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effect of lateral inhomogeneities on the
FREQUENCY SOUNDING CURVES OBTAINED FROM THE
VERTICAL ELECTRIC COMPONENT OF A BURIED
VERTICAL CURRENT DIPOLE

Erné TAKACS*

The paper discusses how the effect of lateral inhomogeneities manifests itself in
underground frequency soundings carried out using vertical electric transmitter and
receiver dipoles in an equatorial array.

The simplified models are:

— a vertically infinite interface and sheet perpendicular and parallel to the axis
connecting the transmitter and receiver dipoles;

— a break in the horizontal high resistivity layer perpendicular to the axis
connecting the transmitter and receiver dipoles.

The former case was studied numerically, the latter one by physical modelling.

Keywords: frequency, electrical sounding, dipole, lateral inhomogeneity, in-mine
geoelectric methods, models

1. Introduction

In an earlier paper [TAKACS etal. 1986] the characteristics of a vertical
electric field of a buried vertical electric dipole in horizontally layered
medium were analysed. Survey tasks solved by applying underground
transmitter and receiver are, however, rather associated with detection of
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lateral inhomogeneities either between the transmitter and receiver or in
their vicinity. It is essential to study the nature of the effect of such
inhomogeneities because observed deviations from the response of hori-
zontally layered models suggest the presence of inhomogeneities.

The approved methods for studying lateral inhomogeneities are seis-
mic and electromagnetic tomography or dc reconstruction. These types of
measurements can be carried out only if the relative position of transmitter
and receiver can be changed in a sufficiently wide range to obtain as many
crossing transilluminating radii as possible. It may happen, however, that
this kind of measurement is unaccomplishable and the space between or in
the vicinity of the dipoles can only be studied using a given fixed array.
The question arises whether frequency sounding might have a role in
detecting lateral inhomogeneities in such cases.

To deal with the problem | have carried out physical and numerical
modelling for a variety of situations. The models chosen are simplified;
they are, however, suitable for recognizing, as a first step, the basic
characteristics. The conclusions obtained can be used as a basis for extend-
ing the study to more complicated cases.

In every discussed case vertical electric (grounded) transmitter and
receiver dipoles in an equatorial array are considered.

The complex shape of frequency sounding curves — quasi-stationary
part, possibly a maximum, then a steeply descending branch — makes the
visual recognition of the effects of both horizontal stratification and lateral
inhomogeneities difficult. The introduction of an apparent resistivity that
atany frequency is equal to the resistivity of that homogeneous space which
substitutes the inhomogeneous space considering its effect is of help. This
apparent resistivity — paif)— can be obtained from measurement of
amplitude, phase or in-phase or out-of-phase components. To derive it the
dependence of the quantity in question on the induction number — trans-
mitter-receiver separation normalized to the skin depth — in a homogene-
ous medium should be known. In addition, values of the actual transmitter-
receiver separation — R — and frequency will be used. Thus, p*if) can
be derived not from the actual field strength value but from the position of
characteristic points on the frequency sounding curve along the frequency
axis [TAKACS etal. 1986].

The other parameter used later is the effective resistivity (p”) of the
‘rock-slab’ containing the transmitter and receiver dipoles. This can be
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given knowing the resistivity pacalculated using the factor of the geometric
sounding on the quasi-stationary part of the curve and pa(/n&) calculated
at the maximum of the amplitude curve. In a continuous layer this is a very
good approximation of the actual resistivity. In the case of discontinuity it
reflects the degree of discontinuity [TAKACS et al. 1986].

In view of the fundamental behaviour of paif) it can be expected that
at lower frequencies the effect of the more distant environment of the
dipoles manifests itself as well; then, with increasing frequency, it reflects
more and more the resistivity distribution in the closer vicinity of the
transmitter.

2. Effect of infinite vertical interface

In one of the cases studied, 20 and 250 Qm media can be found at
two sides of the interface. The measuring array with a constant transmit-
ter-receiver separation — 7?=100 m — has different positions related to
the interface. The direction of R is perpendicular to the interface. The
amplitude curves are shown in Fig. 1, the phase curves in Fig. 2.

