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INTERPRETATION PROBLEMS OF ELECTRIC SOUNDING
AND PROFILING IN REGIONS OF COMPLICATED
GEOLOGY AND RUGGED TERRAIN

Alfred FRASHERI

Electric soundings in zones of complicated geology and rugged terrain (e.g. in the folded
mountainous belt of the Albanids), have shown the existence of electric field scattering. The lateral
changes of resistivity, the limited extension of geologic structures, the existence of several structures
zlose to each other, and rugged terrain are characteristic features of this complicated geoelectrical
medium.

Electric field scattering distorts the apparent resistivity values; if the apparent resistivity curves
were interpreted without regard to the above phenomena and without performing correction for their
effect, an unreliable view would be taken. Therefore the electric field scattering of the direct current
was studied in a heterogeneous medium with curved boundaries and in rugged terrain. Potential
response was computed with the aid of the quasi-harmenic equation (two- and three-dimensional)
for boundary conditions of Neumann type. To solve the quasi-harmonic equation in a trapezoidal
zone, in the lower half-space it was replaced by the corresponding variational problem, which can
be solved by the finite-element method, giving an approximate representation of the electric field
scattering. We have developed two computer programs in Fortran programming language for 2-D
and 3-D modelling.

Results of some geoelectric models are given. In these models the electrical soundings are
taken over the interface of different types of rocks and flexures, or above horsts and grabens. The
programs are also used to correct different effects, including terrain effects,
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1. Introduction

The widespread use of shallow electric soundings for engineering studies
and in mineral prospecting and the use of deep electrical soundings in the search
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for oil and gas, have brought forth some problems related to the interpretat .
of the electric soundings in cases of complicated geology and rugged terrain ==
some regions of Albania. The experience gained and the theoretical analysis =7
the phenomena observed create possibilities for their solution and the over-
coming of their influence.

Electric soundings are interpreted by comparing them with theoretic=’
models of simplified geoelectrical sections (horizontal, sometimes inclined
layers which are always flat and have infinite extent, without horizontal changes
of the resistivity). In practice the use of electric sounding involves a number =7
aspects related to the surface geology and terrain:

— the relief is rugged in many areas;

— lateral (abrupt or gradual) changes of resistivity exist due to thz
presence of different types of rocks. The contact between them maz=
be outcropped or may be covered by overburden;

— the geological structures have smaller extent than their depth, so th=
geoelectric boundaries are limited;

— various types of geological structures are often situated close to eac™.
other, at the same or different depths.

The above mentioned factors influence the scattering of the electric fiels

and consequently the values of the apparent resistivity measured during the
electric soundings.

2. Terrain effect in resistivity surveys

Rugged terrain causes deformations on the sounding and the resistivits
profiles [DAHNOV 1953, KOEFOED 1979, FRASHERI et al. 1984] due to the
changes of the subsurface current distribution. For example when the current
line configuration is perpendicular to the strike of a crest, the apparent resistivits
at first begins to decrease, because of the decrease of the current density in the
region where the potential electrodes are placed. The opposite is the case when
the centre of the sounding is located over a valley. A more complicated
influence appears on the resistivity curve when the centre of the sounding is
located over the foot, or a crest, or over the side of a valley. If these deformations
are not taken into consideration they may lead to a wrong interpretation.
Evaluation of terrain effects can be made in two ways: firstly, taking into
consideration not only the sounding to be interpreted but the neighbouring
curves as well. At the same time information about the resistivity of the
outcropped rocks in the sounding area must be provided. Secondly, correction
of apparent resistivity with respect to the tetrain effects is carried out.

For terrain correction we use the finite-element method to solve numeri-
cally the Laplace’s equation in order to study the electric field behavior in a
heterogeneous medium with curved boundaries of any configuration (Fig. I).
The finite-element modelling procedures are treated mathematically in several
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Fig. 1. Three-layer geoelectric model for finite-element method to compute two-dimensional
terrain correction

1. dbra. Haromréteges geoelektromos modell kétdimenzids terrén korrekcié szamitdsahoz

Puc. 1. IByxMepHas TpexcIoHas reosieKTpudeckas Mofeshb 018 pacyeTa MONPaBKH 3a
BIHSIHHE pelibepa METOIOM KOHEUYHLIX BJIEMEHTOB

publications [e.g. HOLCOMBE, JIRACEK 1984, FOX et al. 1980 or PRIDMORE
etal. 1981]. For the calculation of terrain effect along two-dimensional structure
a special algorithm was used, the mathematical elements of which are presented
in earlier works of the author [FRASHERI 1987, FRASHERI et al. 1984].

