instruments
when the conditions of observation are improved. A second factor which reduces the reliability of
observation results is the inadequate accuracy of gravimeter calibration thereby suggesting the need
to study the statistical distribution of micrometer readings.

1. Introduction

The Askania gravimeter type GS— 11 No. 190 was furnished with a capaci-
tive sensor by prof. M. Bonatz in 1974 and the modified instrument was desig-
nated BN—O7. The modification rendered the instrument substantially more
suitable for observing earth tides. Here, we present the results of observations
that have been performed since the modification, to sum up the experiences and
to discuss the trend in areal variations of gravity earth tide parameters, and to
deal with two important factors endangering the reliability of observations.,
namely with systematic effects appearing on the frequencies of earth tides or near
them, and with the insufficient accuracy of the calibration of the measuring
system.

2. Harmonic analysis of observation series

The observations discussed were performed in the period 1974 through 1980
at eight different stations. The total length of the data system involved in process-
ing is 1589 days (38,136 hours). This data system amounting to approximately 4
years and 4 months is composed of long (405 days at most) and short (90 days at
least) partial series. This fact does not allow us to include all the main waves that
we detected in the course of the tide analysis, nor to compare the results of indivi-
dual stations. Our experience, however, suggests that the tidal waves M2and Ot

* Eotvos Lorand Geophysical institute of Hungary
Manuscript received 29. 4. 1982.
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can be used reliably even in such instances. For this purpose adequate observa-
tion conditions must be created at the stations. The most important factors are
the temperature stability of the observation room, the reliability and stability of
the electric supply, the adequate accuracy of determining the scales of records
[Voikov €t al. 1976]. With the exception of a single case (Penc) our observations
were carried out at stations where, simultaneously with the operation of the
BN—O7 instrument, other instruments were also being used.

Results of the harmonic analysis of series observed by us in the period
1974—1980 are presented in Table I. The effect of world oceans was calculated
by Pertsev [1970] still using the maps compiled by Bogdanov and M agarik
[1969], and for the stations Penc and Graz by Lichtenegger €t al. [1982]. The
corrected values of amplitude factors are found in the last two columns of the
table. It can be observed that after ocean tide correction the amplitude factors of
waves Oj and M2 practically agree. Anomalous values were obtained from indi-
vidual stations. Thus, the amplitude factor M2 of Obninsk differs from the rest
since its corrected value [1,184] exceeds the average by about 2%. The deviation
of corrected values is high (1.1%) also in the case of Pecny station. It can be seen
from the presented results that in the area investigated by us no regional varia-
tions due to geophysical causes of amplitude factors could be detected. In addi-
tion to instrumental reasons to be discussed later this can probably be explained
by the uneven distribution of the network of our stations. Regional variations of
the earth tide parameters must be related to big tectonic structures—causing in-
homogeneities in the crust and perhaps in the upper mantle, too. Their assumed
position, however, is not followed by the stations.

3. Study of amplitude factors

It is of interest to study the extent of deviations between the amplitude fac-
tors of instruments operated at the individual stations and those obtained by the
BN—O7 gravimeter (GS—11 No. 190). Observations performed within the
framework of subproject 14.3 KAPG were subjected to the so called global pro-
cessing in addition to the usual processing for each instrument [V enedikov
1979]. The essence of global processing is that the observations performed at a
given station by individual instruments are mutually adjusted. The amplitude
factors and phase differences obtained in this way, as well as the corresponding
errors [D ittfera et al. 1981] are given in the column “GLOBAL” of Table 11
and clearly show the extent to which observations by a single instrument can be
regarded as reliable. When these deviations are compared with differences ex-
perienced between the individual stations (Table I), the impression is formed that
the obtained deviations are of similar order of magnitude. The last line of Table 11
contains results of the mutual adjustment of all series measured at all stations,
at first for BN—OQ7, then for all instruments (see Dittfeld et al. 1981). The Ot
wave obtained using the BN—O7 instrument shows good agreement with the
values determined from the mutual adjustment of the rest of the instruments
whereas for wave M2 a great deviation (0.6%) can be observed due to the men-
tioned greater deviation for Obninsk. Ifthis is neglected it can be established that
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for the rest of the stations the difference between the BN—O07 and global results
is 0.4% or less. In summary it can be stated that the deviations between indivi-
dual instruments and/or stations are of a similar order and amount to several
tenths of one per cent.

4. Residual curves

The geophysical interpretation of the areal variations of amplitude factors
makes it necessary to disclose systematic effects on observations performed on
individual stations. The so called drift-free residual curves seem to be particu-
larly useful for such investigations. They are calculated in the following manner:
at first a theoretical curve — corrected by the real amplitude ratio and phase
value— is deduced from the observed one, then the instrument drift is eliminated
by linear filtering.

The residual curves were subjected first to statistical analysis. On the basis
of the X2test their distribution cannot be regarded as normal even for a low relia-
bility level. This statement is readily illustrated in Fig. 1, where distribution
curves calculated from the three residual series and the related Gaussian normal
distribution are shown as an example. It follows from the significant deviation
from the normal distribution that the residual curves cannot be regarded as ran-
dom because they contain deterministic components. (The following three series
were used in the investigation : a 112-days’ and an 80-days’ long section of the
observation at Tihany, and 71 days of the 233-days’ long observations at
Obninsk.) The amplitude spectra of the residual curves were determined to
obtain the systematic components. Figure 2 shows the results of the 80-day-long
series of Tihany; Fig. 3 presents the spectra calculated with the 1/4, 1/2 and 3/4
parts of the 112-day-long series. The results of the observations at Obninsk are
given in Fig. 4. For comparison the spectrum obtained from the observations
with the recording gravimeter type GS—15 No. 220 of the Moscow Institute for
Earth Physics “O. Yu. Schmidt” is presented in the same figure. It should be
mentioned that the observations with the two instruments were conducted
simultaneously in the same room. The maxima of the spectra in the diurnal
Tequency range are in general higher than for the frequencies of the semi-diurnal
waves. The amplitudes of the residual curves have a magnitude of several tenths.
For series investigated by us amplitude values of 0.20—0.30 pgal are determined
on the average for diurnal and 0.05—0.25 pgal for semi-diurnal waves. Out-
standing values of spectra appear either at the frequencies of the highest tidal
waves or in their proximity. There is always a spectral anomaly at the
frequencies of waves K1 (Pu 5,) and S2(K2)\ at the frequencies of other waves
this appears rather at random.

Anomalies of spectra calculated from residual curves which appear in the
frequency range of lunisolar effects are in a significant part of events equal to
error values of the harmonic analysis technique. The noise level of the presented
spectra, however, is lower for non-lunisolar frequencies than in the frequency
range of tidal waves. This fact seems to indicate that the recording apparatus
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Fig. 1 Comparison ofnormalized distribution
curves (-----) calculated from drift-free
residual curves of gravity earth tide ob-
servations with the Gaussian normal
distribution curve (...)

a) from an 80-days’ observation series
at Tihany

b) from a 233-days’ observation series
at Obninsk

c) from a 112-days’ observation series
at Tihany

, _™min~* . Nmae~X

where X, Amin, X are maxima, minima and average of the observed values respectively; Sxis
the standard error. The interval between A and B was divided into 96 parts

1 4&bra. Gravitacids foldarapaly megfigyelések driftmentes maradékaibdl szamitott normalizalt
eloszlas gorbék (------ ) és a Gauss-féle normalis eloszlas gorbe (- 6sszehasonlitasa
a) Tihany 80 napos megfigyelési sorozat alapjan
b) Obninsk 233 napos megfigyelési sorozat alapjan
¢) Tihany 112 napos megfigyelési sorozat alapjan

ahol 2fmax, Xmn. X — az el6fordulé értékek maximuma, minimuma, illetve atlaga;
Sx — standard hiba. Az A és B kozotti szakaszt 96 részre bontottuk fel

®dur. 1. ConocTaBneHne KpUBbIX HOPMUPOBAHHOIO pacnpefeneHns (------------ ), paccumTaHHbIX
no rpaBMTaLMOHHbIM HabNOAEHUAM 3a 3eMHbIMU NPUINBaMUK C yCTpaHeHUeM Apelida, u
KpvBOl HOopManbHOro pacnpegeneHns Maycca (....):
a) TuxaHb, MO AaHHbIM cepuun HabnaeHUn B TeyeHne 80-u CYTOK;
b) OBHMHCK, NO JaHHbIM cepun HabnwaeHUii B TedeHne 233-X CyTOK ;
¢) TvxaHb, N0 AaHHbLIM Cepun HabnwaeHW B TedyeHne 112-n cyTOK;

roe XTM, XMHN X — makcumanbHas, MUHMMAaNnbHas U CPefHAA BENMUYMHA BCTpevaroLwnuxcs
3HauYeHWn, a SX — cpefHeKBafpaTUUYHOe OTK/OHeHMe. WHTepBan mexay A u B 6bin pasgeneH
Ha 96 vacTeW.
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Ag [microgal] Fig. 2 Amplitude spectrum of the re-
sidual curve from the 80-days’
observation series at Tihany

2. abra. A tihanyi 80 napos megfigyelési
sorozat maradék gorbéjének
amplitadé spektruma

dur. 2. CnekTp amnnuTyfj ocTaTou-
HOl KpwBoW 80-CyTO4HON ce-
pun HabnwaeHnin B TuxaHn

g microgal “gl microgal

Fig. 3. Amplitude spectra of the residual curves of the 112-days’ observation series at Tihany, as
well as those for 1/4, 1/2 and 3/4 parts of this series

3. &bra. A tihanyi 112 napos megfigyelési sorozat, valamint 1/4, 1/2, 3/4 sorozat maradék
gorbéinek amplitdd6 spektrumai

dur. 3. CnekTpbl aMNANTYA 0CTAaTOUHbIX KPYBbIX 112-CyTOYHOW cepum HabnwoaeHuii B TuxaHu,
a TaKxe cepuii HabnwgeHnii 1/4, 1/2 n 3/4
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g microcjal Ag Imicrogai

Fig. 4. Amplitude spectra calculated from residual curves of observations at Obninsk with the
instruments BN—07 and GS—15 No. 220

4. 4dbra. A BN—O07 és a GS— 15 No. 220 mdszerekkel Obninskben végzett megfigyelések
maradék gorbéibdl szamitott amplitdd6 spektrumok

dur. 4. CnekTpbl aMNANTY[, pacCUUTaHHbIX MO OCTAaTOYHbIM KPMBbIM HabnaeHWUN,
nponsBefeHHbIX B O6HUHCKe npubopamu BH-07 n M'C-15 Ne 220.

permits one, in principle, to increase the accuracy of the determination of tidal
parameters. Of course, the effects causing anomalies on the tidal frequencies of
residual curves ought to be known. These effects are of a systematic character
which—apart from the statistical investigations discussed above—follows from
the fact that the residual anomalies do not decrease with increasing length of the
series. Doubtless, meteorological effects also play a certain part in creating the
anomalies but this relationship is not simple (the response of the instruments is
not linear, it depends on frequency of temperature and air pressure variations,
thus they cannot simply be excluded). It would perhaps be appropriate to put the
gravity stations at a depth of 20 to 30 metres below the earth’s surface. This
seems to be supported by our measurements carried out at a great depth in Graz
[Lichtenegger €t al. 1982] leading to a smaller error of tidal parameters than
earlier; while the drift of the instrument was 1/3 or 1/4 of the usual value.

5. Study of results of gravimeter calibrations

A factor substantially decreasing the accuracy of gravimetric earth tide
observations is the inaccurate determination of record scales. In Fig. 5 the results
of instrument calibrations for the period from the end of 1974 to the middle of
1980 are summarized. Unambiguous and linear variation of the scale of records

can be observed:

pgal \

e = 2.391 (jigal/mm) + 0.048 ot
mm syear
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Fig. 5. Calibrations of the BN—O07 instrument between 1974 and 1980
/ mgal

-- determinations of the micrometer scale E/A . g o

micrometer division

AR millimeter \

AM micrometer division ) ’
----------- scale of recording (in pgal/mm)

------ scale of the record

5. dbra. A BN—07 mdszer hitelesitései 1974 -1980 kozott
mgal
- a mszer mikrométer skalaosztdsanak meghatarozéasai ( E/A | , ,
mikrométer osztas
-ea regisztralé irészerkezetének elmozdulasa
AR milliméter

YAM mikrométer osztas/
----------- a regisztralas léptéke (mikrogal/mm-ben)

a mikrométer csavarallitds Flggvényében

dur. 5. 3TanoHmposku npubopa BH-07 B 1974—1980 rr.

----- onpefeneHns feneHnsa LWKanbl MUKpoMeTpa npueopa ( E/A Mran n
Y, feneHue LWKanbl Mukpometpa |

------ CMeLLLeH e 3annCbiBaloLLLero ycTpoiicTBa Kak PyHKLUMSA HaBOAKU BMHTa MMUKpOMeTpa
MWUNNUMETPOB \
MgeneHue LwKanbl MMKpomeTpa /
— . acutab sanucu (B Mmukporan/mm)
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(correlation coefficient is 0.93). This variation can be explained by the change of
the relation between the recording apparatus and the micrometer screw of the
gravimeter (AR/AM). This change was not influenced by moving the apparatus
from one station to another. One of the possible sources of this time-dependent
variation can be the irregularities of the micrometer screw of the gravimeters.
This phenomenon, however affects observation results to a limited extent only
for Askania-type instruments—having an inner calibration unit—used for earth
tide observations, since the time stability of such a unit is very high (see curve
E/A in Fig. 5). The calibration of Askania-type gravimeters is discussed in detail
in Voirkov et al. [1976].

Another question is the statistical reliability of record calibrations performed
within the individual measurement series themselves or of the total of observa-
tions performed at different stations. This question was studied using the co2 test,
since within the calibrations the number of individual AR/AM determinations is
low (rarely exceeding 20), i.e. in the course of observations at individual stations
the number of calibrations hardly exceeds 10. The oo2 test offers an opportunity
to check the normality of distribution for n~10 samples [Smirnov and
D unin— Barkovskij 1965], i.e. the fact that the calibrations are not burdened by
systematic errors. Moreover, the determination of the parameter x as recom-
mended by M echanikov [1978] was also performed. This can be determined by

the formula:

1
[N

where
Xi is the i-th observation,
X is the average of n observations and

Xi- X f
n

According to Mechanikov the average value of the investigated observation
series approximates the true value only if 2.5 < x <4.0. For x values strongly dif-
fering from it X is not a good estimation of the true value. Of course, one must
be careful in using the latter characteristic since the selection of the interval limits
of 25< x<4.0 must be regarded as conditional only.