Amplitude curves corresponding to the different positions obviously
lie between the curves of 20 and 250 fim homogeneous space, respectively.
As long as the transmitter and receiver are in a medium of the same
resistivity the high frequency asymptotes of the curves coincide. It means
that an increase in frequency causes a decrease in the effect of the adjacent
halfspace. With decreasing frequency, on the other hand, its effect in-
creases. This is the reason why the maximum becomes more enhanced on
approaching the low resistivity halfspace from the higher resistivity one.
At the same time, the amplitude of the maximum related to the quasi-sta-
tionary part of the curve decreases when both the transmitter and receiver
are in the halfspace of lower resistivity and they approach the halfspace of
higher resistivity.

When the interface lies between the transmitter and receiver, the
quasi-stationary field strength remains the same at different positions of the
array, and it depends only on the transmitter-receiver separation. In our case
it is constant. Location and value level of maxima and descending branches,
on the other hand, depend on the effective resistivity of the rock volume
determined by the current field developing at the corresponding frequen-
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Fig. 1. Amplitude-frequency curves for vertical interface perpendicular to the axis connecting
the vertical transmitter and receiver dipoles in an equatorial array, for different positions of the
array
1. dbra. Az amplitido gorbéi az ekvatorialis helyzet(i vertikalis add- és vev6-dip6lust 6sszekdtd
tengelyre mer6leges vertikalis hatarfellet esetén kilonboz6 felallasok melett
Pue. L AMNAuTyaHbIe KpUBLIe YACTOTHOrO 30HAMPOBAHMUA NPU NepPeMelleH N YyCTaHOBKM

BEPTUKANIbHbIX 9KBATOPMAaNibHbIX AUNONEA BKPECT NPOCTUPAHUS BEPTUKANbHOINO KOHTaKTa
ABYyX cpel
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Fig. 2. Phase-frequency curves for vertical interface perpendicular to the axis connecting the
transmitter and receiver dipoles in an equatorial array, for different positions of the array

2. dbra. A fazis frekvenciaszondazasi gérbéi az ekvatoridlis helyzet(i adé- és vev6-dip6lust 6ssze-
kotd tengelyre merdleges vertikalis hatarfelllet esetén kiilombo6z6 felallasok mellett
Puc. 2 ®asosble KPUBble YACTOTHOIO 30HAMPOBAHUA NPU NePeMELLEHNN YCTAHOBKN

BEPTUKANbHbIX 3KBATOPMaNbHbIX AUN0Nell BKPECT NPOCTUPAHNS BEPTUKANbHOIO0 KOHTaKTa
ABYX cpej
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des. The position of the interface between the transmitter and receiver
influences this effective resistivity. The shorter that part of separation R
which lies in the lower resistivity halfspace is, the higher the amplitude and
the frequency where the maximum can be found will be.

Consequently, frequency sounding curves reflect the position of the
dividing, vertical interface between the transmitter and receiver in every
case.

The trend of paapparent resistivity values belonging to the maxima —
framed numbers in Figure 1—shows that when the larger part of separation
R gets into the halfspace of higher resistivity, sensitivity to the position of
vertical interface increases.

The phase curves in Fig. 2 are arranged in three groups according to
their position related to the interface; the array lies completely within one
of the halfspaces or it intersects the vertical interface. At curves of arrays
lying in one or the other halfspace, the curves for the homogeneous space
having the resistivity of the corresponding halfspace can also be seen for
comparison. In the figure the sign of the phase is indicated at each curve
section. In a homogeneous space, in the innermost, low frequency current
field the value of the phase minimum — negative phase angles — is
independent of resistivity. On the other hand, when the resistivity of the
homogeneous space is higher the minimum develops at higher frequencies.
With an array further from the interface a curve obviously corresponding
to the homogeneous space is obtained. Approaching the vertical interface
both value and position of the minimum change; their trend can be seen in
the figure. For the same shift changes in phase angle are larger when the
array is in the higher resistivity part.