In accordance with this algorithm a program, ELTRON-3, in Fortran-77
programming language was developed. This algorithm is different from those
of many other authors [FOX et al. 1980, HOLCOMBE, JIRACEK 1984, MUNDRY
1984, SCRIBA 1981, PRIDMORE et al. 1981, GYIMESI, SIMON 1989]. We use
the ordinary variational problem for elliptic differential equations as described
by AMES [1977] and ZIENKIEWICZ [1977]. During the tests carried out on a
BULL DPS7 computer with models consisting of a thousand nodes, the
computer time ranged from 5 minutes (for profiling) to 30 minutes (for
soundings). Correction of the terrain effects [FRASHERI et al. 1984] and
construction of synthetic curves of the apparent resistivity with arbitrarily
curved layer boundaries for both sounding and profiling [FRASHERI 1987] were
performed by this program.

In Fig. 2 the correction of the terrain effects is presented when the relief
is broken by a crest and a valley; the geological section has two half-layers
divided by a vertical plane. Apparent resistivities, measured with fixed-source
gradient and Schlumberger arrays, present minima over the crest and maxima
in the valley, accompanied by smaller anomalies on both sides. After terrain
cotrection, the profiles of the apparent resistivity assume their normal view.
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Fig. 2. Terrain corrections of resistivity profiling over a vertical contact, computed with
ELTRON-3 program. a—fixed-source gradient array (MN=Ax=1/50 AB); b—on-line
Schlumberger array (AB=6Ax=6 MN) 1—corrected curve; 2 —curve with terrain effects

2. dbra. Az ELTRON-3 programmal szamitott terrén korrekcio értékek fiiggéleges hatarfeliile:
feletti ellenallas szelvényezéshez. a—gradiens elrendezés (MN=Ax=1%50 AB); b—Schlumberge:
elrendezés (AB=6Ax=6 MN) 1—Kkorrigalt gorbe; 2— terrén hatast tartalmazo gdrbe
Puc. 2. TlonpaBKa JaHHBIX BJIEKTPUYECKOTO TIPOGHANPOBAHUS Hal BepTHKAIBHBIM
KOHTaKTOM, pacuuTaHnas nporpammoil ELTRON-3. a— no ycTaHOBKe cpeIMHHBIX
rpaguenToB npu MN=Ax='5q AB; b—mns CHMMETPHYHON yCcTaHOBKY AB=6Ax=6 MN
1—nonpaBieHBbIA rpaduK; 2—UCXOOHBIA IpadyHK C BAUSHKEM peibeda

In Fig. 3 synthetic AMNB soundings carried out on a mountain crest and
over a valley formed in homogeneous half-space are presented. For the
soundings carried out over the valley or on the top of the crest, curves with
similar appearance to the two-layer curves are obtained, the right flanks
ascending and descending respectively. The interpretation of these curves mayv
lead to a fictious two-layer section. When the soundings are carried out at the
border of the crest or the valley, the curves have other three-layer configurations
of the types K and H, respectively.
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Fig. 3. Synthetic AMNB sounding curves over an isotropic homogeneous medium. Array parallel
to the profile. ES1—in a valley; ES2—on the margin of a valley,; ES3—at the top of a crest;
ES4—on the margin of a crest

3. dbra. Szintetikus AMNB szondazasi gorbe izotrép homogén kodzeg felett. A terités
parhuzamos a szelvénnyel. ES1—egy vélgyben; ES2—egy volgy szegélyén; ES3—egy
hegygerinc tetején; ES4—egy gerinc szegélyén
Puc. 3. Teopetuueckue kpuBble BD3 Hag ogHOPOIHOM H30TPOMHOM cpemoil. Touka
ES1—pa3meinena B qonune; ES2—na kpae gonuusl, ES3—na xpe6te; ES4—na xpae xpe6Ta

In Fig. 4 apparent resistivity profiles of the fixed-source gradlent array are
presented over a section with 80 m level difference. Profile ‘1’ is calculated in
an analytical way with the above mentioned algotithm; profile 2° gained
through physical modelling with electrical conductive paper is given for
comparison. The shapes of these profiles are similar, although the absolute
values of the apparent resistivity are different because 'the physical modelling
does not possess the same conductivity as the mathematical model. The profiles
reveal that the hills and the valleys cause anomalies of the apparent resistivity
which amounts to some thousand ohmm above a medium of 1000 Qm
resistivity.