Table 111 shows the results obtained for all the calibrations performed at
Graz and Potsdam. (For Potsdam the calibration values are given separately for
analog and digital recording, since the observations were conducted on two
channels.) It should be remarked that under the assumption of a reliability level
of 0.04 the value of the a2 test should fall between 0.87 and 0.71. It can be seen
from Table 111 that x furnishes a satisfactory result in all three cases, though the
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Station ® 2 X
Potsdam (digital) 0.79 3.50
Potsdam (afialog) 0.71 3.13
Graz 0.81 2.95
Table 111 Statistical evaluation of calibrations at Potsdam and Graz

I11. Tablazat Potsdam és Graz alloméson végzett hitelesitések Osszefliggésének statisztikai értéke-
lése
Tabn. Ill. CTaTucTUYeckas oLeHKa CBSA3M MeX 4y 3TalOHMPOBKAMU, NPOU3BEAEHHbBIMU Ha CTaHLUSX
Motcgam n pay

results of analog calibration at Potsdam give a result falling on the margin of the
reliability interval. Table 1V shows the results of individual calibrations for
various times without selection to illustrate the encountered values. It should be
observed that on the basis of such statistical characteristics it is adequate to
supervise the results of individual calibrations or eventually to omit them if both
w2and x characteristics indicate values strongly deviate from the normal distri-
bution.

In Fig. 6 there are two calibration histograms (a and b) that cannot be
regarded as acceptable on the basis of the &2and x values ; in the same figure two
further histograms follow that proved to be adequate. The distribution ex-
perienced in the course of calibrations leading to unfavourable results approxi-
mates the uniform distribution and the reliability of the average value is doubt-
ful. The inner accuracy of calibrations which cannot be accepted from the statis-
tical viewpoint, can be very good in certain instances (e.g. the inner accuracy of
calibration performed on 30.10.1978 at Penc is 0.46%, but the calibration cannot
be regarded as reliable since it deviates by 2.5% from the average of all calib-
rations).

Summing up the foregoing it can be established on the basis of measure-
ments carried out from 1974 to 1980 that the order of magnitude of areal varia-
tions ofamplitude ratios is several tenths ofa per centand hardly exceeds the dif-
ferences obtained by different instruments at a given station at the same time.
Judging by the analysis of the residual curves the measurements using the
BN—O07 instrument (probably similarly to other instruments) is affected by sys-
tematic factors. These factors manifest themselves in a given measurement series
by a given instrument. The reliability of earth tide parameters is strongly
diminished if the calibrations are insufficiently reliable and statistically un-
founded.

The average earth tide parameters determined on the basis of all measure-
ments are similar to the average values obtained in other regions of the world,
thus it can be established that the area investigated cannot be regarded as ano-
malous from the viewpoint of earth tides.
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Station 0)2 X
Pecny 0.92 1.66
Pecny 0,82 2.81
Pecny 0.80 2.85
Obninsk 0.80 3.15
Obninsk 0.73 3.75
Pulkovo 0.73 4.49
Pulkovo 0.73 3.54
Tihany 0.77 3.33
Tihany 0.79 1.98
Tihany 0.86 2.45
Potsdam (analog) 0.76 3.23
Potsdam (analog) 0.71 5.18
Potsdam (analog) 0.69 4.22
Potsdam (analog) 0.68 6.06
Potsdam (analog) 0.71 6.07
Potsdam (analog) 0.79 3.61
Potsdam (analog) 0.69 5.07
Potsdam (analog) 0.87 2.54
Potsdam (analog) 0.74 3.98
Potsdam (analog) 0.79 2.41
Potsdam (analog) 0.81 2.26
Potsdam (analog) 0.86 221
Potsdam (analog) 0.84 191
Potsdam (digital) 0.76 431
Potsdam (digital) 0.84 2.63
Potsdam (digital) 0.88 171
Potsdam (digital) 0.83 217
Penc 0.85 2.05
Penc 0.91 1.75
Penc 0.72 291
Penc 0.83 2.52
Penc 0.69 7.38
Graz 0.87 181
Graz 0.84 2.48
Graz 0.78 2.44

Table IV Statistical evaluation of individual calibrations at Pecny, Obninsk, Pulkovo, Potsdam
(analog and digital). Penc, Graz

IV. Téblazat Pecny, Obninsk, Pulkovo, Potsdam (analdg és digitalis), Penc, Graz alloméasokon vég-
zett egyes hitelesitések statisztikai értékelése

Tabn. 1V. CtaTtucTnyeckas oLeHKa OTAe/IbHbIX 3TaNOHWPOBOK, NPOM3BEAEHHbIX Ha cTaHumax Mew-
HW, O6HUMHCK, MynkoBo, MoTcaam (aHanorosble w Ludposble), MeHy 1 Mpay,
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a.  Potsdam 10.
co2= 0.683;

b. Penc 02.
eu2= 0.690;

C Potsdam 08.
2= 0.797;

d.  Pecny 09.
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a) Potsdam 10.
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b) Penc 02.
tu2=0,690;

c) Potsdam 08.
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d) Pecny 09.
co2= 0,821;
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VARGA PETER

FOLDARAPALY MEGFIGYELESEK
A BN—07 (GS-11 No. 190) REGISZTRALO GRAVIMETERREL
(1974—1980)

A feldolgozés 8 kulénb6z6 allomason végzett, dsszesen 38136 6raértéken (= 1589 nap) alapul.
A foldarapaly gorbék analizise alapjan megallapithat6, hogy az altalunk kapott foldarapaly para-
méterek megbizhatdsaga megfelel a nemzetkdzi szakirodalom kivdnalmaindk és a paraméterek jé
egyezést mutatnak az elméleti foldmodellek alapjan szamitott értékekkel. Ugyanakkor ezen para-
méterek terileti eloszlasanak vizsgalatahoz a jelenleginél sir(ibb alloméashalézatra van szikség. Az
egy mdszerrel végzett megfigyelések pontossaga — mf(iszerek csoportjaval tortént ésszehasonlitas
alapjan — néhany tized szazalékot tesz ki, majdnem ugyanannyit, mint a BN—07 graviméterrel az
egyes allomésok kozott kapott killénbség. A mUszerjaras és a luniszolaris hatés kiszlirésével megha-
tarozott maradék gérbék spektrumai megmutatjak, hogy a megfigyelések korilményeinek tékélete-
sitésével ajelenlegi miszerekkel az eddig elértnél nagyobb pontossag biztosithaté. A graviméterek
hitelesitésének jelenlegi nem megfelel6 pontossadga az a masik tényezd, amely csokkenti a megfigye-
lési eredmények megbizhat6sadgat. A dolgozat ezzel kapcsolatban felhivja a figyelmet arra, hogy a
hitelesitések feldolgozasdnak a mikrométer leolvasasok statisztikai eloszlasdnak vizsgalatara is ki
kell terjednie.

M. BAPTA

HAB/TIOAEHNA 3A 3EMHbIMU TIPUJTIMBAMIW CAMOSATNCBIBAKOLLM
FPABUMETPOM TUMA BH-07 (FC-11 Ne 190) B 1974-1980 rr.

B ocHOBY 06paboTKM fiernu HabnaeHns, NposefeHHble Ha 8- pasNYHbIX CTAHLMAX B Teye-
Hue 38136 vacoB (1589 gHelt). MyTeM aHann3a KpMBbIX 3eMHbIX NPUINBOB MOXHO YCTaHOBUTb, YTO
HafeX>XHOCTb MOMYYEHHbIX HaMW NapaMeTPOB 3eMHbIX MPUANBOB COOTBETCTBYET TpeboBaHMAM, 13-
NOXEHHbIM B MeXAYHapOoAHON cneynanbHOW NuTepaType, a caMmn napameTpbl HaxoAATCs B XOPoO-
LLeM COra1acum CO 3HaYEeHMUAMM, pacCUMTaHHbIMN Ha Ba3e TeopeTUUYeCcKUX Mofgeneli 3emnu. B 1o xe
BpeMS AN U3YYeHWs MJIOLLafHOro pacrnpefesieHns aTUX napameTpoB TpebyeTcs ceTb Habtofe-
HWIA, 6oNee ryctas no cpaBHEHWUIO C CyLLecTBYOLLeil. TOYHOCTb HA6MIOAEHU, NPON3BEEHHbIX OT-
feflbHbIM NMPM6OPOM, COr/TacHO CPaBHEHWIO W3MEPEHHbIX [aHHbIX, MOMYYEHHbIX MO rpymnmne npu-
6opoB, cOCTaBAET HECKO/IbKO eCATbIX MPOLEeHTa, NOYTU CTOMIbKO XXe, KaK U pPasHOCTb 3HAYeHWN,
nosyyeHHbIX rpasuMmeTpamu BH-07 pasHbix cTaHUmMil. CrneKTpbl 0CTATOUYHbIX KPUBbLIX, OnpefeseH-
HbIX NYTeM YCTpaHeHUS BAUSHUA gpeliha Hyna NnpubopoB U NYHHO-CONMHEYHbIX 3h(eKTOB, NOKa3sbl-
BalOT, YTO MyTeM COBEPLUEHCTBOBAHUA YCN0BUI HAbMIOAEHNA MOXHO [OOMTLCSA MOBbILLIEHNSA TOY-
HOCTW M3MepeHWii cyliecTBYOLWMMN npubopamu. ApyruM (GpakTopoM, CHUXKAKLWNUM HafeXXHOCTb
pesynbTaTtoB HabngeHU, ABNSeTCA HeyA0B/ETBOPUTE/IbHAA TOYHOCTb 3TANOHMPOBAHUA TpaBu-
MeTpOB. B cBA3M ¢ 3TUM B cTaTbe obpallaeTcs BHUMMaHMWE Ha TO, 4To 06paboTKa AaHHbIX 3TafoHu-
poBaHMA AO/HKHA PacnpocTPaHUTLCA U Ha UCCNefoBaHNe CTaTUCTUYECKOro pacnpejeneHus oTcue-
TOB MUKpOMeTpa.
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COMBINED APPLICATION OF MATHEMATICAL AND PHYSICAL
MODELLING FOR POTENTIAL MAPPING

L. SZARKA*, G. SZIGETI**

The potential mapping method [PM] has had widespread application among DC exploration
methods at ELGI over the last few years. To determine the PM anomalies of high resistivity base-
ment inhomogeneities, two different approaches were used:

conform transformation adapted at ELGI [mathematical modelling]
analog modelling carried out at the Geodetic and Geophysical Research Institute of the
Hungarian Academy of Sciences in Sopron [physical modelling].

The combined application of these methods is described and some results of applying them to

actual exploration problems.

1. Introduction

During the last decade many new electromagnetic methods have been deve-
loped requiring modern techniques and difficult interpretation procedures.
Meanwhile the application of DC methods has also increased as a consequence
of their simplicity and cheapness. In view of this, further development of DC in-
terpretation methods became necessary.

Since 1980 the methodological and interpretation problems connected with
high resistivity basement inhomogeneities of some DC exploration methods
have been solved cooperatively by ELGI and the Geodetic and Geophysical
Research Institute of the Hungarian Academy of Sciences (MTA GGKI). This
cooperation aims to determine the distorting effects of two- and three-dimen-
sional basement structures on the electric field using both mathematical and
physical modelling.

2. Theory of the potential mapping method

Potential mapping [PM] means the measuring of the quasi-stationary elec-
tric field on the surface between two distant electrodes A and B. Figure 1 shows a
typical measuring arrangement of the PM method used in practice.

For high resistivity basement structures the two layered half space with a
resistivity bottom is the basic model. The measured field strength anomalies on
the surface are caused by the horizontal inhomogeneities of the basement sur-
face.

The measured values of the electric field strengths are transformed as
follows:

* Geodetic and Geophysical Research Institu’e of the Hungarian Academy of Sciences, Sopron

** EdtvOs Lorand Geophysical Institute of Hungary, Budapest
Paper presented at the 26th Geophysical Symposium, Leipzig, 22 25 September, 1981.
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~Tbasic model

SX = -

~measured

where E represents the field strength. The Smprofile (or Smmap) will be similar to
the surface of the high resistivity basement. This Smdistribution is called a PM
anomaly.

In model calculation and model measurements Mt means the depth of the
basement far from the inhomogeneities, M2 the depth of the basement inhomo-
geneities. The anisotropy coefficient is assumed to be 1

In this paper the PM anomalies of faults, horsts and trenches will be deter-
mined. In geology these basement inhomogeneities are called “structural ele-
ments”, but for simplicity we shall call them “structures”.

Fig. 1. Typical measuring arrangement of potential mapping method
M t—average depth of basement; A and B—current electrodes, usually AB :t8— IOMj;
M and N—measuring electrodes; d—distance between measuring points; d—Ilength of side of survey
area, usually d v4—5M,; n—serial number of profile (n= 0: base line, n —1,2,...: side profiles)

1 &bra. Potencialtérképezés tipikus mérési elrendezése
My — az aljzat atlagmélysége; A és B — aramelektr6dék, szokdsosan AB«8—10M t;
M és N — mérdelektrédak ; A— mérési ponttavolsag; d — mérési tertlet oldalmérete, ds:4—5M, ;
n — szelvény sorszdma (n= 0: bazisszelvény, n=1, ... oldalszelvények)

Puc. /. TunnuHoe n3mepuTenbHOe PacnosioXXeHWe B MeTOAe MOTEHLMANBHOTO KapTUpOBaHUU
<PM)

M\ — cpegHAst rny6uMHa 0CHOBA BbICOKOr0 COMPOTUBAeHUs; A, B — aneKTpoabl TOKa,
06bIKHOBEHHO AB ~ 8—IOM,; M, N - nsmeputenbHble 3NeKTPoAbl; A — fUCTaHUMSa Mexay
TOUYKaMmn M3MepeHuni; d — fAnMHa COTOPOHbI M3MEPUTENbHON TepPUTOPUM, 06bIKHOBEHHO
d~ 4—5M1; n —Homep npoduna namepeHnit (N = 0: ocHOBHOI Npodmnb, N = 1,2, ... :
60KoBble Npodunan)

3. Short description of the modelling methods

There are two methods of determining the disturbing effect of some high
resistivity structures placed in a two-layered half space in the electric field:
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— a mathematical method, i.e. the so-called conform transformation (used
at ELGI),

— an analog geoelectric modelling technique (developed in the electromag-
netic modelling laboratory of MTA GGKI).