When the vertical interface lies between the transmitter and receiver,
the transmitter is in the 20 Qm halfspace and it gradually moves towards
the interface starting from 75 m to 12.5 m the position of the minimum
shifts more and more towards higher frequencies as a result of increasing
effective resistivity; the amplitude of the minimum also increases. With
increasing frequency the potential dipole gets into the second current
system of positive phase angles. When the transmitter and receiver are in
the same halfspace the phase curves hardly separate in the second current
system at different positions of the array. On the other hand, when the
interface lies between the transmitter and receiver, the position of charac-
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teristic parts and branches of the phase curves along the phase axis is very
sensitive to the position of the interface.

In the other case, the vertical interface is parallel to the axis connecting
the vertical transmitter and receiver dipoles; the separation between this
axis and the interface varies (x=10, 20, 30 and 50 m). Both the transmitter
and receiver dipoles are in the halfspace of 250 fim. The amplitude curves
in Fig. 3 show that the lateral inhomogeneity causes a deviation from the
curve of the homogeneous 250 £2m space when the frequency decreases;
it results in a lower field strength. The closer the interface is to the array
the higher the frequency where the deviation begins. Moving from the
maximum towards the quasi-stationary section the decrease in amplitude
is stronger than for the curve of the 250 £2m space. The maximum becomes
wider with decreasing x.

With increasing frequency, on the other hand, that part of the space
which is close to the axis of the array has more and more effect on the field
strength. This can primarily be seen from the frequency dependence of
resistivity paif), which was calculated on the basis of phase angle. Its
behaviour for the two cases studied up to now is shown in Fig.4. For the
interface perpendicular to the axis of the array — part b — that part of the
transmitter-receiver separation can be seen at the individual curves in
parenthesis that falls into the halfspace of resistivity indicated. When the
array is in only one of the halfspaces the resistivity of this halfspace and
the separation x between the interface and the closest electrodes are
indicated. For a vertical interface parallel to the transmitter-receiver axis
— part a — the parameter of the curves is the separation x between the
interface and the parallel array in the 250 fim medium.

When the array is in only one of the halfspaces — parallel array and
some perpendicular arrays — the high frequency asymptote is the resistiv-
ity of the host medium. At lower frequencies the effect of the other
halfspace prevails more and more. At intermediate frequencies, however,
‘overshoots’ also appear.

3. Effect of vertical infinite sheet

An interesting case in practice is when the transmitter and receiver are
situated in the same rock and information on the homogeneity or inhomo-
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Fig. 3. Amplitude-frequency and phase-frequency curves for interface parallel to the axis con-
necting the vertical transmitter and receiver dipoles in an equatorial array, for different positions
of the array

3. dbra. Az amplitado6 és fazis frekvenciaszondazasi gorbéi az ekvatorialis helyzet(i vertikalis
ado- és vevé-dipdlust 6sszekotd tengellyel parhuzamos hatarfeliilet esetén kiilonb6z6 felallasok
mellett
Puc. 3. AMnanTygHble 1 hasoBbie KPUBbIE HaCTOTHOIO 30HAUPOBAHUS NPU MepemMelleHN N

YCTAHOBKW BEPTUKANbHbIX 3KBATOPUaNbHbIX AUNOMNEA NO NPOCTUPAHUI0 BEPTUKANBLHOTO
KOHTaKTa ABYyX cpej
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Fig. 4. Curves of apparent resistivity pj {/) for an array parallel and perpendicular to the verti-
cal interface (model of Figs. 1. and 3)

4. dbra. A paif) latszélagos fajlagos ellenallas gorbéi a vertikalis hatarfeliilettel pArhuzamos és
rd mer6leges felallasnal (Az 1. és 3. dbra modellje)

Puc. 4. KpuBble Kaxywmxcsa conpotusnenmii pd (/) Ans ycTaHOBOK, NapanfenbHbIX 1
nepneHANKYNSpHbIX BEPTUKANbLHOMY KOHTaKTY ABYyX cpes (Mogenu puc 1. n 3.)

geneity of the space between them needs to be obtained by means of
frequency sounding.

