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PREFACE 

Cooperation in the use of geophysical methods within the framework of the 
agreement on Scientific and Technical Cooperation in Geology between Finland and the 
Soviet Union began ten years ago, in 1975 . The exchange visits paid by Finnish and 
Soviet scientists in the first couple of years provided an overall view of the geophysical 
exploration methods in use in the Baltic Shield areas of each country. In 1977-80 the 
co operation was focused on magnetic bore hole measurements; the results were 
published in Finland in 1981 as a collection of articles in English entitled "Interpretation 
of bore hole magnetic data and some special problems of magnetometry" in aseries of 
reports from the University of Oulu . 

As a result of the growing popularity and increasing scope of electrical methods 
in prospecting the theme selected for 1981-85 was "Electrical prospecting methods on 
the Baltic Shield". The work was divided into two phases: 1981-82 - galvanic 
methods, and 1983-84 - inductive methods; only ground and drill hole methods were 
included. Each phase consisted of introductory reports , field and laboratory visits, 
quantitative interpretation with various methods of theoretical and practical survey data, 
examination of case histories, and comparison of results. The cooperation has made it 
possible to follow recent developments in equipment and methods of interpretation in 
exploration geophysics in both countries. In the Soviet Union the project was 
undertaken by the Production Geological Amalgamation "Sevzap-geologia" (SZPGO), 
and in Finland by the Geological Survey of Finland, the Department of Geophysics of 
the University of Oulu, Outokumpu Oy and Rautaruukki Oy. 

The results of the cooperation have been published as two reports in aseries of 
Report of Investigation from the Geological Survey of Finland. Report 73 deals with 
galvanic methods. The undersigned express their gratitude to the Geological Survey of 
Finland, which made it possible to publish the results of the cooperation, and to the 
Finnish-Soviet Commission for Scientific and Technical cooperation for their financial 
support. 

M. Ketola N. KhruSlalev 

Key words: geophysical methods , electrical methods, metal ores, ore bodies, models, Baltic Shield, 
Precambrian, Finland , USSR 
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CONSTRUCTION OF GEOELECTRICAL MODELS FOR COPPER-NICKEL 
DEPOSITS OF THE KOLA-KARELIAN REGION 

by 

G. Vargin, N. Borovko & A. Savin 

Vargin G., Borovko N. & Savin A., 1986. Construction of Geoelectri
cal models for Copper-Nickel deposits of the Kola-Karelian region . 
Geologian tutkimuskeskus, Tu tkimusraportti 73. 8-19, 8 figs, one 
table . 

Presented briefly are the principles of constructing generalized 
geoelectrical models for various types of ore deposits. Described are 
also generalized geoelectrical models applied to a geological setting of 
Cu-Ni deposits in the Kola-Karelian region, viz., the Pechenga, 
Allarechka and Monchegorsk ore fjelds, on the one hand, and the 
Lovnozero deposit and the deposits of the Windy Belt synclinorium 
zone on the other. 

Key words: electrical methods, models, cop per ores, nickel ores, 
electrical properties, magnetic properties, Precambrian, USSR, Kola 
Peninsula, Karelia, 

BaprHH r.n., IiOPOBKO H.H., & CaBHH A.D . 1986. DocTpoeHHe 
reo:meKpH'IeCKHX MOAeJIeii MeAHO-HHKeJIeBhIX MecropolKAeHHii Ka
peJIO-KOJIhCKOrO PerHoHa. reOJIOrH'IeCKHii l.\eHTp $HHJIßHAHH, Pa
nopT HCCJIeAOBaHHß, 73 . 8_19, HAA. 8. 

KpaTKo H3JIaraeTCß npHHl.\Hn nOCTpoeHHß 0606111eHHhlx re03-
JIeKTpH'IeCKHX MOAeJIeii AJIß na3JIH'IHhIX THnOB PYAHhlX MeCTopOlKAe
HHii. DpHBeAeHhl 0606111eHHhle re03JIeKTpH'IeCKHe MOAeJIH AJIS! reOJIO
rH'IeCKHX YCJIOBHii MeAHO-HHKeJIeBhIX MecTopolKAeHHii KapeJIo-KoH
hCKoro perHOHa: De'leHCKOro, AJIJIape'leHCKOro, MOH'IerOpCKoro, 
PYAHhlX nOJIeii, JloBH03epcKoro MeCTopOlKAeHHH H MecTopolKAeHHS! 
CHHKJIHHOpoii 30Hhl BeTpeHhlii nOHC. 
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When prospecting for Cu-Ni deposits, we make wide use of electrical prospec
ting methods to find sulphide ore deposits that possess anomalous current eonduction or 
chargeability , as well as to solve problems in geological mapping. It is the type of 
deposit based upon wich we choose the problems to be solved and seleet the most 
effective combination of electrical methods. The generalized geoelectrical models of 
targets are based on the available data concerning the three-dimensional (3D) geological 
strueture and electrical properties of the rocks and ores of known occurrences assigned 
to one and the same type according to Borovko's (1979) principles. The geoelectrical 
models thus generalized are used when (a) calculating (theoretical modelling) or 
reproducing (physical and analog modelling) the anticipated anomalous effect while 
choosing the particular combination of methods and justifying the procedure parameters 
(operating frequency, array dimensions, current in the generator circuit, etc.), and (b) 
interpreting the data obtained and selecting an appropriate model of the geoelectrical 
section that suits best the observed electrical anomaly. 