In all cases shown above, in the 2-D geoelectrical models the current
sources A and B are point sources. All the soundings and the profilings are
carried out parallel with the profile drawn in the figures.
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Fig. 4. Comparison of apparent resistivity profiles based on mathematical and physicai
modelling. Fixed source gradient array. l—mathematical modelling; 2— physical modellir.z

4. dbra. Matematikai és fizikai modellezésen alapulo latszélagos ellendllas szelvényezes
osszehasonlitasa. | —matematikai modellezés; 2—fizikai modellezés

Puc. 4. ComocraBieHHe TpachHKOB, MOJYYEHHDBIX 10 JAHHBIM MaTeMaTHYECKOTO H
bH3UYEeCKOro MOIENIMPOBAHHUS, IS CXEMbI CpeIMHHBIX IPAgUEHTOB. 1—T10 TaHHBIM
MaTeMATHYECKOTO MOJIETUPOBAHHSA; 2—I10 NaHHLIM QH3HYECKOr0 MOJJETHPOBaHH

3. Influence of buried and outcropped boundaries

Interfaces between rocks with different resistivity (forexample limestones.
flysch or halitic deposits in Albania) influence the scattering of the electric field.
as a consequence the measured resistivity curve is deformed. The effect of
outcropped, vertical contact was analysed by well-known authors [e.g. DAH-
NOV 1953]. Nomograms were constructed to correct the contact effect, wher.
the position and the reflection coefficient of the contact are known. Evaluatior.
of this influence is especially indispensable in the neighbourhood of resistive
salt diapirs in Albania.

In Fig. 5 a sounding observed near a salt diapir (1) is presented together
with the corrected curve (2) for the influence of the vertical contact of the salts.
The sounding is situated over flysch deposits with a resistivity of about 20 Qm.
covered by alluviums. The contact caused an increase in the resistivity of the
second electric layer (flysch) to 50 Qm and at the same time there are signs of
a nonexistant third layer of high resistivity. After correction, these false
phenomena could be avoided.

The study of the influence of more complicated boundary was possible by
the ELTRON-3 program for 2-D models and ELTRONHA for 3-D models
[FRASHERI 1987]. In Fig. 6 electric soundings are presented over two-layer
models with a buried vertical contact. Interpreting the curves deformed by the
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Fig. 5. Deformation of the apparent resistivity curve from the vertical contact and correction
1—uncorrected; 2—corrected
5. dbra. Latszélagos ellenallds gdrbe fiiggdleges hatarfeliilet altal okozott torzuldsa, és korrekcid
1—nem korrigalt gérbe; 2—korrigalt gorbe
Puc. 5. HaGmofeHHbIe HCKAXEHHDIC U TIONIPABIEHHbIE KPHBBIE [IPH HATHYHH Be PTHKAIBHOIO
KOHTaKTa 1—HabirofeHHAs KpHBasi; 2—IonpaBJeHHasd KpuBas
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Fig. 6. Effect of a buried vertical contact. 1 —sounding curves modelled with ELTRONHA
program; 2—interpreted (false) boundary without the influence of vertical contact
6. dbra. Eltemetett fiiggdleges hatdrfeliilet hatasa. 1 -—az ELTRONHA programmal modellezett
szonddzasi gorbe; 2—értelmezett (hamis) hatarfeliilet a fliggdleges erintkezeés hatasa nélkiil
Puc. 6. Bnuanue ¢biaekcypbl. 1—kpusas B33, pacyuranHas 1o nporpamMe ELTRONHA;
2~ NTOXHBIA Te0BTEKTPHIECKHH TOPHIOHT, IOy Y HHbIH [IPH HHTE PIIPETAIIHH
HeroInpaBlIeHHONA KPHBOH
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influence of the contact, the top of the basement is defined as being a: a
shallower depth than it really is. The impression of the existence of a ri ght-hand
structural flank is also created.