To study this potential application a vertically infinite, 20 m wide sheet
of 20 Om embedded in a homogeneous space of 50 Qm was considered.
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Fig. 5. Amplitude-frequency, phase-frequency and apparent resistivity (pO (/))- frequency
curves for array passing through the vertical sheet
5. dbra. Az amplitado, a fazis és a pl (f) latszélagos fajlagos ellenallas frekvenciaszondazasi
gorbéi a vertikalis lemezt kézrefogé felallasnal

Puc. 5. KpuBble kKaxyuwuxcs conpotusneHuii (pl (f)), a Takxe amnanTygHble u hasoBble
npu 4YacTOTHOM 30HAMPOBAHWW [ YCTAHOBKM, BHYTPU KOTOPOWM HaxoguTCca BepTUKanbHas
nnacTuHa



Effect oflateral inhomogeneities... 49

The transmitter and receiver dipoles are vertical, their separation is 100 m,
the array axis is perpendicular to the sheet and its position is asymmetrical
to the sheet. The top-view of the geometric arrangement, together with the
amplitude and phase curves for the homogeneous and inhomogeneous
cases, respectively, can be seen in Fig. 5.

It is obvious that because of the lower effective resistivity in the
inhomogeneous case the maximum of the corresponding curve is shifted
towards lower frequencies. Details, however, should appear in the shape of
the curves. To enhance them, from the phases apparent resistivities p* (/)
were calculated which are shown in the lower part of the figure. For the
homogeneous 50 Qm space pO(/) = 50 Qm = const. On the other hand,
the effect of the embedded 20 Qm sheed, can clearly be seen on the apparent
resistivity curve at frequencies between 100 and 500 Hz. This example is
remarkable from the aspect of investigation of inhomogeneities located
between the transmitter and receiver. Of course, other models that more
closely approximate reality should also be studied.

The lateral zone, which has an effect on the underground measure-
ments can be investigated when a 60 m wide, 250 Qm vertical slab is
embedded into a medium of 20 Qm; and the array of 100 m transmitter-
receiver separation is in a horizontal plane, in the middle of the slab. The
amplitude curves for the 250 Qm homogeneous medium, and for the
inhomogeneous model are shown in Fig. 6. At the highest frequencies the
curves for homogeneous and inhomogeneous cases coincide or lie close to
each other because, as a result of the lateral contraction of the current
system, the low resistivity part of the space has no effect on the field
strength. In practice, at frequencies higher than about 200 kHz the electro-
magnetic field concentrates in the higher resistivity slab. At a given
frequency the width of the lateral zone having an effect on the measurement
becomes wider with increasing transmitter-receiver separation and slab
resistivity.

In the model of Fig. 7 the 10 m wide vertical sheet of 5 Qm is parallel
to the axis of the dipole equatorial array located in the 50 Qm homogeneous
space.

The distance from the sheet and the transmitter-receiver separation
are also taken as variables. The lower resistivity sheet causes a distortion
in the amplitude curves at the maximum and at the beginning of the
descending branch of the curves — which may not occur in horizontally
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Fig. 6. Amplitude-frequency curves for

vertical transmitter and receiver dipoles

in an equatorial array within the vertical
slab

6. abra. Az amplitadé frekvencia-
szondazasi gorbéi a vertikalis lemezen
belili ekvatorialis helyzet(i vertikalis
ado- és vevé-dipolus esetében

Puc. 6. AMNAUTYAHbIe KpUBbIe
YaCTOTHOr0 30HAUPOBAHUA NpK
NOM0XEHNN YCTaHOBKM
BEPTUKaNbHbIX 3KBATOPUaIbHbIX
Avnonein BHYTPU BepTUKa/bHOW

AB  zp-1cH0TAM
nnacTUHLbI

30T 2500t
20flm

Fig. 7. Amplitude-frequency curves
R=E0m  f°ralower resistivity vertical sheet
parallel to the axis connecting the ver-
tical transmitter and receiver dipoles
in an equatorial array
R=/Bm
7. abra. Az amplitidé frekvenciaszon-
R dazasi gorbéi az ekvatorialis helyzetd
vertikalis add- és vevédipdblust 6ssze-
kotd tengellyel parhuzamos kisebb faj-
lagos ellenallasa vertikalis lemez
esetén