When devising generalized geoelectrical models, we think it is reasonable to 
consider nothing but those most eommon elements of the geoelectrical section that can 
influence the electrical prospecting results. One should disregard in the model those 
specific peculiarities (in the morphology or physical properties of rocks and ores) that 
are characteristic only of particular ore occurrences, as well as such as do not essentially 
affect the properties of the electrical or EM field. In other words, when making a model, 
we need to present schematically the morphology of geoelectrical targets and substitute 
them with simple bodies. Again, the solution of anormal geophysical problem may 
become much simpler if an ideal form is given to target bodies. Calculating anomaly 
intensity is a relatively easier problem, which can be successfully solved using extremely 
schematized and fairly simple models. On the other hand, to obtain a typical plot along 
the profile considered is a noticeably more complex task, involving a selection of 
suitable models with the subsequent modelling of the field to be used in making the 
interpretation and representing the geological idea as to the results of field measure
ments. 

When establishing the generalized geoelectrical models, account is taken of those 
properties of rocks and ores that affect the distribution of the field applied in electrical 
prospecting methods - in particular, resistivity-, induction- and IP methods. Such 
properties include resistivity (!, chargeability TI and relative magnetie permeability /-1-. 
Used are the geometrical means of (!, TI and /-I- obtained from the ground and borehole 
data (logging data included), and also the results of laboratory measurements yielding 
reliable (! values of conductive ores and TI and /-I- values of rocks and ores. 

The dip and strike angles, geometry and dimensions of the section elements were 
chosen as representing averages, or most probable ones, for noteworthy orebodies and 
for the complexes of their country rocks. In contrast with aetual ore deposits or 
occurrenees, which are usually represented by erosionally stripped orebodies, provision 
in typical geoelectrical models is made for so-called "blind" objeets, their depth being 
considered as a variable value. The initial form of stripped bodies is reconstructed by 
extrapolation to the upper half-space. 

The principles stated for constructing the types of geoelectrical models are 
demonstrated on the most commonly known Cu-Ni deposits of the Kola-Karelian 
region. Again, these types of geoelectrieal models are to a large extent characteristic of 
the Eastern Baltic Shield (Ketola, 1982). 

Presented in Table 1 are the electrical properties and magnetic permeability 
values possessed by the elements of the generalized geoelectrical models . Basically, these 
are the results of statistical processing, which enable us to establish the most probable 
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Table 1. Electrical and magnetic properties of geoeJectric model elements 

Ore region 
(deposit) 

Pechenga 
ore field 

Allarechka 
ore field 

Monc-

No.of 
Fig . cha-
racteri-
zing type 
of model 

2 

2 

4 

hegorsk 6 
ore field 

Lovnozero 8a 
deposit 

Deposits of 
Windy Belt 8b 
synclinorium 
zone 

Model 
element 
No . 

3 

1 
2 
3 
4 
5 

6 

1 
2 

3 

4 
5 

6 

1 
2 

3 
4 

5 

6 

2 

1 
2 

3 

4 
5 

6 

Rocks or ores 

4 

Quaternary deposits 
Diabases, gabbro-diabases 
Phyllites 
Serpentinites 
Impregnated ores in serpen
tinites 
Massive and breccia-like 
sulphide ores 

Quaternary deposits 
Granitic gneisses , amphi
bolites 
Ultrabasic rocks (poorly min
eralized) 
Impregnated sulphide ores 
Breccia-like sulphide ores 
Massive sulphide ores 
Fault zone 

Q 

Limits 

5 

2000-15000 
4000-100000 

1-400 
2000-20000 

10-1000 

200 

1000-6000 

3900-22000 

28-30000 
3.2-46 

0 .14-5.7 
0.013-0. 17 
2100- 19000 

[nm] 

Mean 
values 

6 

5400 
20000 
20 
9000 

350 

3500 

10000 

920 
12 
0.9 
0.04 
6400 

11 [0701 Il 

7 8 

2 1.0 
0.4 1.0 
3.5 1.0 
10 1.15 

16 1.1 

1.1 

2 1.0 

3.5 1.0 

17 1.1 
42 1.15 
35 1.2 
35 1.2 
3.5 1.0 

Quaternary deposits 700-30000 5000 2 1.0 
Pyroxenites , peridotites, am-
phibolites, granites, peg-
matites, gneisses 10000-100000 30000 2 1.0 

Norites 
Impregnated , streaky-imp
regnated and schlieren ac
cumulations of sulphide ores 
Streaky-impregnated 
sulphide ores 
Sulphide veins 

Hypersthene plagiogneisses, 
granulites, ore-barren 
norites, Q-deposits 
Impregnated and cluster
impregnated sulphide ores 

Quaternary deposits 
Tuffaceous-sedimentary 
rocks 
Apoperidotites and antigorite 
serpentinites 

Apoolivinite serpentinites 
Massive, streaky-impreg
nated breccialike sulphide 
ores 
Impregnated sulphide ores 