3.1. Conform transformation

The electric field distortion of 2D high resistivity basement structures is
determined with infinitely long line sources.

A detailed description of this method can be found in [szigeti 1980]. The
basic idea is as follows.

There is a close connection between the conform transformation and the
Laplace equation, i.e. the Laplace equation is invariant to the conform transfor-
mation. The complex potential function / of a stripe-like range —15I Imz ii 0
with a source at zo can easily be determined:

/ = In(ch z—¢h z0).

If for a given range Qwthe z=g(w) function (which transforms from Qwinto
the stripe - 1™ Imz ”~ o)is produced (Fig. 2), and the source is in wQ the p(w)
complex potential function of the range Qwcan be expressed as follows:

pw) = flg(w)] = In [ch [g{w)]~ch [efwO)]].

According to Rieman’s theorem concerning the conform transformations,
such a function g(w) always exists. This g(w) has also to fulfil the conditions

g(xco)=%o00, g¢'(00)=l.

Fig. 2 Derivation of conform transforming function g(w)
—stripe-like range to be transformed; wO— position of source; Qz—two layered basic model (stripe);
z0—position of source in basic model

2. dbra. A konform leképezés g(w) fliggvényeinek szarmaztatasa
Qw— leképezendd savszer(i tartomany; u0 — forras helye; Q. — kétréteges alapmodell, azaz sav;
z0 - forrés helye az alapmodellben

Puc. 2. MpoucxoxgeHne QyHKUNM KOMNNEKCHOW TpaHchopmaumu
fi,,, — n3obpaxaemasa o6nacTb MOX0Xa Ha nonocy; W, — MNO3ULUSA UCTOYHUKE; M- —
LBYXC/NOWHbIA OCHOBHOWM Mogenb (nonoca); z0 — No3nUMs UCTOYHMKA B OCHOBHOM Mojese
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If, therefore, the transforming function g(w) and the complex potential p(w) are
known, each field characteristic, among others the surface electric field strength,
can be determined.

Until now the conform transforming functions g(w) for structures described
in Fig. 3 have been designed.

In this paper only the geological correspondence of the models and the solu-
tion method of g(w) are dealt with. Some formulae will be presented in the fol-
lowing section. The structures a and b in Fig. 3 are models of horsts; c and d are
faults; e and / are models of depressions.

p :

Fig. 3. Structures studied by conform transformation
M, depth to basement; r, a, b— for fixed M, these variables can be changed without
restriction; M2—fixed values in the models

5. dbra. A konform leképezések maddszerével tanulméanyozott kétdimenzids szerkezetek
Ai, — torzitatlan aljazmélység; r, a, b — az M,-hez képest tetszélegesen valtoztathaté geometriai
paraméterek; M2 — a modellekben régzitett értékek

Puc. 3. [lByxmepHble CTPYKTYpPbl M3yUeHHble METOAOM KOMMJIEKCHOW TpaHchopmaumm

M ; — rny6uHa ocHoBa BbICOKOFO COMPOTUBIIEHUS; T, @, b — reomeTpuyeckne napameTpsbl, Mo
cpaBHeHUO M, OHM MOryT NPUHATbL NO6Me BeNNUYUHBLI; M2 — (hMKCUPOBaHHbIe BENNYMHbI
B MOfEeNax

Model a, is a modified version of the semicylinder described in [Szigeti
1980]. The surface unevenness could be removed by a small distortion of the
form of the structure. There is a close connection between the height and the
radius of the modified semicylinder.

Models ¢ and / represent geologically interesting structures, for which the
application of the Schwarz—Christoffel formula does not meet difficulties in
determining its constants. In case £ (infinitely deep trench) the symmetry prin-
ciple of the theory of complex functions was also exploited [L avrentiev, Sabin
1959].
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In cases b (an infinitely thin horst) and d (a high resistivity half-plane in the
layer) the function g(w) can be obtained by a combination of elemental functions.

The anomaly of model e (where the depth of the trench equals the thickness
of the layer) was obtained in the same way as in case d, but here some physical
considerations were also taken into account.

3.2. DC geoelectric analog modelling

Analog modelling of the DC exploration methods has been developed in the
modelling laboratory of MTA GGKI (Fig. 4) [Aaam et al. 1981, szarka 1980].

The models of basement inhomogeneities are built on the bottom of a
3 X4 m plastic modelling tank containing sodium chloride solution. The measure-
ments are carried out on the surface of the electrolyte. The modelling frequency
of 500 Hz is low enough to produce a quasi-stationary field in the medium with a
resistivity of about 0.1 iim. The potential differences on the measuring dipole of
the rolling bridges are punched automatically on tape.

With analog modelling the electric field distortion effects of both 2D and 3D
basement inhomogeneities can be examined. All geometric modelling parameters
should be exactly proportional to the real parameters on the field.

Not only perfect insulators, but also very well conducting structures can be
modelled with this equipment.

Fig. 4. Electromagnetic modelling laboratory at the Geodetic and Geophysical Research
Institute of the Hungarian Academy of Sciences, Sopron

4. dbra. Az MTA Geodéziai és Geofizikai Kutatd Intézetében miikodé elektroméagneses
modellezé berendezés

Puc. 4. EnekTpomarHuTHass mofenusupytowaa nabopatopus B MccnegosaTenibCkom WHCTUTYTe
Feopesnn n leopusnkn AH BHP
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3.3. Potentialities of conform transformation and analog modelling in exploring
high resistivity basement inhomogeneities

The conform transformation method can examine only strictly 2D cases,
where not only the structure but also the source is two dimensional, and the
source line is parallel with the strike of the structure. In physical modelling there
is no such limitation.

Both methods can deal with the case of a perfect insulating basement.

The most practical model forms in analog modelling are rectangular prisms.
From among prism-like models only the faults (model c, Fig. 3) and one special
case of trenches (model e, Fig. 3) can be examined by conform transformation.
On the other hand a study of the mathematically limiting cases of these prism-
like structures does not meet any difficulties using conform transformation, while
naturally they cannot be built in the model tank.

An advantage of conform transformation over other mathematical methods
is that the anomaly curves can be calculated analytically, and the geometric
parameters as well as the position of the source can be varied very simply and
without any restriction.

The advantage of analog modelling is that the character of the model struc-
tures and that of the sources are more similar to the field conditions. On the
other hand the model measurements need more time and the results contain
measuring errors.

In section 4.1 it will be shown that above 2D structures the conform trans-
formation anomalies agree with analog modelling anomalies. This means that
combined application of these two methods enables any problem of 2D and 3D
high resistivity basement structures to be solved.

4. Examples of combined applications of mathematical and physical modelling

4.1. Agreement of PM anomalies using line and point sources above 2D
basement structures

As a first step, the Smprofiles above a steplike fault obtained by these two
methods were compared, to decide if they can be used jointly.

To calculate the Smcurve the inverse of the transforming function g(w) can
be written as follows (in somewhat different form see Fig. 30 of table 7.9.2. in
[Korn and Korn 1961])
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In Fig. 5 the continuous line represents the anomaly curve obtained by
mathematical modelling and the crosses demonstrate the results of the physical
modelling along a profile connecting the current electrodes A and B. The agree-
ment means that the conform transformation gives a physically realistic Smano-
maly for real field conditions. (A similar agreement was obtained in the case of
other 2D structures.)

Fig. 5. PM anomalies obtained by mathema-
tical and physical modelling above a
2D fault in the high resistivity basement
--------------- result of mathematical mo-
delling; X—results of physical mo-
delling

5. &bra. Matematikai és fizikai modellezéssel
nyert PM-anomalia, nagy ellenallasa
medencealjzatban lév6 vetd folott

e matematikai modellezés
eredménye; x — fizikai modellezés
eredménye

Puc. 5. PM-aHomanusa nony4yeHHas maTema-
TUYECKUM U (PU3NYECKUM MOAENNpo-
BaHUSMU Haj ABYXMepHbIM c6poCOM
B OCHOBE BbICOKOrO COMPOTUB/EHUS

mMaTeMaTUyecKoe Mofenmn-
poBaHue ;X — (13nMYecKoe MoAeMpo-
BaHue

Analog modelling showed that above 2D structures the PM anomaly in the
base line agrees with the PM anomalies in all side-profiles running parallel to the
AB line.

Another practical significance of Fig. 5 is the following. The horizontal posi-
tion of the fault is not correctly at the abscissa of the inflexion point. The exact
position of the fault as a function of the faulting height and the faulting angle has
been determined by analog modelling.

As physical modelling had confirmed the reliability of the conform transfor-
mation, a “faultcatalogue” was compiled at ELGI exploiting the flexibility of this
computer method against variations of the geometric parameters. This set of
master curves contains Smcurves of step-like faults for optional parameters
[Simon €t al. 1981]

It must be mentioned that if the structure is close to one of the current elec-
trodes, the Smprofiles obtained by these two methods are not identical any more,
only their characters are similar. The deviation is due to the fact that the require-
ment of the structure being two-dimensional was no longer fulfilled for the
mathematical method.

4.2. Effect of faulting angle on PM anomaly

In order to determine the effect of variation in the faulting angle model
measurements were made above faults with different faulting angles: a= 15°, 45°,
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90J, 135 and 165°. From Fig. 6 it can be seen that it is impossible to find any dif-
ference between PM anomalies of the steplike faults (a=90°) and that of the
overthrust (a>90°). The parallel displacement of the curves is derived only from
the different positions of the structures.

The complete agreement of the Smcurves calculated for models ¢ and d in
Fig. 3 is in accordance with the result of analog modelling.

Model d in Fig. 3 can be interpreted as a mathematical limiting case of the
overthrusts in the physical experiment.

8 00

Fig. 6. Effect of faulting angle on PM anomaly
a faulting angle

a a vetd d6lésszoge
Puc. 6. BnnsiHne yrna cépoca Ha PM-aHomanuio
A —yron cépoca

4.3. PM anomalies of 2D horsts and trenches

We examined how the PM anomaly follows the variation of the width of
two dimensional structures.

As can be seen from Fig. 5, the asymptotes of the PM anomaly curve corres-
pond to the real Smhorizontal conductances on the downthrown and on the ele-
vated sides of the fault.

It is important to know how wide the high resistivity hérst and trench
should be to obtain an Smvalue equal to the real value of the horizontal electric
conductance above the structure.

Figure 7 shows a measured series above several high resistivity horsts.

Figure 8 summarizes the PM anomaly extremes of all prism-like 2D high
resistivity structures as a function of the relative width b /M The curve para-

meter is M2M,.
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Fig. 7. Effect of variation in width of 2D horsts on the PM anomaly

7. dbra. 2D sasbércek szélességvaltozdsanak hatdsa a PM-anomalidra

Puc. 7. BnuaHne M3MeHEHMA LWNPWHbBI BYXMEPHbIX FOpcToB Ha PJ1/aHoManuto

PM anomalies of horsts and trenches were partly physically modelled,
partly calculated by conform transformation. Extremes of anomalies for models
having finite parameters were determined by analog modelling. For some mathe-
matically limiting cases, which cannot be built in the model tank (Fig. 3, models
band/), and for a trench of depth M2= 2Mt (Fig. 3, model €) some simpler for-
mulae can be derived if the transforming function g(w) is known.

Let Sm0) mean the extreme of an Smprofile, having its extreme at x=0.

For model b:

SJO) =
For model e:

r(/2+1)

€'4+1
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For model / :

SJP) = +1.

Fig. 8. Extreme values of PM anomalies for 2D horsts and trenches versus width of the
structure. The curve parameter is M2]M x

8. abra. 2D sasbércek és arkok anomalia-szélsGértékeinek alakuldsa a szerkezet szélességének
fuggvényében. A gorbeparaméter M2/M ,

Puc. 8. 9kcTpemanbHble 3HaYeHNs P/1IT-aHOManMu fByXMepHbIX FOPCTOB U POBOB B (hyHKLMUK
LWINPUHBI CTPYKTYpbI. MapameTp KpuBbl: MjjM\

On the basis of Fig. 8 for the case of horsts (M2/M 1 < 1) the following statements
can be made:
— with wider horsts (b/M, > 1), the extreme values Sn{0) = max (Sn) are
linear functions of M2/M x.
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— with narrower horsts (b/Mr< 1) the linear depth-calculation method
cannot be applied. The limit of the applicability of the linear depth-calcu-
lation is denoted roughly by the dashed line in Fig. 8.

— using the PM method, a narrow horst and a wider hérst can be in equi-
valence. Figure 9 shows a mathematical example for this where the Sm
profiles of the rounded and those of the needle-like structures cannot be
distinguished.

5m
X/Mj
- 20 -10 10

Fig. 9. Equivalent horsts in the PM method. For needle-like structure b*'”~0, M* = 0.59; for
rounded structure h'=0.66, M'j =0.66

9. abra. Ekvivalens hatast nagy ellenallasi medencealjzat-kiemelkedések
A tlszer(i kiemelkedésnél b' *0, M'2= 0,59, a lekerekitett kiemelkedésnél 6= 0,66, M2=0,66

Puc. 9. 9kBMBaneHTHble ropcTbl B MeToge PM. B cnyuyae cTpyKTypbl hopma «urnm» b’ %0
M2= 0,59, B cnyyae oKpyrneHHolh cTpykTypbl b'= 0,66; Mi" = 0,66.

Concerning the trenches Fig. 8 shows the following conclusions:

— using the PM method very narrow trenches (b/MI < 0.5) cannot be
detected at all.

— in the range 0.5<b/Mj <1—2 (the exact limiting values depend also
on M 2/M 1) there is no difference between the PM anomalies of trenches
having finite and infinite depth (e.g. a difference between curves having
the parameters M2ZM 1= 2 and M2/Mj “moo appears only if b/MI| >
s 22).

— for b/Mi > 1—2, the bottom of the trenches can be detected, but the
anomaly is less than it should be according to the real horizontal con-
ductance above the trench.

— linear depth-calculation can be applied only with very wide trenches
(e.g. if M2/M, = 15, b/MI > 4).
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Summarizing the conclusions of Fig. 8, the PM anomalies of 2D horsts and
trenches differ from each other. Contrary to trenches, already narrow horsts have
significant anomalies. The linear depth-calculation is more often adaptable for
horsts than for trenches.