Puc. 7. AMNNNTYAHbIe KpUBbIe
4acTOTHOrO 30HAMPOBAHUA NpU
HaMunmn BepTUKaNbHOW NNacTUHbI
NOHWXEHHOTO COMPOTUBIEHUSA
napanenbHO yCTaHOBKMN
BepPTUKa/bHbIX 3KBaTOPUanbHbIX
amnonei
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layered models. The presence of a relative minimum between the frequen-
cies 2.6 and 29 kHz is connected with the phenomenon that the current
system contracting towards the transmitter and receiver gradually leaves
the 50 £2m medium on the other side of the sheet; and the effect of the sheet
gradually ceases to exist above 29 kHz.

In Fig. 8 frequency dependence ofapparent resistivity pi (f) calculated
from the curves of amplitude, phase, in-phase and out-of-phase components
is plotted together with the curve of geometric sounding, pi (/) has a value

Fig. 8. Frequency dependence of apparent
resistivity pa if) calculated from in-phase,
out-of-phase components, phase and ampli-
tude for a vertical sheet parallel to the array

8. abra. A valés és képzetes dsszetevéb6l, a
fazisbol és amplitidobol szamitott pO (/) lat-
sz6lagos fajlagos ellenallas frekvenciaszon-
dézéasi gorbéi a teritéssel parhuzamos
vertikalis lemez esetében

Puc. 8. KpuBble Kaxyuimxcs
conpoTusneHnit pA(J) 4acToTHOrO
30HAMPOBAHUSA, paccyMTaHHblIe Mo

peanbHOA U MHMMOW KOMMOHEHTaM, a
Takxe Mo ase n amMmnNAUTygam gns
YyCTaHOBKM, NapanfienbHon BepTUKanbHOM
nnacTmHe

close to 50 £2m at the highest frequency for each R, and it decreases towards
lower frequencies. The effect of the 50 £2m part of the space on the other
side of the sheet begins to appear only at R=75 and 100 m, and rather in
the out-of-phase component. This figure demonstrates the fact — that can
be observed in other cases too — that in-phase and out-of-phase compo-
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nents of the field strength reflect geologic conditions of different surround-
ings of the transmitter dipole. Both of them are transferred into the sum-
marized geologic information of amplitude and phase.

4. Effect of a break in the high resistivity horizontal layer

At our request the effect of a break in the high resistivity plate was
studied by physical modelling in the Geodetic and Geophysical Research
Institute of the Hungarian Academy of Sciences. The structure of the model,
its data and the frequency sounding curves can be seen in Fig. 9. Moving
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Fig. 9. Amplitude and phase curves obtained by physical modelling using constant vertical trans-
mitter-receiver dipole separation for a break in the high resistivity plate

9. abra. Konstans tavolsagu vertikéalis ado- és vev6-dip6lussal végzett fizikai modellezéssel
kapott amplitadé- és fazisgorbék a nagy fajlagos ellnallasi lemez megszakadasa esetén
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from the middle of the plate — station 11— towards the break a strong
decrease in the field strength can be observed starting from station 8. A
definite change in the position of maximum along the frequency axis takes
place only if one of the electrode pairs — either transmitter or receiver
dipole — gets into contact with the break.

For arrays passing through the break — stations 4 to 0 — the
maximum gets to lower frequencies because of the reduced effective
resistivity. The field strength is lowest at station 4 when one of the electrode
pairs falls into the break. On crossing the break the field strength increases.

A Dbreak in the high resistivity plate has a drastic effect on the phase
as well, particularly at high frequencies. Phase curves reflect location better
than amplitude curves. Their shape and position depend less on the place
of break in the case of an array passing through the break.