200-20000 2000 

1-1000 

5-80 20 
< 0 . 1 

1000-20000 6000 
(l0-1000)n 
(n = 1- 5) 

65-1200 270 

1200-7500 3000 
330-6800 1500 

45-880 200 

-0.3 
1500 

2 1.0 

30 1.0 

50 1.0 
1.2 

2.5 1.0 

40 1.0 

2 1.0 

2 1.0 
2 1.1 

27 1.1 

1.1 
30 1.0-1.1 

values (geometrie means) of these properties and the limits of their variations (only for Q 

values). 
The Pechenga ore field has been studied most thoroughly, its deposits being 

confined to the ultrabasie and basie intrusives that break through a sequence of 
tuffaceous-sedimentary rocks occurring amidst volcanie (chiefly diabasie) sheets. There 
are also to be found minor so-called "detached" orebodies that lie entirely in 
tuffaceous-sedimentary and volcanie rocks. 
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Fig. I. Geological sections of orebodies known in the Pechenga nickel-bearing district Gorbunov (ed.), 1978: 
a) Kaula deposit b) Flangovoe deposit c) main orebody of Semiletka deposit d) western and southwestern 
orebodies of Vostochnoe ore zone e) central orebody of Vostochnoe ore zone f) Onki deposit g) Pakhtajarvi 
deposit. I: Quaternary deposits 2: massive and breccia-like sulphide ores 3: rich impregnated ores in 
serpentinites (a, b, c), inpregnated ores (d, e, f, g) 4: run-of-mine impregnated ores in serpentinites 5: 
mineralized phyllites 6: serpentinites 7: pyroxenites 8: gabbro 9: gabbro-diabases 10: effusive diabases 11: 
phyllites and other tuffaceous-sedimentary rocks 12: faults. 

In spite of the complexity and variety of the sections examined, there are 
common features that we make use of when drawing the generalized sections. Apart 
from the above-mentioned main structural peculiarities of the deposits, their common 
features can also include: (a) a sheet form of ore objects (b) impregnated mineralization 
margins of the breccia-like and massive ores (c) phyllites that prevail in the sequence 
and represent a variety of so-called black schists. 

Fig. 1 shows some of the most typical sections of the deposits and large 
orebodies. The generalized geoelectrical models of the Pechenga ore field deposits are 
shown on the plots of Fig. 2a,b,c. 
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Fig. 2. Generalized geoelectrical models of the Pechenga nickelbearing district : a) deposits b) detached 
orebodies in diabases c) detached orebodies in phyllites. 

As seen from Table 1, the resistivity of each lithological-petrographic complex 
discriminated in a model of Fig. 2a, as weIl as in the other models represented here, 
varies greatly because the rocks are inhomogenous in their mineral composition and 
structure. Such spatial heterogeneity of the electrical properties is one of the reasons why 
the normal field displays a complex nature, which is particularly obvious in electrical 
logging. In the Pechenga ore field, for instance, fluctuations in the resistivity values of 
phyllites (400 times) cause the appearance of false anomalies compatible with ore-object 
anomalies measured by various electrical prospecting methods. No regularities have been 
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Fig. 3. Schematic geological sections and maps of Allarechka ore field deposi t Gorbunov (ed.), 1978: 
a) section across Allarechka deposit b) map and section across Vostok deposit. I : Quaternary sediments 2: 
massive ores 3: breccia-like ores 4: rich impregnated ores 5: run-of-mine impregnated ores 6: ultramafites 7: 
plagiomicrocline and plagioclase granite-gneisses , biotite and biotite amphibole gneisses 8: amphibolites 9: 
faults 10: projections of orebody outlines. 

established in the distribution of anomalously conducting phyllites in the ore-bearing 
rock sequence, and thus the fluctuations can hardly be taken into account while 
constructing generalized geoelectrical models . 

The Allarechka deposit is confined to the ultrabasic massif stretching over 
distance of some 1.5-2 km along the periphery of one of the dome structures of the 
Allarechka ore field . The structure of the deposit is quite complicated, as can be 
demonstrated by the geological section transversal to the intrusive (see Fig. 3a) . 

lt turned out to be impossible to reduce the generalized geoelectrical model, 
corresponding to the Allarechka deposit, to a geometrically simplified construction 
because of the complex geological, hence geoelectrical, structure . The remarkable strike 
length of the deposit enabled a 2D-model to be constructed, the latter being charac
terized by its cross section only. Simplifying the pattern of geological boundaries and 
making the strucutre somewhat schematic, we thus simplified the geoelectrical section, 
as shown in Fig. 4a. 

Located within the Allarechka ore field , the Vostok deposit comprises two 
occurrences (Upper and Lower), which are associated with ultrabasic massifs forming 
two elongated zones in granitegneisses and amphibolites (Fig. 3b). The generalized 
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Fig. 4. Generalized geoelectrical models of a) Allarechka and b) Vostok deposits . 

geoelectrical model of one of the Vostok deposit occurrences is reduced to a simple 
model of a thin conductive sheet in a high-resistivity medium overlain by a horizontal 
conductive layer (Fig. 4b). 