From the results of this modelling it can be concluded that precise
determination of the thickness of the first layer can be carried out only whez
this thickness (i.e. the basement depth) is at least ten times smaller than the
sounding distance from the vertical contact. For smaller distances the effect is
not negliglible and the curves need to be corrected. In order to do this, we shousd
previously know the position of the near-vertical contact. The presence of the
vertical (even buried) contact of high resistivity causes a more distinct increase
of the apparent resistivity in the right flank of the curve than in the case o
horizontal layers. This peculiarity creates the possibility of detecting (in some
cases) the vertical contact of high resistivity.

4. Influence of lateral resistivity changes in the geoelectrical horizons

Geophysical prospecting has revealed that there are facial changes, whick:
in some regions of Albania are accompanied by great lateral resistivity changes
For example, the calcareous core of an anticline with limited (as small as
1-2 km) dimensions and the terrigenous deposits around it represents arn
extraordinarily great lateral change in the layer resistivity.

In order to study the influence of the lateral change of the layer resistivity
for this type of anticline, we modelled — exploiting the ELTRON-3 program
— the case when the structure is slightly wider than its depth (see Fig. 7).
Analysing the calculated curves, it is obvious that the side effects of the resistive
basement is felt even at long distances from the edge of the horst, and it is
expressed by an increase in the apparent resistivity.

Two-layer curves of the apparent resistivity do not have regular configu-
ration, they are much more similiar to the curves of inclined layers with
considerable dip angle to the side vertical contact. If the electric soundings are
carried out with a shorter array than is needed for the whole curve, only the
beginning of the upward left flank will be obtained. Observing these short
curves it can be supposed that the top of the limestone becomes deeper the
further it is from the horst centre, belonging to a wide anticlinal structure. Over
structures that have comparable dimensions and layering depth, the apparent
resistivity is reduced as a consequence of current deviation because the electric
current flows alongside the structure. This causes the top of the structure to
appear as if it is at a greater depth than it really is.

Sounding carried out in grabens filled with conductive overburden and
bordered by rocks of high resistivity (e.g. limestone), displays a deformed curve
as well, when the width of the graben is smaller then the length of the electrical
sounding array. To avoid the influence of the above analysed phenomenon and
the misleading interpretation the following measures should be taken:
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Fig. 7. Apparent resistivity curves placed across a horst. 1—synthetic curves computed with
ELTRON-3 program; 2—analytical curves that fit to the synthetic curves; 3—analytical curve
assuming the horst to be horizontally infinite; 4—geoelectric horizon after interpretation which

does not consider the horst limited in the horizontal direction
7. dbra. Latszdlagos ellendllds grbék egy sasbércen keresztiil. 1 —az ELTRON-3 programmal
szamitott szintetikus gbrbék; 2—a szintetikus gérbére illesztendd analitikus gérbék;
3—analitikus gorbék a sasberc oldaliranyii végtelen kiterjedését feltételezve; 4— geoelektromos
szint értelmezés utdn, nem véve figyelembe a sasbérc korlatozott oldaliranyu kiterjedését

Puc. 7. Kpusrle B93 no npoduiio, pacrono)KeHHOMY BKpecT ropcta.l—-CHHTETHYECKHE

KpHBbIC, pacYUTaHHBIe 1o rporpaMMe ELTRON-3; 2—TeopeTHYecKHe KpHBEIE,
COBMajaloll[He ¢ CHHTETHYECKUMUE; 3—TeopeTHYeCKHe KPHBbIE TP TOPU3OHTAIFHOM

TI0JIOXKEHHH KPOBITH 6¢CKOHEUHOr0 ropeTa; 4—JI0XKHBI Te0aTeKTPUYECK HIf FOPH30HT,

HOJy4eHHLIH IIPH HHTEPIIpeTaLHU Ge3 yueTa BIHAKUS OTpaHHYEHHOCTH TOpPCTa B GOKOBEOM
HaNpaBIeHHUH