Profile curves belonging to a constant frequency are informative too.
Profiles for the lowest and highest frequencies are shown in Fig. 10. In the

0.1 MHz

LEGEND

— relative amplitude ++ relative phase

Fig. 10. Amplitude and phase profiles for highest and lowest frequencies used in physical
modelling
10.4bra. Az amplitadoé és fazis szelvény menti alakulasa a fizikai modellezésnél hasznalt
legkisebb és legnagyobb frekvencian

Puc. 10. AMNAUTYAHbIE 1 (ha30Bble KPKBble NPY HAMMEHbLUUX U HAUGOMbLIMX YAcTOTax,
MCMob30BaBLUMXCS MY PUMUECKOM MOAENMPOBaHNM

Puc. 9. AMNINTYAHbIE U (ha30Bble KPUBbIE, NOMYUYeHHbIe NPU (HU3NUYECKOM
MOZENMPOBaHMU C MOCTOSHHBIM PACCTOSIHMEM MEXAY BepTUKalbHbIMU
nepejanLyM U NPUEMHbLIM AUMONSAMU NPU paspbiBe B NaCTUHE BbICOKOTO
COMPOTUBEHUS
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curve for 0.1 MHz reference points of the plotted values are indicated as
well. It can be seen that changes caused by the break are larger both in
amplitude and phase at high frequency. At the same time the lateral effect
is smaller than at lower frequency. For arrays passing through the break,
the shape of the curves is different too.

REFERENCES

Takacs E., Nagy J.,, Madai F. 1986 : Field of vertical alternating current, electric
elementary dipole in a layered medium. Geophysical Transactions 32, 1, pp. 43-
56

Takacs E. 1988: In-mine sounding with a buried grounded dipole source. Geophysical
Transactions 34, 4, pp. 343-359

LATERALIS INHOMOGENITASOK HATASA A FELSZINALATTI
VERTIKALIS ARAMDIPOLUS VERTIKALIS ELEKTROMOS
OSSZETEVOJENEK FREKVENCIASZONDAZASI GORBEIRE

TAKACS Erné

A tanulmany azt mutatja be, hogy az ekvatorialis elrendezési vertikalis elektromos
ado- és vevl-dipdlussal végzett foldalatti frekvenciaszondazasnal hogyan jelentkezik a
lateréalis inhomogenitasok hatasa.

Az egyszer(sitett modellek az alabbiak:

— az adod- és vevl-dipolust dsszekotd tengelyre mer6leges és vele parhuzamos

vertikalisan végtelen kiterjedési réteghatar és lemez,

— a nagy fajlagos ellenallasu vizszintes réteg megszakadasa az ado6- és vevé-di-

p6lust dsszekdtd tengelyre merdlegesen.

Az el6bbi esetet numerikus, az utébbit fizikai modellezéssel vizsgaljuk.
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BAVAHWE NATEPANbHbIX HEOAHOPOAHOCTEW HA KPVBbIE
YACTOTHOIO 30HAVNPOBAHUSA, MONYYEHHbLIX MO BEPTUKANBHOW
3NEKTPUYECKOW KOMMOHEHTE MOA3EMHOIO BEPTUKA/ILHOIO

TOKOBOI'O AnnNond

SpHé TAKAY

B pa6oTe paccMaTpuUBaeTCcs 3P EeKT OT naTepanbHbiX HEOAHOPOAHOCTE! B Noj-
36MHOM YacTOTHOM 30HAMPOBAHWM, BbIMONHEHHOM BepPTUKaNbHLIMU 3KBATOPUasb-
HbIMW AUNONAMM.

YNpoUeHHbIMU MOAENAMY SABASANUCE CRefdyloLue:

—YyCTaHOBKa HanpaB/ieHa BKPECT NPOCTUPaHUS U Mo MPOCTUpaHuto GeckoHeu-
HOTO BEPTUKaNbHOTO KOHTAKTa [IBYX CPeJ W TaKoii e NnacTUHbI,

—paspbiB B rOPU30HTANbHOI NNACTUHE BLICOKOTO COMPOTUBAEHNS NepneHanKy-
NSAPHO OCK YCTaHOBKMW.

MepBbIii cnydaii uccnegyeTcs NyTeM YMCNEHHOTO, a BTOPOM — (hM3MUYECcKOro
MOZenupoBaHus.