4.4, PM anomalies of 3D horsts

In the model tank the width (b) of the horst was fixed and the length (L) of
the structure was varied in the range 0.1 < L/Mt <15. The conclusions of these
measurements are shown in Fig. 10. The values Bn mean the quotient of the

°A
b/M, mos5
AB/M, =10

Fig. 10. Comparison of PM anomaly maxima above 3D horsts with anomaly maxima above 2D
structures
L—length of 3D structure; n— number of profiles. Distance between profiles is M,

max SiiL, n)

R mm———— , where the numerator means the S_ extreme above
max Sm(oo, 0)

the 3D structure of length L at profile n; the denominator means

the Smextreme above a 2D structure having the same cross-section

10. abra. Haromdimenzidés PM anomalia-maximumok ¢sszehasonlitdsa a 2D szerkezetek folotti

értékekkel
L — a 3D kiemelkedés hossza; n — a szelvény sorszama. A szelvények tavolsdga M 1.
max S,,(L, n)
N= —memeeeee R r, ahol a szamlalé az L hosszGsagu modell folott athaladd
max Snoo, 0)

njell szelvényen kapott széls6érték. A nevez6 az ugyanolyan keresztmetszet(i 2D sasbérc folotti
szélséértéket jelzi

Puc. 10. CpaBHeHMe MaKCUMasnbHbIX 3HauveHUli PM-aHomManuii Hag TPEXMEpPHbIMU ropcTaMmun u
MaKCUManbHbIX 3HAYEHUI Haf [BYXMEPHbIMU CTPYKTypamu
L — anuHa TpéxmepHoii cTpykTypbl; M — HOoMep npodwunsa. AucTaHums mexay npodunamu A/,

o _ max Sm{@, n) o
= e TS -, TAe YUNCAUTENb 3HAUNT IKCTEMaNbHOE 3HaueHne M Hag TPeXMepHOIl CTPYK-
Tax oT (00, 0)
Typoii B npodune I, 3HaMeHaTeNb 3HAUYUT IKCTPEMAnbHOE 3HauYeHne IMHag 4BYXMePHOi
CTPYKTYpOIi MMetoLLLeid TOUHO TaKoro NOMepeyHoro ceveHus
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max (Sm) above the 3D hérst in different profiles to the maxima of Smabove the
2D limiting case; n=0 means the base-line. The curve n=0 shows that, for
example, the PM anomaly maxima of a 3D hérst having L=3M1 is about 83%
of the anomaly of the corresponding 2D structure, and a horst situated about the
normal bisector of the AB layout can be regarded as a 2D one only if L/M1 >10.
(A similar critical value has been obtained also for trenches.)

Thus it is possible to decide by analog modelling if for a given 3D field
exploration problem 2D interpretation methods could be applied or not.

5. Conclusions

The properties and the potentials ot conform transformation are different
from those of analog modelling. Therefore with combined application the sphere
of solvable problems becomes greater.

Having proved that PM anomalies of 2D structures obtained using a line
and a point source agree, a very wide range of 2D problems can be solved by
conform transformation.

An examination of models which can be solved by both methods serves as a
control.

Physically non-examinable but geologically interesting mathematical limit-
ing cases can also be solved easily by conform transformation. The limits of
application of 2D mathematical methods can be sought by analog modelling.

In analog modelling we currently study PM anomalies of 3D basement in-
homogeneities and deal with the elaboration of measuring possibilities of multi-
layered problems. In the meantime, transform functions for more and more com-
plicated 2D structures are being developed.

Conform transformation cannot be used to solve 3D problems. Nowadays
this problem can be solved only by analog modelling but this method cannot dis-
regard the knowledge of the exact mathematical solutions obtained for 2D struc-
tures by conform transformation.

Our combined methods are suitable for a detailed examination of other DC
exploration methods too.

REFERENCES

Adam, A, Pongracz, J., Szarka, L., Nagy, Z.,, Zimanyi, |, Kardevan, P., Szabadyary, L.,
Kormos, K., Régeni, P. 1981 : Analog model for studying geoelectric methods at the GGRI of
the Hung. Ac. Sei. Acta Geod. Geoph. Mont. Hung. 16, pp. 359— 380.

Korn, G. A, Korn, T. M. 1961: Mathematical Handbook for Scientists and Engineers. McGraw-
Hill Book Company, New York.

Lavrentiev, M. A., Sabin, B. V. 1959: Methods in the Theory of Complex Functions (in Russian),
State Publ. House of Phys. Mat. Lit., Moscow.

Simon, A., Szabadvary, L., Szarka, L., Szigeti, G. 1981 : Direct current mathematical and physical
modelling. Annual Report of ELGI for 1980, pp. 165— 167.

Szarka, L. 1980: Analog modelling of the potential mapping method (in Hungarian). Magyar Geo-
fizika, 21, 5, pp. 193—200.

Szigeti, G. 1980: Application of the conform transformation method to determine the electric field
distribution above a high resistivity semicylinder using line source field generation (in Hun-
garian). Magyar Geofizika, 21, 4, pp. 121— 133.



46 L. Szarka-G. Szigeti

SZARKA LASZLO, SZIGETI GABOR

MATEMATIKAI ES FIZIKAI MODELLEZES EGYUTTES ALKALMAZASA A
POTENCIALTERKEPEZES FELADATAINAK MEGOLDASABAN

Az egyenaramu modszerekkel vizsgalhaté feladatok megolddsaban az ELGI az egyszer(i és
gyors potencialtérképezést (PM) néhany éve kiterjedten alkalmazza. A nagy ellenallasi medencealj-
zat-inhomogenitasok PM-anomalidinak meghatarozasara két modszert hasznéltunk:

— az ELGI-ben adaptalt konform leképezések mddszerét (matematikai modellezés),

— Sopronban, az MTA GGKI-ben végzett geoelektromos analdg modellezést (fizikai model-

lezés).
A tanulmany a két modszer egyuttes alkalmazasanak lehetéségeit kdrvonalazza, valamint bemutat
néhanyat a gyakorlatban is felhasznalt k6z6s eredmények kozul.

N. CAPKA. I CUTETWN

KOOPAMNHWPOBAHHOE MATEMATUYECKOE N ®UN3NYECKOE
MOJE/IMPOBAHME B METOJE MNMOTEHUWMANBHOIO KAPTUPOBAHUNA

MeToj noTeHUManbHOro KaptTuposaHusa (PM) urpaet 3HauMTenbHYK Po/b CPeaun APYrux
MeTO/,0B MOCTOSAHHOTO TOKa NPUMeHEéHHbIX B ELGI. AnA peweHna PM-aHOManuin CTPyKTyp OCH-
0Ba BbICOKOr0 CONPOTMB/EHUS UCCNeJ0BaHUS NPOBOAUINCL B iBYX HanpaB/leHUAX:

— MaTeMaTuueckoe ucciiefoBaHune nposefeHHoe B ELGI no Tak HasbiBaeMoOMy MeTOfy KOM-

NNeKCcHOW TpaHchopmauum (MaTeMaTUyecKoe MOAeNNPOBaHue),
— aHafiorosoe MojennpoBaHue NpoBefeHHOe B VccnegoBatenbckom MHCTMTYTe [Meogesun
n Meotunsmkn AH BHP (dhm3nyeckoe mogenmposaHue).

B aToll cTaTh HanucaHbl BO3MOXHOCTU KOOPAWHUPOBAHHOIO MPUMEHEHUSA 3TUX METOAO0B M

noKasaHbl HEKOTOPbIX Pe3y/nbTaToB MNPUKNafHbIX B MPaKTUKE.
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INTERPRETATION OF IN-MINE GEOELECTRIC SOUNDINGS BY
MEANS OF KERNEL FUNCTIONS

A GYULAI*

The principal aim of geoelectric soundings performed in drifts is to provide thickness data of
seams and protective layers for guiding mining activity. Sounding curves can be interpreted either
by comparing the measured resistivity curves with a set of master curves, or by the use of kernel
functions. The paper presents a method of interpretation and programs written for the T1—59 desk-
top computer.

1. Introduction

In-mine vertical electric soundings are usually interpreted by comparison
with a theoretical chart of specific resistivity curves. In coal mines, for example,
the method is used for the determination of the thickness of the protective
layer—a task that even in the simplest case implies a four-layer geophysical
model since, even for high specific resistivity coal beds, the electric field has to be
taken into account for sufficiently large distances. In the majority of cases the
curves should be computed for four or even more layers [c sskas 1980], a rather
complicated task for desk-top computers. It seems reasonable to adopt the ker-
nel function method, widely used in the interpretation of surface VES measure-
ments [K oefoea 1979], that transforms the specific resistivity curve into a ker-
nel-function curve and vyields an easier means for the computation of the layer
parameters.

2. Transformation of the points of the specific resistivity curve into a kernel
function R(m)

As is well known [V an Nostranda and c ook 1966], if we introduce current
into some layer of specific resistivity @ of an n-layered medium, the potential in
layer i will be given by

(1)

* Geophysics Department, University of Heavy Industry, Miskolc, Hungary
Manuscript received (revised form): 5. 5. 1982.
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In particular, if the source is placed on any of the boundaries of the second
layer the potential at the same boundary is:

[e0)

B2 o
Uz an R'2(m)JO(mr)dm, (2
where
R2(m) = A2(m)+B2(m)+ 1 ©)]
and
R2(m) = R2(m)g2. @

From Eq. (2) the apparent specific resistivity for a four-electrode Schlumberger
arrangement can be expressed as:

Qa= r2] R2(m)mJtimrjdm, ©)
0

where r - AB/2.
Equation (5) yields, after some rearrangements and by application of the in-
verse Hankel transform:

Al
SopW = KT(m) = 0i2 + 93, (rmyar, 6)

that corresponds to a sounding carried out at the boundary between the first and
second layers (“top” sounding). In Eq.(6), 012 = glgz is the resultant specific
01402

resistivity obtained from the half-space geometry of the first and second layers,
connected in parallel; Aqgdenotes the deviations of the top sounding curves from
this value, that is

M r) = 6a(.op)-0l2- (7)

For the “floor” sounding at the boundary between the second and third layer the
same equations (6, 7) remain valid with gl2 substituted by g2s.
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3. The r'T(m) function for the top sounding

The value R2(m)=R'T(m) can be determined from the linear system of equa-
tions, describing the physical boundary conditions and containing A2(m) and
B2(m) as unknowns [G yurai 1979].

For a four-layered model, if the floor consists of two layers

M\ (1+)c1?) [1 + k23k34e ~ 2mh —k23e ~ 2rb—k34e ~ 2mib+
r 1470 346348~ 2MD" 2k K, e~21bA [e1oKge - 2mi+b) o

(see Fig. 1). From the formula for R'T(m) we can express the thickness b of the coal
bed, and the thickness b' and specific resistivity p3 of the protective layer as
follows:

i [+ kiz—RT(m) I +k23k ~ s - 2101

A ~A12 #8120 (W )] [M23 +734e  2mi>] ~
—2m

y —

[1+k12-R'T(rn)']-[1+ki2+k I2RT(m)]k23e - 21b 10)

—A23A34[1 #7112 — R cimya + [1+ki2 + ki2f27'(W)]r34e

—2m

03+ [B(Aq2t p4)]e3+ Aq2ga = 0, (12)

where
[1 +klI2-R'T(m)]e2rb
1+ kj2 + k12RT(m)
[1+/c12-R'r(w)]enb
14-kI2 + kI2RT(m)

(12

and

g—2mor  J
B = e-onb-1" (13)

4. The r'p{m) function for the floor sounding

For a four-layered model (Fig. 1), R2(m)=Rp{m) can be obtained from the
kernel functions A2(m) and B2(m) [G yurai 1979].

ey - (17023 [1~ k3de- b+ k12c - 2nb- K 1234 - 21()>+)] 14
tm) = 1+ « 23k3ne ~ 210"+ k 12k 23e ~ 2mb+ K i 2k 34e ~ 2mib+b")
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9i_ top
b
b
floor .
b’ 03 Fig. 1. Four-layer geoelectric model
1 4bra. Négyréteges geoelektromos modell
9, ®ur. 1. YeTbipexcnoitHas Mofgenb reosNeKTpUUYecKoi cpesbl.

From R't(m) the thicknesses b and b' of the coal seam and protective layer, res-
pectively, can be expressed as

In [L-x«23 - - [L-k23+ k23R f{m)]k3" - 2mb’
b= KI2[1-Kk 23k 23RAmj]+ [1-k 23+ RAm)']k12k3de - 2y 15
-2m
o [-fe23-RAm)]+ [1-k 23-fe23 m)]k 1z 2w

nsa[l- 223+ ~23f1H ] + k3*II - k2B+ RAmMI\Ki 2e~ b (16)

—2m

5. Curve charts for RT(m) and Rf(m)

As has been shown, the values of RT(m) and Rf(m) can be computed from
Egs. (8), (14) and (4), then they are plotted as a function of 1/m, as illustrated in
Fig. 2a. For the sake of comparison, Fig. 2b presents the corresponding specific
resistivity curves of the tunnel sounding. The two kinds of curves approach the
same limiting values for small AB/2 and 1/m values and for large AB/2 and 1/m
values. There occurs a minor deviation between the curves at intermediate
ranges (as generally realized in the VES literature).

Sr 9z-83 =06-U- 1- 5686571
Fig. 2 Comparison of kernel functions and

apparent resistivity curves of tunnel
soundings
a) R and KaT) functions

floor Ro(m) b) oT(AB/2) and qF(EB/2) functions

2. dbra. Vagatszondazasok magfuggvényeinek
és latszolagos ellenéllas gérbéinek 6sz-
szehasonlitasa
a) RA(m es RTM) fiiggvenyek
b) e f(AB/2) és er (AB/2) figgvények

—inn Rj (M)

m/l—- ZCOHOCTaBI'IEHVIe noagbMHTErpaabHblX
K-QpyHKUNA ¥ KPUBBLIX Kaxylierocs
conpoTWeieHus 30HAUPOBAHWUIA no
rOpHbIM BblpaboTKam.

a) oyukyun RT(M) v RF (7).
b) ®yHkuuu qt " qf(AWZ).
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The interpretation of the measured curves requires the computation of a
large number of theoretical curves. However, upon transforming the measured
apparent specific resistivity curves into R(m) curves by means of Eq. (6), the com-
panion ofthe curves will be much more easier in the (R/m), 1(m) coordinate sys-
tem than in the g,, AB/2 system. Since Egs. (8) and (14) can be programmed for
small-capacity desk-top computers, the computation of R(m) curves for a multi-
layered model of arbitrary parameters should cause no difficulties.