The cop per-nickel ore deposits of the Monchegorsk ore field are ~onfined to the 
differentiated massif composed of basic and ultrabasic rocks (a so-called Monche pluton 
occurring between the greenstone volcanic-sedimentary rocks and underlying gneisses). 
Within the Nittis-Kumuzhia-Travyanaya and Sopcha massifs constituting the Monche 
pluton vein deposits (under the same names) are known to occur as elongated swarms of 
veins oriented subvertically. An example of a geological section of one of these deposits 
is shown in Fig. 5 a. A generalized geoelectrical model corresponding to this type of 
deposit is represented as a group of thin sheets oriented vertically and parallel to each 
other (Fig. 6a). 

The Nud - 11 deposit is situated in the southwestern part of the Nud-Poaz 
massif which is apart of the Monchegorsk pluton. It is composed of rocks of a so-called 
"critical" horizon, comprising no rite and olivinite rocks and containing impregnated 
and streaky-impregnated sulphide ores, as weIl as massive sulphide schlieren and discrete 
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Fig. 5. Schematic geological maps and sections of deposits of the Monchegorsk ore field; a) section across 
Sopcha massif Kozlov et al. , 1967 b) map and section of Nud-II Gorbunov (ed .), 1978 c) map and section of 
Priozernoye Gorbunov (ed.), 1978. 1: Quaternary deposits 2: dykes of diabase and lemprophyre · 
composition 3: norites 4: pyroxenites 5: areas of rocks composing a so-called "critical" horizon 6: 
alternating pyroxenites and peridotites 7: peridotites 8: granites and plagiomicrocline pegmatites 9: 
leucocratic granite-gneis ses 10: metaporphyrites 11: mylonitized diorite-gneisses 12: garnet-biotite and 
amphibole-biotite gneisses 13: migmatites aft.er garnet-biotite and amphibole-biotite gneisses 13: migmatites 
after garnet-biotite gneisses 14: sulphide veins 15: mineralized amphibolites 16: faults. N - the Nud-II 
deposit. 

veinlets. Morphologically, the deposit is an irregular stock (Fig . 5 b). On the whole, the 
orebody appears to be an isometrie object in approximately the form of a sphere (Fig. 
6b). 

The Priozernoye deposit, located in the area adjacent to the Monehe pluton, is 
represented by a sheet-like, steeply dipping body confined to the tectonic zone at the 
contact between an amphibolite sheet and the garnet-biotite gneisses (Fig. 5c). A 
generalized geoelectrieal model of the Priozernoye deposit is shown in Fig. 6c. 

The ore objects of the Lovnozero deposit are defined as impregnated miner
alized norite and gabbro-norite intrusives occurring among gneis ses and granulites. The 
main orebody of the Lovnozero deposit in its vertieal section across its centre has a 
curved wedge form (Fig. 7a), while at the flanks its wedged shape changes to the 
lentieular. In its erosion seetion, the orebody displays an irregular lens-like form. 
Reconstruction of the orebody by its arbitrary extension to the upper half-space gives us 
reason to suggest that originally it had the shape of a lens, whieh in this case 
approximates on ellipsoid (Fig . 8a). 

As for the Windy belt synclinorium zone (Eastern Karelia), the idea as to the 
structure of the Cu-Ni deposits and ore occurrences can be formed on the basis of a 
generalized schematic geologieal seetion (Fig. 7b) that reproduces major features of the 
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Fig. 7. a) Cross section showing the central part of the Lovnozero deposit orebody 
Gorbunov (ed.), 1978 b) generalized geological schematic section of deposits in the Windy 
Belt zone. 1: Quaternary deposits 2: hypersthene plagiogneisses , granulites 3: norites with 
poor mineralization 4: metadiabases, metamandelstones, basic tuffs 5: tuffaceous-sedimen
tary rocks 6: apoolivinite serpentinites 7: apoperioditite serpentinites 8: antigorite serpen
tinites 9: massive streaky-impregnated sulphide ores 10: impregnated sulphide ores. 

geological pattern of ore objects and country rocks. Taking into consideration the data 
on the dimensions of the orebodies along the strike, a fairly sophisticated generalized 
geoelectrical model (shown in Fig. 8b) proves to correspond to the already known 
section. 

From what has been said, it follows that the types of geoelectrical models 
considered show the objects to be most often simulated by a sheet-like form (Fig. 
2,4b,6a,c,8), which is also characteristic of the majority of the ore object models in 
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Fig. 8. Generalized geoelectrical models of the a) Lovnozero and b) Windy Belt zone deposits . 

Finland (Eloranta, 1981). When solving normal and inverse geophysical problems, the 
anomalous effect is, therefore, most often calculated for a local object in the form of a 
plate possessing increased conduction and/or chargeability. There are also examples of 
approximating the ore objects to a spherical form (Fig. 6b) and an ellipsoid (Fig. 8a). 
We failed, however, to find a geometrically simple form for one object and this is shown 
in Fig. 4a. 