— field and regular surveys should be catried out, to detect as clearly
and surely as possible the structures. When interpreting the sound-
ings, structures may turn out to be different in form and dimensions
from the surrounding structures and may not correspond to the
recognized tectonics of the region. In such cases the side effects of
the soundings should be thoroughly studied;
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— study of the structural form should be carried out together with =z
study of the lateral resistivity changes in the layers constituting th=
section over the geoelectric horizon as well as the horizon itself:

— sounding should be carried out with long array, so that the soundirz
curve to be as complete as possible; this allows us to carry out somz
sort of classification of the distortion effects;

— interpretation of the curves carried out in the regions of complicated
geology should not be carried out solely by comparing the theoret:-
cal models for horizontal layers. Interpretation should begin with =
comparison of the curve of the parametric soundings on boreholes
with the synthetic curves calculated from the data of electrical wel
logging. These synthetic curves should be computed for simplz
models with horizontal layers as well as for the supposed geoelec-
trical structures in the region applying the ELTRON-3 program.

5. Conclusions

The apparent resistivity values measured during electric soundings in
geologically disturbed (tectonized, folded, mountainous) zones reveal the
influence of lateral contacts, gradual lateral changes of resistivity, and of the
rugged terrain. The influences can add up to 50% of the resistivity values. Hence
the curves of the electrical sounding are deformed, thereby influencing the
geoelectrical interpretation as well. To analyse the above mentioned effects it
is necessary to implement a regular grid of soundings and it is advisable to keep
the length of the arrays sufficiently long. Correction of the apparent resistivity
values is needed. The finite-element method is suitable for computing the
apparent resistivity of soundings or profilings in a heterogeneous environment.
The programs ELTRON-3 for 2-D models and ELTRONHA for 3-D models
can be utilized for this purpose. These models are of great value for qualitative
interpretation.

To avoid the terrain effects, the effects of the buried vertical contact, and

the lateral structures parallel to the array, it is essential to use 3-D finite-element
modelling.
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ELEKTROMOS SZONDAZAS ES SZELVENYEZES ERTELMEZESI
PROBLEMAI BONYOLULT FOLDTANI SZERKEZTU ES EGYENETLEN
FELSZINU TERULETEKEN

Alfred FRASHERI

Komplikalt geoldgiaju és egyenetlen felszinii teriileteken (pl. Albanidak gytirt hegylancai)
vegzett elektromos szonddzasok az elektromos tér szérddasat mutattak. A bonyolult geoelektromos
kdzeg jellemzoi az ellendllas oldaliranyu valtozasai, a geoldgiai szerkezetek véges kiterjedése,
szamos, egymashoz kézel fekvo szerkezet €s az egyenetlen felszin.

Mivel az elektromostér szoroddsa torzitja a latszélagos ellenallas értékeket, az ellendllas gérbék
kiértekelése e jelenség figyelembevétele es hatasainak korrigalasa nélkiil megbizhatatlan kép
kialakuldsahoz vezethet. Ezért egyenaram elektromos terének széréddsat vizsgiltuk heterogén
kozegben, torott hatarfeliiletek és egyenetlen terepviszonyok mellett. A potencial valaszokat kvazi-
harmonikus potencialegyenlet (két- és haromdimenzios) segitségével hataroztuk meg, Neumann-
féle hatarfeltételek figyelembevételével. A kvaziharmonikus egyenlet trapezoid alakzatra vald
megolddsdhoz az also féltérben a megfeleld variacios problémaval helyettesitettiik azt. Igy a véges
elemes modszerrel elallithatd a megoldas, az elektromos tér szérddasanak egy kozelitd leirasat
biztositva. Két szamitogepes programot készitettiink Fortran nyelven, kétdimenzios és haromdimen-
ziés modellezéshez.

Bemutatjuk néhany geoelektromos modell eredményét. A modellekben az elektromos szon-
dazasokat killonbozd tipusi kdzetek hatarfeliiletei, vagy sasbércek és arkok folé helyeztilk. A
programok kiilénb6zé hatasok korrekcidinak végrehajtasara is szolgdlnak, beleértve a terrén kor-
rekeidt is.
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