6. Transformation program for a desk-top calculator

The expression in Eq. (6) is substituted by the finite sum

(17)

2

where QG= Q12 for the top sounding; ge= g 23 for the floor sounding; r, and Agtare
the AB/2 and Ag(r) values corresponding to the equidistant points r, of the
sounding curves. The values I/mk are abscissae of the equidistant points of the
kernel function. In other words, the equidistant points of the function R(m) can
be obtained in a logarithmic coordinate system by summing the values Ag{
(weighted by the integrals of Eq. 17) belonging to the equidistant points of
r = AB/2.

The transformation program is given in Appendix I, the values of the inte-
grals in Eq. (17) are incorporated in the program.

To make the program applicable for VES measurements with greater AB/2
distances, the input values gashould be entered for the whole range AB/2 = 0.8 —
—500 m. Since there is no special branch in the transformation program for the
asymptotic part of the apparent resistivity curve, the array reserved for the Aq
values should be completely filled, even beyond the limits ga=Qi or ga= gn

By applying the program to different kinds of problems, the errors due to
different neglections and approximations have been found less than 2%, up to

—= 50. For example, for the model gi —g2—Q@—Q* = 0.6—18—1—5.666 Qm;

b= 1;b'=4 the specific resistivity values of the floor sounding were transformed
into a kernel function by means of the program of Appendix |. The percentage
errors, proceeding in (logarithmically) equal steps from r/b = 0.63 to r/b = 50
were as follows: 0.0, 0.0, 0.0, 0.2, 0.3, 0.3, 0.2, 0.0, -0.1, -0.2, -0.3, -0.4, -0.3,
—0.2, —0.2, —0.1, —0.1, -0.1, —0.3. It is expected, of course, that more signifi-
cant errors would occur for a g3= co type VES curve.
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7. Computation of the layer parameters

If the specific resistivities are known, the layer thicknesses can be deter-
mined from the transformed R 2(m) values by means of Egs. (9, 10) for top sound-
ings, and by Egs. (15, 16) for floor soundings. Also, the value of e3 can be
expressed (Eg. 11) from the basic equation (8) of the top sounding, i.e. besides
thickness, specific resistivity can be determined as well.

By applying the iteration formula

*n+l =/(*»):

where x = (b, b") or, for example, x = (b, g3), for some transformed Rn(m) f will
be given by Egs. (9), (10) and/or (9), (11) for the top sounding, and by Egs. (15),
(16) for the floor sounding.

The equations of the top sounding can also be utilized to interpret the VES
curves obtained at the surface, by substituting g3= oo (the number of layers is
decreased by one). In this case g2 becomes gis b becomes h1, etc. In VES the spe-
cific resistivity g2 (that was g3in the preceding) should be determined from some
characteristic part of the R(m) curve, as for example, from two values of this curve
where the effect of the second layer has already appeared while that of the third is
still negligible, i.e. the estimated value h2=b" will not cause too much of an error
in the computation of g2 and hv

The programs in Appendix Il are constructed in such a way that the initial
value of b (memory location 5), appropriate values of R(m) (memory locations s,
26), the corresponding values m for /m (locations 7, 27) and the specific resistivi-
ties of the individual layers (memory locations 1, 2, 3, 4) should be entered as in-
put parameters. For the iterative computation of g3and b the estimated value b’
(location 25) and the specific resistivities of the other layers (locations 1, 2, 4)
should be specified. For the top sounding b' is computed from the Rim) value cor-
responding to the greater 1/m; for floor soundings from the R(m) value corres-
ponding to the smaller 1/m; that is, memory locations 6 and 7 should contain the
appropriate R(m), m values. If these pairs are given in reversed order, the pro-
gram will diverge, i.e. no solution (b, b', g3) will have been found. By computing
the solutions for b and b' from several (R{m)\ m) values, the deviations of these
solutions give an idea about how much the R(m) curve corresponds to the model
assumed.

The iterative programs are contained in Appendix Il. A simple example for
floor sounding is given below.

Values computed for a —Q —@F—Q = 0.6—18—1-—5.666 fim; b=1
b'=4 model (half-space geometry)

Um RM
3.18 0.944
802 1.0592

40.40 0.8145
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Input parameters for the iterative program: pb g2, p3, g4; two pairs of m, R(m) and the initial value
of 6.

B, =0.6 iim e2=18ilm g3= 1iim =5.666 {im
1/m = 3.18 8.02 3.18 40.4
R(m)=0.944 1.059 0.944 0.8145
6=1.20 initial 6'=4.41 6= 120 initial 6'=4.41
1.13 4.27 1.02 4.05
1.08 4.18 1.00 4.00
1.05 4.11
6=0.60 initial 6'=2.97 6=0.60 initial 6'=2.97
0.74 3.37 0.94 3.87
0.83 3.61 0.99 3.99
0.89 3.76

By reverse order of
the R(m) memories

6=1.20 initial 6'=4.61
131 4.89
1.46 5.25
1.68 5.69

8. Conclusions

It has been shown that the interpretation of geoelectric soundings per-
formed in mine drifts can be realized using the kernel function method on an
easily available TI—59 (Texas Instruments) calculator, for models consisting of
four or even more layers. For the iterative programs of the multi-layered models
the kernel functions can be expressed as simple rational functions so that the
layer parameters (e.g. thickness of the protective layers) can easily be determined.

REFERENCES

Csokas, J. 1980: Methodological development of the geoelectric investigation of tectonic distur-
bances in brown coal mines. Final Research Rept. Geophysics Dept, of University of Heavy
Industry, Miskolc (in Hungarian)

Gyulai, A. 1979: Interpretation of geoelectric soundings in coal mines. Magyar Geofizika, 20, pp.
142— 148 (in Hungarian)

Koefoed, O. 1979: Geosounding Principles, 1. Resistivity Sounding Measurements. Elsevier,
Amsterdam— Oxford— New York

Van Nostrand, R, Cook, K. L. 1966: Interpretation of Resistivity Data. U.S. Government Print-
ing Office, Washington D.C.



54 A. Gyulai

LBL STD LBL LBL LBL SuM €
B 0 17 522 E c R1 65
u 1 1 RCL
n Y 0 0 5 3 INV 65 o
n 9 7 ) STD STD  SWM +
3 0 i 01 6 01  RCL 1
7 SID st 1s LBL 2 RCL 69 h
f. 09 STD ry, i 01 = o)
STD R/S STD + FRT &
u 0 - 66  RCL £
i 8 0 RCL ) 1 66
0 1 69 0 4 = A
0 STD < = STD STD
2 10 S 4/- ST* r 68 34
‘m 19 s 01 fl +
7 u 1 2 RCL
s 1 1 sum O 9 68
0s 0 n 01 0 KT = 1
6 3 2 RCL STD 0
n STD  sTD INV 67 64
n 20 PRD SE X4T <
63 S <
Q 0 1 ST RCL 1 RCL  RCL
4 1 1 o 0i SUM 34 68
STD 8 9 o GTD 67 GE -
STD STD h ry i LNX 1
12 SUM GTD
0 i 03
n 0 1 © 70
s 3 b NV LBL 0
4 2 SuM  LNX 1
4 8 SEB -C 66 EC* 8
stp STD 1 GTD 34 \
05 o
1 65 RC*
0 0 S . 64 5
n 4
4 9 STD 4 1 SUM  PRT
STD ps INV 65  RIN
o 14 SsuM DSz
STD 1 6 6. 00
06 1 STD
1 8 SUM
0 6 STD et 68 n!T
0 4 24 GTD RCL
STD 02 66
o 15 0 6.5 EU
G 6 < L D'
STD u o . %L GTD
07 4 6 STD 0 03
STD STD
8 25 65  LBL
STD RCL D1
7 16 n RCL
4 1 STD 33
STD v 00
J STD RCL
8 +/ - 01 63

Appendix 1. The Qa-> R(m) transformation program for the TI—59 calculator
Function of keys:
[B] Read the integrals of the Bessel function; [1] Load (a to memory locations
35—63.
After [e], further parameters are loaded into the storage unit denoted by R/S ;

[*Transformation R(m) until — = 0.63 is reached, or;[a] Transformation R(m) for 1/m
m

values depending on the contents of storage units 66,67,68
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Programs for the T1—59 calculator for the iterative determination of the layer para-

meters from the R(m) function
Function of keys:

[K\ contrasts, L], L

or L

iteration
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GYULAI AKOS

GEOELEKTROMOS VAGATSZONDAZASOK KIERTEKELESE
MAGFUGGVENYEKKEL

A banyatérségekben végzett geoelektromos vagatszondazasok legf6bb célja, hogy telep- és vé-
déréteg vastagsag adatokat szolgaltassunk a bdnyam/(iveletek tervezéséhez. A szondazéasi gérbék ki-
értékelése vagy elméleti gorbékkel valé dsszehasonlitassal, vagy magfliggvény felhasznalasaval le-
hetséges. A dolgozat ez utébbi megoldas felhasznaldsaval kifejlesztett algoritmust és annak gyakor-
lati megvalésitasara a T1—59 kalkulatorra irt programokat ismerteti.

A. [IONTAV

MHTEPIMPETALNA KPUBbLIX 3JIEKTPOPA3BEAKW METOJOM
3OHANPOBAHWA MO MOPHBIM BbIPABOTKAMK C MNMOMOLBIO
MNOABUHTEIPAJIbHbLIX K-®YHLIUU

OCHOBHO LieNbio 3/1eKTpopasBeAKy MeTOAOM 30HANPOBAHUSA B FOPHbIX BbipaboTKax ABASET-
csl NMpeACTaB/IeHNE AaHHbIX MO0 MOLLHOCTM NPOMbILL/IEHHbIX MJACTOB W 3aMerawLlnux B UX Kpose
3KPaHMPYIOLWNX FOPU3OHTOB A1 MPOEKTUPOBAHUA FOPHbIX BbIPaboTOK. VHTepnpeTaums KpuBbIX
30HANPOBAHMA MPOU3BOAUTCA NUBO NYTEM UX COMOCTABIEHUS C TEOPETUYECKUMU KPUBbLIMU, NGO
C 1 N0NIb30BaHMWEM MoAbUHTerpanbHbix K-yHKUMiA. B paboTe nsnaraetcs anroputm, paspabotaH-
HbIli NyTeM peanusaluy BTOPO BO3MOXHOCTU, 1 NPOrpaMmbl 418 NPoBefeHnsi pacyeToB C ero no-
MOLbIO Ha Kanbkynsatope TI1-59.
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NEW METHODS OF STUDYING THEORETICAL AND MODELLED
NEUTRON FIELDS FOR DETERMINING NEUTRON POROSITY

L. ANDRASSY*, |. BARATH*, L. CSEREPES**

The multi-group diffusion theory was used to calculate neutron distribution for a medium
consisting of a borehole and rock formation. A new method w'as elaborated to solve one of the most
complicated questions of multi-group diffusion theory: the calculation of group constants. Four-
group flux vs. porosity curve sets are calculated for one-detector and two-detector (compensated)
recording systems assuming various rock matrixes, sonde lengths and borehole diameters. A discus-
sion is given on the method created to transform modelled to theoretical neutron fields. The general
form of transformation equations is described and practical applications of the method are indi-
cated. Experimental model measurements are presented to illustrate the separation of thermal and
epithermal neutron groups using filters.

I. Introduction

Calibration of the sonde in rock models is indispensable for interpreting
neutron-neutron logs. The calibration measurements can, of course, embrace a
narrow range of cases being encountered in actual operations, thus their theore-
tical extrapolation is also needed. Starting from this requirement, investigations
were carried out to determine theoretically neutron distributions in boreholes on
the one hand, and to transform theoretical neutron fluxes into count rates as
measured by actual neutron deterctors, on the other.

2. Theoretical determination of neutron flux in boreholes
The multi-group version of the diffusion theory was used to calculate the
neutron flux. The original form of the diffusion equation defines the scalar flux

F(£, r) continuously depending on the neutron energy E in the following man-
ner:

3TA(E) p2/7(E’r)-Z “\E)F(E, r)+
ZB(E, E)F(E, r)dE' +S(E, 1) = 0. @)

* E6tvos Lorand Geo hy5|ca| Institute of Hungary, Buda St
** Department of Geo 8/5|cs Eotvos Lorand Universit g udaZO
Paper presented at the'26th Geophysical Symposium, Léipzig, 22 25. September, 198L
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Here r is the position vector; time as a variable can be omitted in accordance
with the conditions of neutron-neutron logging. I rXE) and I ()E) are the trans-
port and total macroscopic cross sections respectively, Z(S(£', E) the cross sec-
tion of neutron scattering from energy E' to E. For simplicity the dependence of
these cross sections on position in a heterogeneous medium is not marked.
S(E, 1) is the source density.

Following the usual way of solving Eg. (1) the continuous energy is discre-
tized in the n-group diffusion theory, i.e. the possible values of the neutron energy
E were grouped into intervals. These intervals are given numbers according to
the sequence of decreasing energy. Neutrons falling in the i-th interval (Em £")
form the i-th neutron group. Then the theory furnishes instead of the continuous
£(£, r) the group fluxes

(2

The equations which determine the £, fluxes, i.e. the equivalents of (1) for
n-group, are

DiVEi— iFi+ £ Zjfj+S, =0 (i=1,2,.,n) ©)
J=i

Here D, is the diffusion constant of the i-th group, the macroscopic cross-section
(E,) characterizes the escape of neutrons from the i-th group (by absorption and
elastic or inelastic back scattering into a group of lower energy), is the cross-
section of back scattering from thej-th into the i-th group, S;the source intensity
of neutrons generated in the i-th group. The £,, ZR and D, group constants are
the averaged values in the i-th group of the cross-sections Z(\E), ZSE', E) and

that of appearing in Eq. (1). (The method of their calculation is shown

1
3rL.INCE)
in Section 3)

Equations (3) were solved for the following conditions: 1) the neutron
source is a point and arranged along the borehole axis. This means that our
results are suitable to interpret measurements made in the central sonde posi-
tion. 2) The medium is cylindrically symmetrical in relation to the borehole axis;
in the radial direction (r) it is layered, in the direction of symmetry axis (2) it is
homogeneous. 3) The innermost cylindrical layer is composed of borehole fluid,
i.e. the presence of the sonde was not considered in the theory, but in calibration
relationships only.