The generalized geoelectrical models can be based upon modelling (mathematical
ly or physically) the electrical fields and obtaining adequate anomalies that match a 
certain electrical prospecting method. These models may be brought to perfection, 
provided there are more comprehensive data on the geometry, dimensions and physical 
properties of geological objects. Factors producing an effect on the heterogeneity and 
sophisticated character of anormal field (presence of fault zones, irregular thickness of 
Quaternary deposits, heterogeneity of electrical properties, etc.) are not reproduced in 
the models. To estimate the efficiency of electrical prospecting methods, however, one 
should consider in carrying out field measurements such behaviour of the normal field 
as is related to the foregoing heterogeneities. 
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NUMERICAL CALCULA TION OF MISE-A-LA-MASSE MODEL ANOMALIES BY 
USING THE INTEGRAL EQUA TION TECHNIQUE 

by 

L. Eskola and E. Eloranta 

Eskola L. & Eloranta E., 1986. Numerical caIculation of mise-a-Ia
masse model anomalies by using the integral equation technique 
Ge%gian tutkimuskeskus, Tutkimusraportti 73. 20-25. 

Two numerical methods are given for solving the electrical 
potential problem. In the first method, the electric fjeld is represented 
by Fredholm's integral equation of the 2nd kind ; and in the second, 
the electric potential is represented by Fredholm's integral equation of 
the 1st kind. The lauer method requires that the conductivity of the 
anomalous bodies is at least two orders of magni tude higher than the 
conductivity of the environment. The practical advantages of the 
methods are discussed briefly . 

Key words: electrical methods, electrical potential, numerical analysis , 
equations, mise-a-Ia-masse, anomalies 

3CKona, JI. Xl! 3nopaHTa, 3., 1986. UmppoBoe Bbl'lHCneHHe MOJlen
bHblX aHOMaJlHH MeTOJla 3apllJla c Hcnonb30BaHHeM MeTOJlHKH HHTer
panbHoro ypaBHeHHlI 
reOnOrH'IeCKHH ueHTp <l>HHnllHJlHH, PanopT HCCneJlOBaHHlI 73 . 
20- 25. 
npHBOJlllTCli JlBa umppoBble MeTOJla Jlnll peweHHlI 3aJla'lH :meKTpHlJ
eCKoro nOTeHUHana. C npHMeHeHHeM nepBoro MeTOJla :meKTpHlJeCKOe 
none H3nOlKeHO B BHJle HHTerpanbHoro ypaBHeHHlI <ppeJlrnbMa 2-ro 
pOJla; c Hcnonb30BaHHeM BToporo MeTOJla :meKTpHlJeCKHH nOTeHUHli 
npeJlCTaBneH HHTerpanbHblM ypaBHeHHeM <ppeJlrOnbMa I-ro pOJla. 
nOCneJlHHH MeTOJl npeJlnonaraeT, lJTO YJlenbHali npOBOJlHMOCTb 
aHOManbHblX Ten no KpaHHeH Mepe Ha 2 nOpllJlKa npeBbWaeT YJlenb
HOH npOBOJlHMOCTH oKPYlKalOweH CpeJlbl. KOPOTKO paccMaTpHBalOT
Cli npaKTHlJeCKHe B03MOlKHOCTH npHMeHeHHlI MeTOJlOB. 



21 

Introduction 

When the mise-a-Ia-masse method is applied, one of the current electrodes is 
earthed directly in the conductor to be surveyed and the other at a distance so long as 
not to affect the potential pattern to be measured. The mise-a-Ia-masse anomalies can be 
calculated as the solution of a potential problem like all the other galvanic anomalies. 

The potential problem can be solved by analytical methods only for some simple 
structural models, and thus numerical methods are required. Of these, the differential 
equation methods are particularly suited to the solution of potential problems when the 
structure of the model is very complicated. However, the application of these methods 
requires that the numerical values of the function to be solved be calculated for each 
poit of definition of the model. This means that numerical calculations for a 
three-dimensional model become impossible in practice as the model increases in size . 

Integral equation methods are suited to the solution of potential problems for 
models with simple structures. A typical model consists of one or two anomalous bodies 
situated in a homogeneous or layered half space. The advantage of these methods is that 
the region of solution can be restricted to the boundaries of the anomalous bodies. This 
makes it possible to treat also three-dimensional problems. 

The present paper is confined to the consideration of integral equation methods. 
Two different formulations are given for the solution of the electrical potential problem. 
In the former, we follow Eskola (1979), who solved the problem by using Fredholm's 
integral equation of the 2nd kind. The latter formulation is given analogously with 
Eloranta (1984), who solved the problem by using Fredholm's integral equation of the 
1st kind. A similar solution based on the integral equation of the 1st kind has been 
developed and programmed also in Amalgamation "Rudgeofizika" in the Soviet Union. 
The applicability of these formulations in computing mise-a-Ia-masse anomalies is 
discussed briefly. 

Fredholm's integral equation of the 2nd kind 

Let us consider a linear half-space composed of a homogeneous environment 
with the electrical conductivity go and a finite number of homogeneous bodies i within it 
with conductivities gi' A direct current is emitted into the half-space by an electrode 
earthed within either the host medium or any of the anomalous bodies. The current 
generates charge distributions on the boundaries of the bodies. The potential of the 
current system can be written (Stratton 1941, pp. 183-184): 

U(R) = Up(R) + (1 / 47fEo) ~ G(R,Rs) er(Rs) ds, (1) 

where er is the surface charge density on the boundaries Si of the anomalous bodies i. G 
is half-space Green's function for the potential: 

G = 1IIR-Rsl + 1IIR-R;1 (2) 

where R is the calculation point and Rs the source point. R; is the mirror image of Rs 

in relation to the (plane) surface of the half-space. The integration region S is the sum of 
all the boundaries Si of the anomalous bodies i. Up is the primary potential 
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(3) 

where Rp is the earthing point of the current electrode and R~ the mirror image of Rp in 
relation to the surface of the half-space. gj is the conductivity of the medium (j) in which 
the current electrode is located. 

The field strength is obtained from the potential as follows: 

E = -grad U, (4) 

where the differentiation is performed at the calculation point. Using (4), eq. (1) takes 
the form 

E = Ep + (l / 41rEo) ~ (-grad G) a dS, (5) 

where Ep -grad Up. 

To determine a in eqs. (1) and (5), we use the following two boundary 
conditions on the surfaces Si: 

(6) 

(7) 

and Ohm's law 

j = gE. (8) 

In eqs. (6) and (7), n denotes the normal component with a positive direction out 
of the anomalous bodies. The indices 0 and i indicate that the field vectors are expressed 
in the host medium 0 and in the anomalous medium i, respectively. 

We can now write for a: 

a = Eo(1-(go/gJ) Eon-

Substituting (9) into (1) and (5), we obtain for U and E 

U = Up + (1 / 41r) J (1-(go/gJ) G EondS 
S 

Ep + (1I41r) J (1-(go/g)(-grad G) Eon dS. 
S 

(9) 

(10) 

(11) 

As the next step, the unknown quantity Eon is solved numerically by discretiza
ti on of integral equation (11). The surfaces Si of the anomalous bodies i are divided into 
subareas sij so small that the field strength within each of them can be considered as 
constant. Requiring that the normal component of the field strength satisfies (11) in the 
centre of each subarea Sij' we obtain 

Eon(ij) = Epn(ij) + (1 / 41r) E (1-(go/gk»(E 
k lek) (12) 

(-aO(ij, Skl)/ an) Eon(kl», 

where (ij) and (kl) denote the centre of the calculation subarea sij and the source subarea 
SkI' respectively. 
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Green's function Ö is defined by 

Ö(ij,skl) = r G(ij,Rs) dS. 
Ski 

(13) 

Green' s function of the field strengt for the singular subarea (Le., i = k and j = 1) 

lim aÖ(ij,skl) l an 
(ij) -+ (kl) 

(14) 

Equation (12) denotes a set of algebraic equations. The number of unknowns E on 
and the number of equations equal the total number of subareas. After solving the set 
(12), the quantities Eon on each subarea are known. Consequently, the potential and the 
field strength can be ca1culated at any point R of the half-space by using the discretized 
forms of eqs. (10) and (11) as follows: 

U(R) (15) 

EiR) + (11471") ~ (l-(go/gj». 
1 (16) 

Geologieal structures are often elongated in one direction. These are the very 
structures that are most unfavourable for numerieal modelling. It is because the number 
of subareas grows rapidly with the length of the model. 

The direction of elongation is often horizontal, in which case the model can be 
considered as 2 \I2 -dimensional. By a 2 Y2 -dimensional model, we mean a cylindrical 
model with a strike length so large as compared with the other dimensions that the effect 
of the end faces in field ca1culations can be omitted. In the following are given the basie 
ideas of the 2 Y2 -dimensional approximation in solving 3-dimensional integral equations. 
A more detailed description of the approximation is given by Eskola and Hongisto 
(1981), and Eskola (1984). Let the point current electrode be located at y = O. Parallel 
to the y axis (direction of the strike), the field component normal to y is represented by 
the Fourier series between -L/2 ::; y::; L/2: 

N 
E(x,y,z) E En(x,z) cos (271"ny/L), (17) 

n = l 

where L is the strike length, n the degree of the harmonie term, and En the nth harmonie 
of the field strenth component normal to the y axis. Applying expansion (17) surface 
integral equation (11) reduces to aseries of line integral equations, the integration region 
being the projection of the boundaries on plane y = O. Each line integral equation is 
solved numerically by approximating the integration lines by a succession of line 
segments (subsections) and by assuming the field strength as constant (or linearly 
varying) over each subsection. Each line integral equation reduces now to a set of 
algebraic equations. The harmonie components of the field strength over the subsections 
are obtained as the solution of the sets of equations. Finally, the field strength and 
potential can be ca1culated at any point of the half-space in region -L/2 ::; y::; L/2 by 
using the expansions (10,17) and (11,17). 
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Fredholm's integral equation of the 1st kind 

Let us consider a linear half-space where a finite number of conducting bodies 
with conductivity gi are located in a homogeneous environment with conductivity go. Let 
the conductivity contrast g/go be so high (at least one hundred) that each body can be 
considered as an equipotential region. 