For the above conditions two-group flux calculations were performed ear-
lier [T arianskiy etal. 1960, A11en et al. 1967]. In order to improve the accuracy
of theoretical fluxes the method was extended to a group division containing an
increased number of neutron groups.
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If the source is located at the origin, and the above limitations for the
medium geometry hold true, then as the result of the solution of the above equa-
tions the neutron fluxes within the borehole are defined in the form of the follow-
ing integrals:

o\_.e

i
Ffo'er, 2) = j X {eijwo{<Xjr)+/j{X)Ko{<xf)}cosXzdlI @

Here
10, KO are the modified Bessel functions,

X = A2+ (Zt°k4D ?0leg)),
e"X) and i=12,..,n j=12,..,1I

are complicated functions of the group constants D,, | h  of individual layers,
as well as of the boundary and source conditions. According to the boundary
conditions the neutron flux and neutron current are continuous functions on the
cylindrical laver boundaries, while the source conditions for a point-type source
require that one takes into account the singularity of the neutron current in the
origin.

In the two-group calculations of Allen et al. [1967] the fluxes are deter-
mined by summing up the infinite arrays which approximate the integrals in-
stead of using expressions like Eq. (4). For an increased number of groups, how-
ever, a quicker method is needed. Our algorithm was built up on the following
two findings: 1) etj and ftj can be calculated through simple recursive steps pro-
gressing according to i; 2) if we replace the expression

Z {tijW<(<)+MLLo(<x/) }
i=1
X1/) . .
by —K—and the A=ey z =e~v variable exchanges are used, the integral can be
transformed into a convolution of the form
cos Azd(A) A”e’cos [e (m “] du
0 —0

for whose calculation the linear filter theory offers an accurate and very quick
method. This has already been used in several fields of geophysics to calculate
convolution type integrals [G hosh 1971, D rahos and sarat 1973; sarat and
D rahos 1975]
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3. Calculation of group constants

A key question in the multi-group diffusion theory is the method of deter-
mining the initial data, the group constants D,, Zb ZR. The dependence of group
fluxes on the porosity of rocks surrounding the borehole is carried by the depen-
dence of group constants on porosity. Therefore the group fluxes can be used for
the interpretation of neutron logs only when the constants can be calculated with
appropriate accuracy.

Macroscopic cross-sections which depend continuously on the energy
(ZWE), T(|(E), ZH(E\N £)) can unambiguously be calculated from the basic data
of neutron physics, from the microscopic reaction cross-sections of individual
elements. But how will they turn into group constants? It is well known from the
literature [W einberg and w igner 1958, M urray 1959, Tittle and A 11en 1966,
W ittiams 1966, szatmAry 1971] that the group constants D;, Zh ZX can be
approximated as the following averages according to energy weighted by the
flux:

/ 1
\3,ZU)(E)

ZR * A\ Z i{E,E")dEA ®)

% <E<(0)>m X,

where the averaging for a function /(£) of neutron energy is realized as follows
e

J {E)F(E, )l

¥ £(£,/+) dE
5

It is mentioned that these relationships can be simply deduced by compar-
ing Egs. (1) and (3) and using the definitions of group constants Eq. (2).

Two serious objections can be raised against definitions (5) and (6). One of
them is that an accurate calculation of averages would require the knowledge of
the flux with a continuous variable £(£, r) in the heterogeneous medium to be in-
vestigated. Obviously the exact shape of it is unknown; moreover, our final pur-
pose is restrained to the calculation later on of the discretized form of £(£, ), the
group fluxes £,(r) using D,, Zh Zjr -according to Eq. (4). The second difficulty
is that (6) contains as a parameter the variable of position r of £(£, r); that is, the
averages (5) are in general more or less dependent on r, even in a homogeneous
medium, thus the “group constants” obtained in this way are not constant ! This
is why approximation signs are written in Eq. (5).
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In spite of these difficulties the above definitions were nevertheless used to
calculate the group constants, even for geophysical applications [T ite1e and
Aten 1966]. In such cases it is acceptable to make use of the assumption that
the flux F(E, r) is a separable function of its variables:

F(E, r) = F(\E)E<N)

because then Fi2)(r) can be eliminated from (e), and the energy spectrum Fil)(E) is
replaced by a spectrum deduced from the theory of space-independent neutron
moderation [W einberg and w igner 1958, W illiams 1966, Szatmary 1971]

We expect however, maximum accuracy from our multi-group calculations,
thus such approximations cannot be allowed in the calculation of group con-
stants. Exact group constants are needed and the criterion of accuracy can be as
follows: one must find the group constants which lead to a minimum deviation
of the calculated F,(r) group fluxes from the real flux distribution. Let us call such
group constants optimum group constants. In instances when optimum group
constants are used the (minimized) errors of the calculated F,(r) functions will be
the consequences of the discretization of (2) and cannot be attributed to défi-
ciences of the calculation of group constants.

In our study we have realized an algorithm which is suitable to create such
an optimum assembly of group constants. For the case of pre-selected neutron
groups and a given neutron source this algorithm permits one to calculate the
group constants for media encountered in the practice of well logging (various
borehole fluids, rocks of various compositions and porosity, etc.). The constants
of a given medium are achieved so that the criterion of optimization is separately
used for each medium as if the space were homogeneous and being completely
filled up with it. As exact flux distribution the continuous flux F(E, r) calculated
from the original diffusion equation (1) was used for the given homogeneous
medium for a given source. Its calculation from (1) for a homogeneous medium
involves no serious difficulty, it can be realized numerically. The variable of
energy is again divided into intervals, thus the multi-group procedure is again
used here in principle. But now the number of groups—since we now have to
deal with a homogeneous medium—may be significantly more than in the case
of a heterogeneous medium. We have used 26 groups. For any practical purpose
it means continuous flux determination.

To write down the defining equation of our algorithm the assembly of
group constants to be calculated should be designated by the following symbols:

C= - ZbEjt;i=12,...,mj=12,., r—1

Group fluxes to be calculated from Egs. (3) are functions of the matrix C, i.e.
of the variable of optimization:

Fi = F{C, 1)
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Using these symbols, the criterion of optimization is
| FiC n—j F(E,ndE min, @)
] C

where F,(C, 1), F(E, r) are fluxes satisfying Egs. (3) and (1) respectively: m™ indi-
cates that the minimum should be searched for as a function of C. The formula
determining the deviation of fluxes is given by

IAF(C, 1) le = J Wir) [AF]G, )2 (pr.

where

AFIC, 1) = F,C, r)- J F(E ndE

and the weight coefficient W{r) was chosen from practical aspects, its value being
high where fluxes are usually measured.

Thus the algorithm, written on the basis of minimum criterion (7) searches
through the variations of group constants C for those values with which the
deviation between the group fluxes and the values of the fluxes with continuous
variables is reduced to a minimum. This is nothing other than a problem of mini-
mum finding with many variables. Several excellent numeric methods are known
for solving it [e.g. Jacoby et al. 1972], thus there was no difficulty in choosing
among them.

4. Results of calculations

Our calculations were initially performed for two-group equations with the
purpose of comparing them with results in the literature. It is practical to take
the group of thermal neutrons for the group of the lowest energy (within the
range 0—0.2 eV, mean energy 0.0253 eV). This is the most important neutron
group; it is the energy of these neutrons that is counted by most of neutron detec-
tors. Iftwo neutron groups are used, the second group covers the range between
0.2 eV and the maximum encountered energy.

We give examples taken from our results with four groups. The groups are
defined as follows:

1 11.05—0.498 MeV; 2: 0.498 MeV—78.9 eV; 3: 78.9—0.2 eV the so
called epithermal group; 4: 0.2—0 eV, the thermal group.

* Ler (esignates volumetric integrals
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The neutron detectors are practically insensitive to fluxes of the first two
groups. Four-group flux vs. porosity curve sets were calculated for the following
cases: the medium is composed of two layers, i.e. the borehole is surrounded by
homogeneous rock; the rock material is limestone or sandstone; both borehole
and pores are filled with fresh water; porosity 0—40%; borehole diameter
0—254 mm, the sonde length (source-detector spacing) varies from 300 to
900 mm. The spectrum of the source is equal to the spectrum of PuBe, though
obviously the calculations can easily be performed for sources having different
spectra. In Table | group constants calculated for a matrix of limestone are pre-
sented as an example.

In Fig. 1 the dependence of thermal and epithermal fluxes on porosity in
limestone is shown for a sonde length of /= 400 mm, the borehole diameter being
the parameter of curves. In Fig. 2 the same case is presented for a sandstone
matrix for comparison.

Fig. 1 Theoretical curve sets for epithermal (a) anti thermal (b) neutrons. Sonde length: 400 mm,
limestone matrix

1 abra. Elméleti gorbeseregek epitermikus (a) és termikus (b) neutronokra. Szondahossz: 40 cm,
mészk6 matrix

Puc. 1. TeopeTuyeckune naneTku Ans HaaTennoBbiX () WU TennoBbixX (b) HeMTpoHOB. AnNuHa
30HAa: 40 cm, nopofa: WM3BECTHSAK.
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Fig. 3. Arrangement of the limestone standard array
3. dbra. Mészkd modellsor elrendezési rajza
Puc. 3. Bug pacnpefeneHns M3BeCTHAKOBON MOAENbHOW cepun.

Fig. 4. Calibration curve sets for epithermal (a) and thermal (b) neutrons
4. dbra. Hitelesité gorbeseregek epitermikus (a) és termikus (b) neutronokra
Puc. 4. KannbpoBo4yHble NaneTky .TNa HaaTennoBbix (a) n TennoBbix (b) HEATPOHOB.

ww 0009

008T
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6. Method used to transform modelled to calculated neutron fields

The theoretical foundation of the method was elaborated by Olgaard and
Haahr in 1967. We have further developed their method and applied it to the
multi-group case.

In our calculations it was assumed that apart from water the boreholes con-
tain a point-type neutron source only. In practice, however, the sonde is also pre-
sent in model- and borehole measurements leading to a distortion in the distri-
bution of neutrons in an unknown manner. Ifthe dependence of the neutron flux
on energy and position £(£, r) in the volume element dV of the neutron detector
of volume V and the macroscopic cross-section of the nuclear reaction Z<E) are
known, then the count value N, for the given t=t0 period (f0= 60 sec) is des-
cribed by the integral relationship

N = J JE@XE)e(E)E(E, r)dEdVdLt, S

to V E

where the integration according to the energy is continued to the maximum
encountered energy.

Relation (8) can be transformed after a certain simplification of the physical
conditions and rendered suitable for the comparison of fluxes calculated with the
four-group theory with measured count numbers. It is assumed that the neutron
flux £(£, r) is independent of position within the detector and identical with the
theoretical fluxes F(E,r0) calculated for the geometrical centre r=r0 of the
detector.

The presence of the sonde modifies the distribution of flux within the detec-
tor, reducing it significantly in relation to the theoretical value £(£, r0). This
effect will be accounted for by the factor e(E).

Integral (8) comprising the energy as a continuous variable can be trans-
formed into a sum after the group-fluxes (2) have been introduced (source inten-
sity and detector volume taken as unit):

4 Ei

where ¢, is the average of e¢(£) in the i-th group, and
M) is the average of £ also in the i-th group.
The factors B are obtained from comparing theoretical curves with calib-
ration measurements. The values 1'|n) are theoretically determined.
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7. Practical solutions transforming modelled to theoretical neutron fields

Model measurements to separate thermal and epithermal neutrons

While in the four-group case the theoretical calculations approximate the
spatial distribution of neutrons in a spectral way and describe it with the aid of
mathematical relationships, actual logging does not permit one to distinguish the
groups.

In order to separate thermal and epithermal neutron groups model
measuremets were carried out using the KRNN—2- 150—60sY type of sonde
in the limestone standard array. The sonde was covered by Cd shields of varying
thickness. As cadmium intensively absorbs neutrons with energies less than
about 0.44 eV (resonance energy being 0.176 eV), it can be used to separate
groups of thermal and epithermal neutrons.

Results are presented in Figs. 5 and 6. These figures show the relationship
between counts and Cd thickness for short and long sondes, measured in the cen-
tral position and with the sonde pressed against the borehole wall.

Fly. 5. Relationship between measured count number and Cd thickness with sonde in central
position (continuous line) and pressed against the borehole wall (dashed line)
Sonde length: 350 mm, borehole diameter: 214 mm

5. dbra. Osszefiiggés a mért belitésszam és a Cd-vastagsag kozott centrikus (folytonos vonal) és
falhoz szoritott (szaggatott vonal) szondahelyzetekre
szondahossz: 35 cm, far6lyukatméré: 214 mm
Puc. 5. 3aBMCUMOCTb U3MEPEHHbIX UMM/MUH OT TONLWWHbI KafMWUEBON MAACTUHKWU AN Cy4aeB:
30H/[ B LEHTPe CKBaXMWHbl (CNAOLHASA NMMHUA) U 30HA, NPUXKaTbIA K CTEHKe
(NyHKTUpHasa nuHua). OnuHa 3oHga: 35 cM, AnameTp CKBaXKMHbI: 214 MM.
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Fig. 6. Relationship between measured count number and Cd thickness with sonde in central
position (continuous line) and pressed against the borehole wall (dashed line)
Sonde length: 650 mm, borehole diameter: 214 mm

6. dbra. Osszefiiggés a mért belitésszam és a Cd-vastagsag kozott centrikus (folytonos vonal) és
falhoz szoritott (szaggatott vonal) szondahelyzetekre
szondahossz: 65 cm, farélyukatmér6: 214 mm

Puc. 6. To xe, 4To 1 Ha dur. 5., HO ANMHA 30HAA: 65 CM, AMaMeTp CKBaXWHbl: 214 mm.

Mathematical solution for transforming modelled to theoretical neutron fields
for one-detector and two-detector (compensated) recording systems

As modelling conditions have been made more accurate the four-group two-
layer theoretical curve sets can be modified by taking into account actual sonde
parameters (sonde length, detector length and detector diameter) and source
intensity.