The potential of the current system can be expressed by eq. (1), where G is given 
by eq. (2) and U p by eq. (3). Using the boundary conditions (6) and (7), we obtain for 
the potential 

U(R) = Up(R) + (1/47r) S (1 / go-l/g) G(R,Rs) jn dS, 
S 

where jn = jln = j2n· 

(18) 

The following is confined to the mise-cl-Ia-masse problem of ideal conductors, 
i.e . , for each conductive body gi ~ 100 . go. For this case, each conductor i can be 
considered as an equipotential region: 

(19) 

In the mise-cl-Ia-masse method, the primary current electrode is earthed in one 
of the conducting bodies. According to eq. (3), the primary potential is inversely 
proportional to the conductivity (gi) of the medium in which the current electrode is 
located. Consequently, the term of the primary potential in eq. (18) is very small in 
relation to the secondary potential. By applying the constraint of equipotentiality to eq. 
(18), we now obtain: 

(20) 

Eq. (20) represents Fredholm's integral equation of the 1st kind. Since in (20) 
both Ufnsl and jn are unknown, they have to be solved with supplementary equations 
derived from the equation of continuity (Stratton 1941, pp. 222-223): 

I = S jn dS, (21) 
SI 

where SI is the surface of the body that houses the current electrode and I is the current 
strength fed into the body. For other bodies (without current earthing) 

o = S jn dS. (22) 
S(no I) 

By dividing the boundaries Si of the conducting bodies into subareas Sij so small 
that the current strength within each of them can be considered as constant and 
requiring that eq. (20) be valid at the centre (ij) of each subarea Sij, we obtain the 
following set of algebraic equations: 

I = 1; jn (kl) Ski for each body k with current source 
l(k) 

o 1; jn (kl) SkI for each body k without current source. 
l(k) 

(23) 

Green's function Ci is given by eqs. (2) and (13). No particular consideration is 
needed for singularity, because Green's function of the potential is non-singular when 
i = k and j = 1. 
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The unknown quantItles jn(ij) are solved from the set (23) and the values 
obtained are substituted into the equation 

VeR) = (1I47rgo) E E G(R, sij) jn(ij) 
k j 

(24) 

derived from eq. (20) by discretization. Eq. (24) allows the calculation of the potential at 
any point in the half-space. 

Discussion 

Some specific comparisons of the results obtained by using different modelling 
methods are presented by Eskola, Avdevich, Hongisto and Vdovichenko in this issue. 
Here we shall content ourselves with making some general conc1usions about the two 
calculation methods presented in the foregoing. 

In the calculation of galvanic anomalies by using the integral equation of the 
2nd kind, no restrictions are needed concerning the choice of the conductivity values of 
the model. However, in the application of this formulation in the calculation of 
mise-a-Ia-masse anomalies for models with high conductivity contrast values, one has to 
use the reciprocal electrode configuration. This implies that the integral equation has to 
be resolved for each calculation point, which increases the computational effort. The 
computational drawbacks in the "direct solution" of the mise-a-Ia-masse anomalies are 
due to the location of the primary source inside the conductor, which makes the primary 
field very low and thus the problem ill-posed. 

In the application of the integral equation of the 1st kind, it is assumed that 
each anomalous body of the model forms an equipotential region. For this to be valid, 
the conductivity values of the bodies are required to be at least two orders of magnitude 
higher than that of the environment. Conductivity contrasts of one hundred are fairly 
common in nature, and it is these very models with a high conductivity contrast that are 
particularly suited to mise-a-Ia-masse surveys. The solution of galvanic problem based 
on the integral equation of the 1st kind is thus relevant in most cases of mise-a-Ia-masse 
modellings encountered in practical applications. The supplementary eqs. (21) and (22) 
facilitate the numerical solution and accelerate the convergence. They quarantee the 
right amount of total surface charge on the boundary of the model. 

It can thus be conc1uded that the high speed and accuracy achieved in the 
calculation make the solution based on the integral equation of the 1st kind better suited 
in the calculation of mise-a-Ia-masse anomalies if the conductivity contrast between the 
anomalous bodies and the environment is high (at least one hundred). If the conductivity 
contrast is low, the solution based on the integral equation of the 2nd kind should be 
applied. 
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THEORETICAL BASIS FOR ANALOG MODELLING OF POTENTIAL 
ELECTRIC FJELDS 

by 

M.M. Avdevich and A.Ph. Fokin 

Avdevich M.M. & Fokin A. Ph., 1986. Theoretical basis for analog 
modelling of potential electric fields. Geologian tutkimuskeskus, 
Tutkimusraportti 73. 26-29. 

The principles of modelling potential electric fields in the 
operative quantitative solution of electrical prospecting problems (the 
methods of direct current, induced polarization and self potential) are 
described. The method of electric modelling is based on the combined 
use of physical and mathematical modelling and opens up the 
possibility of solving the problems of electrical prospecting by taking 
into account the true geoelectric environment right in the fjeld . 

Key words: electrical methods, electrical fjeld, physical models, 
mathematical models, theoretical studies 

AB,lleBW" M.M. XI! <l>OK"H A.<l>., 1986 TeOpeTH'IeCKHe OCHOBbl 
aHanorOBoro MO,lleJmpOBaHHH nOTeHUHanbHblX JneKTpH'IeCKHX 
noneiL reOnOrH'IeCKHß uenTp <l>HpnHH,llHH, PanopT HCCne,llOBaHHH 73 . 
26- 29. 