The modified form of the theoretical curve sets for a single-detector record-
ing system, neglecting the effect of the sonde from (9):

G(i>V) = 60VQIFp (10)

/=3, 4 where i=3 for epithermal, and i= 4 for thermal neutrons.
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For compensated recording systems, relation (10) is written separately for
the long and the short sonde, thermal and epithermal neutrons and the equations
are divided by one another. As the result of the division the relations for the modi-
fied form of the theoretical curve sets become even simpler in such cases when
the short and long detector systems are constructed in an identical way.

Our relations are as follows:

C A) = PrFi), i
G§ON  (I5mF)s

If the detector systems are constructed in a different way the volume ratio of
the long and short detectors must be accounted for in the form of a constant.

Modified theoretical curve sets for one- and two-detector recording systems
are shown in Figs. 7 and 8.

Now the so called normal equations can be compiled for both (epithermal
and thermal) groups. The normal equations establish connection between count
numbers of model measurements (Nu) (or the ratio of count numbers for the two-

detector system ) and the factors £- describing the sonde effect.

Fiy. 7. Modified theoretical curve sets of single detector systems, for epithermal (a) and thermal
(b) neutrons
7. dbra. Modositott elméleti gérbeseregek egydetektoros rendszerre epitermikus (a) és termikus
(b) neutronokra

Puc. 7. MognguunpoBaHHble TeopeTnyeckne NaneTku AN HagTennoBbiX (a) u TennosBbix (b)
HeliTPOHOB B 04HOAETEKTOPHON cucTeme.



theoretical and modelled neutron fieldsfor neutron porosity 71

Fig. 8. Modified theoretical curve sets of two-detector (compensated) recording systems for
epithermal (a) and thermal (b) neutrons
Sonde lengths: as= 350 mm; and a,= 650 mm

8. dbra. Modositott elméleti gorbesereg kétdetektoros (kompenzalt) mérérendszerekre
epitermikus (a) és termikus (b) neutronokra
szondahosszak: ar= 35 cm; és ah= 65 cm

Puc. 8. MogununumpoBaHHble TeopeTUYeckre NaneTku Ans ABYAETEKTOPHbIX
(KOMNeHCUMpPOBaHHbIX CUCTEM ANSA HAATennoBbIX (2) U TennosbiX (b) HeliTPOHOB. [NnHa 30HAA:
ak= 35cm u (j = 65 cm.

The general form of the normal equations for a single detector sonde:

Nu = (12)

for compensated recording systems:

ir) -«?MN,<«4)+C2. 13)
s7ij

where ef = —.
<«
i —1,2,. . m is the serial number of calibration points.
C*—is supposed to represent the effect of the sonde casing.
Eq. (13) is an approximation, but due to the low values of it can be

accepted and—in our experience—has proved itself adequately for
practical purposes.
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The values e, and fmcan be obtained from the normal equations by using the
least squares method.

The transformation method is illustrated here on a practical example ( Table
11). For the normal equations (for both thermal and epithermal neutrons) the
results of model measurements carried out in limestone standards of various po-
rosities were used and the modified theoretical master curves presented in Fig. 8
(type of sonde: KRNN -2 —150—60sY two-detector, compensated system, neu-
tron source: PuBe 5Ci, sonde in central position, t/=214mm). Measurement
with a cadmium filter was carried out in the low porosity standard only, but results
were computed for all porosity values for comparison.

The values ef and Cf as solutions of the normal equations are given in 7able
1. as well as correlation factor R. The tables show very good agreement
between the orders of magnitude of theoretical and measured data.

In earlier experiments it was proved that the method cannot be used with
identical i:and Cvalues within the total porosity range, only between 7 and 40%.
This is reaffirmed by solution B of Table 1.

In extending the transformation method to the total porosity range we
started out from the condition that at low porosities (MN=0 7%) in addition to
H the rock matrix itself affects significantly the spatial distribution of neutron
energy. Since the applied neutron detectors (N 9325) are sensitive to energy, for
count numbers measured at low porosities the neutrons having higher energies
than the thermal group assume an increased role. To eliminate this effect a 1mm
thick Cd shield was used for low porosities (I/a in Table 11) ensuring the absorp-
tion of thermal neutrons. The count number received after the shield has been
applied (epithermal neutrons) was deduced from the total count measured by
both detectors which furnished the corrected number of thermal neutrons. The
effect of shielding is very conspicuous when the correlation factors (R) are
compared.

From itand £ecalculated for borehole diameters 150 mm and 214 mm the
transformation can be generalized with the aid of linear interpolation for any
diameter. Transformation for any arbitrary borehole diameter (d=150mm
accepted as a base diameter) is provided by the following equations: for a single-
detector system

(14)

for compensated systems
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The values e; and  refer to the base diameter of 4= 150 mm.

After determining CA®V) or r {(Ps) and knowing the borehole diameter,
the neutron porosity values (®v) can be determined by the theoretical curve sets,
theoretical curve sets.

lor thermal | or epithermal
neutrons neutrons
A B A
R 0.99961 0.9766 0.99658 Table 111
tf 1.71905 0.8862 1.20798
I11. Tablazat
-0.00279 0.01215 0.00488
Ta6n. HI
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ANDRASSY LASzLO, BARATH ISTVAN, CSEREPES LASZLO

ELMELETI ES MODELLEZETT NEUTRONTEREK VIZSGALATANAK LU
MODSZEREI A NEUTRONPOROZITAS MEGHATAROZASARA

A szerz6k tobb csoportos diffuziés elmélettel szamitottak a neutroneloszlast, farélyukbél és
kézetformaciobol allé kézegre. Uj eljarast dolgoztak ki a tébb csoportos difflzis elmélet egyik leg-
bonyolultabb kérdésére: a csoportallanddk szadmitdsara. Négycsoportos fluxus—porozitas gorbese-
regeket szamitottak ki egydetektoros és kétdetektoros (kompenzalt) mérérendszerekre, kuilonbézé
kézetmatrixok, szondahosszak és furélyukatmérék esetére. A tanulmany ismerteti a modellezett
neutronterek elméleti neutronterekre valé atszamitasara kidolgozott eljarast. Leirja az elméleti sza-
mitasok és modellezések kozotti transzformécids egyenletek altalanos alakjat és ramutat az eljaras
alkalmazéasanak gyakorlati lehet6ségeire. Kisérleti modellméréseket mutat be termikus és epitermi-
kus neutroncsoportok sz(irék segitségével torténd szétvalasztasara.

n. AHOPAWW, N. BAPAT, 1. YEPENEW

HOBbLIE METO/[bl N3YUEHNA TEOPETUYUECKUX WU
CMOAENNMPOBAHHbBLIX HEWTPOHHBLIX TONEN C LEJIBIO
OMPEAENEHNA HEMUTPOHHOW TMNOPUCTOCTU

Ha 6a3e Teopuu MHOrorpynnoBoii Andcysumn paccumTaHo pacrnpejenieHne HEMTPOHOB B cpe-
[ie, COCTOsALLE M3 CKBaXKUHbI 1 BMeLLaloWwmnx nopos. PaspaboTaHa HoBass MeToAMKa pacyeta rpyn-
NOBbIX KOHCTAHT, NPeACTaBASOLWEr0 O4HY U3 Hanbonee CMOXHbIX NPo6aeM TeOpUU MHOTOPYMMo-
Boli Anty3nn. PaccumTaHbl YeTbIPEXTPYNMoBble NaneTKW KPUBbIX COOTHOLIEHUA NOTOKAa HeMTpo-
HOB C MOPUCTOCTbID ANA OLHOLETEKTOPHbLIX U ABYAETEKTOPHbIX (KOMMEHCUMPOBAHHbLIX) U3MEpU-
Te/lbHbIX CUCTEM, /1A C/lyYaeB ¢ Pa3HbIMU NOPOAAMMU, C Pa3IUYHbIMU ANIMHAMW 30HA0B U C pasnny-
HbIMW fuMamMe3pamMy CKBaXMH. B paboTe nanaraeTcsi HOBbIA cnoco6 mepecyeTa CMOZAENMPOBAHHbIX
HEATPOHHbIX MONein B TeopeTMueckume HeWTpPOHHble nonsA. OnucbiBaeTcA 06W KU BUL ypaBHeEHWUI
TpaHchopMaLun, CBSA3bIBAIOLWNX TeOPeTUYECKNE pacyeTbl C MOLEMPOBAaHUEM, YKa3biBalOTCA TakK-
e U NpakTUYecKne BO3MOXHOCTU MPUMEHeHUS HOBOro crnocob6a. lMpeacTaBnsitoTcst pesynbTaTbl
MOJeNIbHbIX U3MepeHUii Mo pasfefieHNto rpynn TenaoBbIX U HAATENNOBbIX HEATPOHOB C NOMOLLbLO
hUNbTPOB.
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MICROCOMPUTER CONTROLLED GEOPHYSICAL WELL
LOGGING AND EXPRESS-PROCESSING SYSTEM

GY. JOSEPOVITS*, I. PAKOZDI*, G. SZONGOTH*

The technical system of an up-to-date logger developed in ELGI and the basic principles of its
operation are discussed. A special program language “KAROLIN” is described and illustrated by
way of examples. Several logs recorded by the discussed well logging equipment are presented.

1. Introduction

The purpose of computerized loggers with express processing systems is to
render measurement and data recording simpler and more reliable, moreover to
furnish comprehensive diagrams on the results of processing to geophysicists and
geologists.

Loggers are computerized in order to solve one or more of the following
tasks:

a. Controlling individual logging operations.
In this case the complex well logging station is built up of several independent
microprocessor controlled instruments. Each of them directs a single kind of
measurement, e.g. current regulation for focused resistivity log calibration of
spectral nuclear measurements and energy-stabilization of spectra, recogni-
tion of phase skips and introduction of corrections in sonic logging.

b. Controlling the integrated measuring procedure.
Maintaining data transfer to surface units, to the depth recording system, and
output peripherals (display, camera, magnetic tape stores, etc).

c. Preprocessing of logs. Correlation of logs according to common depth refer-
ences, calibrations, corrections and simple calculations simultaneously to

logging.

The logger developed by ELGI has essentially solved tasks b and ¢, the com-
plete automatic operation of the surface units, however, has not yet been rea-
lized.

* EO6tvos Lordnd Geophysical Institute of Hungary, Budapest
Paper presented at the 26th Geophysical Symposium, Leipzig, 22— 25. Sept, 1981.
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2. Construction and operation of the system

The block-diagram of the logging and express processing system is shown in
Fig. 1 The system consists of the microcomputer and the attached peripherals.
Having become familiar with the tasks and mutual relationships of the indicated
units, we shall obtain a comprehensive idea of its operation, too.

Information of various downhole devices is sampled versus depth or time.
Movement of the device is sensed by the depth recorder through an optical trans-
ducer attached to the measuring sheave. This unit stores depth data, visualizes
the actual depth and speed for the cable guide; controls film transport in the
camera and transmits periodically the depth values into the microcomputer.
Depth values are corrected with the aid of magnetic markers written on the
armoured cable. Automatic writing and reading of markers on the cable is exe-
cuted by the surface unit, corrections for the depth values are introduced how-
ever, by the microcomputer. For measurements against time it is essential to have
a timing peripheral that can be started, stopped and read by the microcomputer.

Fig. 1. Block-diagram of the logger system
| sonde; 2 winch, measuring sheave; 3 surface panels; 4 microcomputer; 5
optical transducer and depth recorder; 6 timer; 7 camera; 8 display; 9 keyboard;
10 printer; 11 magnetic cassette tape store
I. dbra. A karotazs allomas felépitésének blokkvazlata
1 - szonda; 2 csorlg, mérdkerék ; 3 felszini egység: 4 mikrogép; 5 — optikai atalakitd
és mélységmérg; 6 idéméré; 7 fotoregisztral6; 8 - képernyd; 9 billenty(izet; 10
nyomtat6; 11 kazettas tarold
Puc. I. Bnok-cxema CTPOEHMA KapoTaXHOW CTaHuuu.
| —30H 1: 2 — nebeaka, N3MepuTeNbHbIA AUCK; 3 — yCTaHOBKA Ha NMOBEPXHOCTMW; 4 —
MWKPO-3BM; 5 — onTuyeckunii npeobpaszoBatenb U CHETUUK FNybUHbI; 6 — Talimep; 7 —
toToperncTpatop; 8 — 3kpaH; 9 — knaBmaTypa; 10 — neyartaloliee ycTpoinctso; 11 —
KacceTHasi NaMAThb.

The surface units supply power for the downhole tools and transmit their
output signals to the analog-digital converter. Nine logs at most can be recorded
simultaneously in digital form. Logs furnished by various sondes are related to a
common depth point by the microcomputer regardless of whether they were
measured in one or several runs. Two magnetic tape stores are used for correlat-
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ing logs recorded in different runs. One of them provides data of logs recorded in
previous runs, the other records them simultaneously together with data being
measured and calculated in the present run.

The camera and the CRT display visualize measured and calculated logs
arranged according to depth. Nine galvanometers of the camera perform record-
ing in two bands of the film corresponding to API standards. Scaling according
to amplitude can be divided linearly and logarithmically. The film is highlighted
by applying depth numbers and grid. Logging rate is indicated by a time marker
on the film. The CRT display permits one to visualize the last 25 m long sections
of four logs at most. The newly recorded or calculated points of the diagrams
enter synchronously with sonde movement at the top of the screen and after the
cable moves a distance of 25 m they leave the screen at its bottom. Thus the oper-
ator is able to have a comprehensive view of strata penetrated by the borehole
even before the film is developed. Interactive interference is also possible in the
course of interpretation with the aid of a movable light-point (cursor) to be
shifted over the screen.

The commands for logging and processing can be entered in the form of dia-
logue using a keyboard. This dialogue can be recorded on magnetic tape or
burnt in a ROM resulting in a significant shortening of specification at actual
logging.

It is planned to document subsequent measurement and processing with the
aid of a printer.

Instead of listing technical data of the type K --20 well logging station in
detail, brief information of nuclear logging should be given here to provide the
reader with a notion of possibilities hidden in digital measurement techniques.

Pulses of sondes working in detector or spectral modes are handled by the
equipment in the same way as regards the techniques of measurement. The
equipment contains no ratemeters, the 128 channel pulse height analysis is
always performed. Four energy widows of the spectrum can be selected at the
operator’s discretion for recording a log versus depth. Statistical scattering of
nuclear measurements is reduced by digital filtering which provides symmetrical
character for the beds and better resolution compared with the use of ratemeters.
The filter function is available as a subprogram stored in advance in the Read
Only Memory, its operation can be actuated by a single command.

The whole spectrum can be visualized on the display and recorded on the
cassette-type magnetic tape together with diagrams defined by the energy win-
dows.

3. The algorithm of express-interpretation

The operation of the microcomputer controlled logging and express pro-
cessing system involves the cyclical performance of the following activities:
— performing the measurement at the /i-th depth point,
— reading in from cassette data belonging to the n-th depth point but
stemming from earlier measurements,
— processing data belonging to the n-th depth point,
— writing out data belonging to the n-th depth point.
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In the course of operation these activités are performed for each sampling
point in the above indicated succession. Thus, the system may contain simul-
taneously the values of all measured and processed logs that belong to a given
depth point.

In the course of processing the following tasks can be solved: filtering of
logs; comparing the values of two or more logs; introducing corrections into any
of the logs according to a function or eventually against the values of another
log; classifying the formal characteristics of logs; determining rock physical
parameters from one or more logs. All these algorithms are characterized by
their common feature of being performed simultaneously with the measurement
and of requiring a rather limited environment of the measured point.

Processing can be imagined as a “window” sliding slowly—according to the
rate of logging—over borehole data with only the data in the window being
known.

A special program language for formulating the algorithm of express-inter-
pretation has been developed in ELGI. This was necessary for adapting the
algorithm of interpretation or part of it to the ad hoc requirements and the pro-
grams to the actual tasks.

A fundamental characteristic of this program language (KAROLIN) is sim-
plicity in operation, since neither the operator conducting logging nor the geo-
physicist working at headquarters is in general a specialist in computation
techniques.

It can be observed that programs, e.g. in FORTRAN, compiled for process-
ing of well logs contain in 75—80% of their volumes formulae describing not the
geophysical idea itself, but other instructions and commands indifferent to geo-
physics but indispensable in FORTRAN programming: declarations, attribution
of initial values, cycle organization, data output/input commands, control
transfers, etc.

In the program language KAROLIN [Pakozdi 1980] the instructions and
commands have been implemented in such a way as to meet the special require-
ments of log processing. The geophysicist who writes the program should concern
himself solely with the description of the relationship fundamental for geophysical
interpretation. Programming of geophysical relationships has been significantly
facilitated by making the logs as “log-type variables” directly accessible to any
instruction : for instance, the subtraction of two depth corrected logs can be
prescribed by the expression S3—S|—S2.

4. Computer aided interpretation

There are three possibilities for data processing:
- simultaneously to measurement (using actual data and those of former

runs),
after completing the measurements, but still at the well site,

— in a computing centre.
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Each stage of processing has its peculiar scope of tasks superposed in stacks.

Operations to be performed simultaneously to measurement:

— correction of reference points (e.g. in electric measurements using the
Gulf-Coast sonde the following four parameters are simultaneously
recorded: R40, R 160, Rgr, PS, with the following deviations in reference
points: 0, —20, 40, 0 cm),

— conversion into physical units on the basis of calibration (e.g. °C for tem-
perature measurements),

— dead time corrections,

— pulse number corrections using field calibrator data,

— various corrections according to drilling parameters (e.g. mud density,
casing) or previously recorded logs (e.g. borehole diameter, mud resisti-
vity, borehole temperature),

— computations on the basis of algorithms and master curves (e.g. density
calculation, spectrum stripping),

— scaling according to the requirements of various presentations (e.g.
logarithmic plots of electric measurements).

As a result of all these operations continuously corrected logs are obtained,
arranged side by side according to depth (e.g. true resistivity, density, porosity).
In addition, there is a possibility to reveal boundaries of raw material deposits
(e.g. coal, bauxite, ores) from given criteria. Such marking can be made on a
numeric display or on printer, and a special boundary diagram can be recorded
on cassette and visualized on the camera (Fig. 2).

The second stage of processing follows the completion of measurements.
This stage leads to an approximate determination of quality parameters (e.g. ash
content, A120 3%) within the pay intervals marked off previously. Laboratory
analysis results of cores and local geological conditions have to be known for the
calculation of quality parameters. Of course, only relatively simple tasks (with
reduced memory and time) can be performed in the field.

Resultant logs obtained in the first two stages of field interpretation are
visualized on the camera and recorded on magnetic tape for further processing.
All logs can be plotted in arbitrarily composed groups and to any scale (e.g. den-
sity, porosity, magnetic susceptibility, true resistivity, per cent values of K, U and
Thj borehole volume). There is also a facility to plot the most characteristic logs
side by side in a scale of 1:500 or 1:1000 in order to have a comprehensive view
of the complete hole.

For the third stage of processing, in a computing centre data are entered with
the aid of a data input interface or magnetic tape converter.

At the present phase of development a so called preprocessing program
package has been compiled containing the following programs:

— calculation of true resistivity from three-electrode focused resistivity with

corrections for borehole diameter and mud resistivity,

— calculation of the intensity of natural gamma radiation taking into consi-

deration borehole data (borehole diameter, mud density, thickness of
casing, dry hole, etc),
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0 GRJ[0,71710"3C/kgs] 20 0 OH1TrT[] 200

Fig. 2 Logging in a coal exploration hole
A coal seams, determined automatically; DH caliper log; DN nominal borehole
diameter; g  density log; @4 neutron porosity log; GR gamma ray log; R, true
resistivity log
1 coal; 2 carbonaceous clay; 3 sand: 4 sandstone; 5 aleurite; 6 rhyolite tuff

2. dbra. Kgszénkutatd farasban végzett karotadzs mérés
A k6szenes réteg automatikus kijeldlése; DH - lyukbd&ség; DN névleges lyukatméro; y

stir(iség; 5 neutronporozitds; GR természetes gamma; R, valédi ellenallas
1 szén; 2 szenes agyag; 3 homok; 4 homokké; 5 aleurit; 6 riolit tufa

Puc. 2. KapoTaXHble M3MepeHNs B CKBaXKWHE Ha yrosb.

A - aBTOMaTM4eckoe BblgeneHue yronbHoro nnacta; OW - pgunameTtp ckBaxuHbl; DN -
HOMUWHaNbHbIA AMAMeTpP CKBaXWHbIl; q — NAOTHOCTb; ®\ — HellTpoHHaa nopuctocTh; GR —
WHCTEHCUBHOCTb €CTeCTBEHHOr0 raMma-usnyveHuns; R, — UCTUHHOE CONPOTUB/EHME.
| - yronb, 2 — yrAucTble rnUHbl, 3 — Meckn, 4 — necyaHnku, 5 - aneBponTbl, 6 —
puonnToBbIe Tydbl.
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density calculation from gamma-gamma measurement taking into
account borehole data,

calculation of sonic velocity log,

calculation of porosity from neutron-neutron measurement with correc-
tion for borehole diameter,

calculation of resistivity from induction measurement,

calibration and scaling of borehole diameter,

calculation of percentage K, U and Th concent from energy-selective
natural gamma measurement (by the method of stripping) taking into
account borehole data.

Of the programs we present first an algorithm to correct the gamma ray log
and the program written in KAROLIN language:

B N, " 74 3 (DH-Dgm no casing
R NTCN,, Klo "((ID-Ds)Qm+239clc with casing
symbols
in program
language
GR calculated intensity of natural gamma radia-
tion [C/kgs] S6
Nro measured count number [cpm] A
N,,. N), counts measured by the field calibrator during
calibration and measurement respectively
[cpm] K4. K5
K sonde sensitivity [cpm/C/kgs] K3
DM measured borehole diameter [mm] 2
Ds sonde diameter [mm] kl
mud density [103 kg/m3] k2
1bC inner diameter of casing [mm] R7
dc casing thickness [mm] K6
actual depth M
casing shoe depth K 10
fitid level depth ki1

Borehole data needed in calculations are written in the corresponding
memory sections prior to measurement, caliper data are recorded on magnetic
tape and played back simultaneously to measurement. In the course of its work
the program automatically changes over at the casing shoe or mud-air boundary
to the corresponding algorithm and performs subsequent calculations with it.
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Computer program in KAROLIN language (multiplication marked by *):

K12: K4/(K5*K3)

K18: (K7-K1)

K13: K184K8 —KI)

K14: 3.27-K13

K19: K14*K18

K15: K19*K2/2.27

K16: 23.9*K6

K17: K8-K7 + K16

K20: 101774E—6

IND

K22: (S2—K1)*K2 no casing, with mud
K27. M>K11

K22: K22*K27 no casing, dry hole
K25: K10>M

IF(K25) with casing, with mud
K22: K17*K15

K26: K11>M

IF(K26) with casing, dry hole
K22: K17

EF

EF

K28: K20IK22

K29: K28*K12*60

S6: F1(S4)*K29 calculated gamma ray
END

K17 through K29 are working variables, S-s are measured or calculated logs,
F1(S) is a special filter function to smooth radioactive logs. Between IND and
END the calculations are performed in each cycle, between IF and EF in such in-
stances only when the value of the logical variable belonging to IF is 1

Our second example illustrates the interpretation of a three-electrode
focused resistivity log (LL3) where borehole diameter and mud resistivity are
taken into account. The algorithm is as follows:
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symbols
in program
language
where R, calculated true resistivity [iim] S5, S6
V measured voltage [V] S3
| measured current [mA] S4
DH measured borehole diameter [mm] ]
Rm measured mud resistivity [ftm] S2
SK scale factor Kl

Program in KAROLIN language:
Kl: 50
IND
K2: (S3/S4)*K2*1.88
K3: S1/425
K4: LG(K3)*SI
K5: 3400/S1
K6: LG(K5)
S5: (K2 —K4)K6 R,
K7: LG(S5)*315
S6: K7-94.5 IgR,
END

To illustrate the measurement a log recorded in a coal exploration hole with
the microcomputer controlled equipment is shown in Fig. 2 Simultaneously to
density calculation the boundaries of the coal beds are marked off on a galvano-
meter on the basis of a density criterion defined in advance:

g < 18X103 kg/m3.

Our second example shows the spectral investigation of natural gamma
radiation in a bauxite exploration hole (Fig. 3)m The percentage ratio of K, U
and Th is calculated by the method of stripping from count numbers measured
in the K, U and Th windows. It can readily be seen on the U curve that the
radioactivity of clay underlying the bauxite (/) is due to enriched uranium rather
than to thorium as in the bauxite bed.

5. Conclusions

Development of the KD—20 well logging station has been carried out
within the framework of a CMEA agreement for international scientific coope-
ration. Apart from a great number of test measurements in Hungary a successful
international approbation was held in Hungary in 1980 and demonstrations fol-
lowed abroad: Czechoslovakia, 1980 for ore; Soviet Union, 1981 for coal; Bul-
garia, 1982, for uranium.
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Fig. 3. Spectral investigation of natural gamma radiation in a bauxite exploration hole
| bauxite; 2 carbonaceous clay; 3 dolomite; 4 marl

3. Ubra. A természetes gamma-sugarzas spektralis vizsgalata bauxitkutaté furasban
| bauxit; 2 szenes agyag; 3 dolomit; 4 marga

Puc. 3. CnekTpasibHOe U3yuyeHVe eCTECTBEHHOI raMMa-usnyyeHUs B CKBaXWHe Ha GOKCUTBI.
| — 6OKCUTBI. 2 — yraucTble FnHbI, 3 — [0/IOMUTBI. 4 — Meprenu

KI--H-RhNC 1 S

Pakozdi, |. 1980: Dedicated computer language for a special purpose microcomputer system. Pro-
ceedings of MIMI 'so Conference, Hudapest, 1980. Sept. 9 11, pp. 93 97.
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JOSLPOVITS GYULA. 'AKOZDI IMRL, SIONGOTH GABOR

MIKROSZAMITOGEPPEL VEZERELT MELYFURASI GEOFIZIKAI
MERO- ES GYORSKIERTEKELO RENDSZER

A tanulmanyban a szerz6k ismertetik az LLGI-ben Kilejlesztett korszerli mélyidrasgeofizikai
eszkdz rendszertechnikai felépitését, mikodésének alapelvét. Ismertetik és példakon keresztil be-
mutatjak a specidlis KAROLIN programnyelvet. Bemutatnak néhany szelvényt, amelyeket az is-
mertetett karotazs berendezéssel készitettek.

A. WO3EMOBWUY, U. MAKO3A4bl, . COHIOT

KOM 11bK/TN 31 POB/IHHAA CUNCTEMA OJ1A USMEPEHVA W
3KCITPECC-OBPABOTKN KAPOTAXHbIX OAHHBIX

B paboTe M310XeHbl TexHW4YecKass cuctema paspaboTtaHHoin B /I coBpeMeHHON Kapo-
TaXHOW annapaTtypbl, NPUHUMNbLI ee paboTbl. [aeTca onucaHue cnewmanbHOro MPOrpamMMHOro
Aasbika «KAPOJTNH», KoTopbli nnnocTpupyeTca Ha npumepax. MNMpuBOAATCA HeKOTOpble Auna-
rpaMmMbl, KOTOpble 6blM M3roTOBMEHbI NPU MOMOLWLM YKa3aHHOW KapoTaXHoW annapartypbl.
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Press Release

NEW ASSOCIATION OF SCIENCE EDITORS

A new association of science editors was founded on 14 May.

The European Association of Science Editors, EASE, is the result
of a merger at their conference in Pau, France, between the former
European Life Science Editors’ Association (ELSE) and the European
Association of Earth Science Editors (EDITERRA).

Besides continuing publication of Earth & Life Science Editing
every four months, the new association will expand its programme
of regular conferences and workshops. The next workshop will

be held in York on 4-5 November 1982; it is hoped to have a
further workshop in 1983; and there will be a joint conference
with the Council of Biology Editors at Trinity College,

Cambridge, in September 1984. Membership is open to all editors
and those working in the dissemination of scientific knowledge.

The first President of EASE is Dr Stephen Lock, Editor,

British Medical Journal, and the Vice-President Professor

Paul Fogelberg, of the University of Helsinki, who is editor of Boreas.
Further information may be obtained from the Secr”tary/Treasurer,
Miss Nancy Morris, PO Box 33, Famham, Surrey, G U 10 3JX,

UK (Tel.: 0252 723945).
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