113JIO)f(eHbl npHHUHnHanbHble OCHOBbl JJIeKHpO-
MO,lleJIHpOBaHHH nOTeHUl1aJIbHblX JJIeKTpH'IeCKIiX nOJIeß npH 
onepaTIiBHOM '1IiCJIeHHOM peweHIiH 3a,lla'l JJIeKTpOpa3Be,llKIi (MeTOllbl 
nOCTOHHHoro TOKa, Bbl3BaHHOß nonHpli3aUlili, eCTeCTBeHHoro JneKT
pli'leCKOrO nOJIH) . Cnoco6 JJIeKTpOMOlleJIlipOBaHIiH OCHOBaH Ha COB
MeCToM IiCnOJIb30BaHliH <p1i311'1eCKOrO 11 MaTeMaTIi'leCKOrO 
MOlleJIl1pOBaHI1H 11 n03BOJIHeT pewaTb 3alla'll1 JJIeKTpOpa3BellKIi c 
Y'leTOM peanbHOß reOJJIeKTpl1'1eCKoß 06cTaHOBKl1 HenocpellcTBeHHO B 
YCJIOBIiHX nOJIeBblX rrapTIiß 11 JKCrrellI1UI1ß. 
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Potential electric fields are considered to be the fields that in a first approxima
tion satisfy Laplace's equation. These are: direct current electric field, self-potential field 
and induced polarization field. 

The electric field obtained by geophysical measurement with direct current is the 
sum of two fields: the primary field generated by current electrodes in the uniform, 
infinite host medium and the anomalous field induced by polarizable electrical 
heterogeneities present in the primary field. The primary and anomalous fields in any 
point of the half-space outside the polarizable heterogeneities are summed according to 
the principle of superposition (Tarnm, 1956). 

The potential and the intensities of the primary and anomalous fields are as 
folIows: 

~! 
41r R 

E
a 

= _1 J (3Pe·itR _ Pe) dV, 
41r V R5 R3 

(1) 

(2) 

(3) 

(4) 

where Q is the resistivity of the host medium, I the current strength at the transmitting 
electrode, and R the distance between the field source and the observation point. Pe is 
the electric dipole moment for a unit volume of polarizable heterogeneity (the electric 
polarization) related to the primary field by: 

(5) 

In (5), Ce is the electric susceptibility factor of polarizable heterogeneity, and N 
is the shape factor for the polarizable body, which has a specific value at every point of 
the heterogeneity. Ein is the field intensity inside the heterogeneity at the point where Pe 
is determined. 

When the induced polarization (lP) field or the natural electric potential field 
(SP) is being examined, it suffices to insert P IP and Psp instead of Pe in (3) and (4). 
Correspondingly, in the determination of the IP vector P IP ' the IP-polarization 
susceptibility factor CIP should be substituted for Ce in (5). The problem involves 
essentially the determination of the polarization vectors, which act as sources of the 
anomalous fields. 

In real conditions for bodies of arbitrary forms in the presence of various 
distorting factors (conducting overburden of variable thickness, curvature of the 
earth-air interface, anisotropy, conducting zones which are not the research targets, 
etc.), the electric fields are extremerely complicated and the determination of the 
polarization vectors by analytical methods is very difficult. At the same time, if in 
modelling provision is made for the similarity between boundary conditions in nature 
and on the model, then also the field which is "primary" in relation to the object 
examined and the anomalous field of this object on the model and in nature will be 
similar (Alpin, 1966). 
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In modelling the direct current electric field, use is made of the physical 
similarity of the boundary conditions in nature and in the model. The primary field is 
generated by physical modelling. To determine the anomalous field, it is possible to use 
both physical and mathematical modelling. In the latter case, the polarizable object is 
replaced by an aggregate of direct current dipole sources (Avdevich and Phokin, 1978). 

In physical modelling as weIl as in nature, the summary field is examined. The 
equivalence of summary fields in nature and in the model is valid only when the 
similarity factor has one and the same value for the primary and the anomalous fields. 
The analysis of the eqs. (1) through (4) as applied in nature and in the model shows that 
this equivalence is provided when the current strength in the model is as foIlows: 

(6) 

where Im and In are respectively the current strength values in the model and in nature, 
and Qm and Qn are the resistivities of the host media in the model and in nature. K is the 
modelling scale ratio (the ratio of dimension in nature to dimension in the model). 

When the mathematical modelling is being worked out, the polarization Pe may 
be substituted by the dipole moment jl, which is an approximation to the direct current 
source strength of a unit volume of electric heterogeneity (Avdevich and Phokin, 1978). 
The similarity factors between the respective components of an anomalous field in 
mathematical modelling are determined by: 

(7) 

(8) 

As the mathematical modelling of the anomalous field should be related with the 
physical modelling of the primary field, the factors K and K' should be equal to unity. 
The polarization vector is determined by eq. (5). For this purpose, the inner field is 
measured in the heterogeneity of the model simulating the heterogeneity in nature. The 
electrical susceptibility of the model equals the susceptibility in nature in accordance 
with: 

(9) 

where Xl and X2 are the electrical conductivity values of the host medium and the 
heterogeneity. 

Further , the dipole moment values of the direct current sources are determined 
by eqs. (7) and (8) and the mathematical modeIling of the anomalous electric field is 
then performed (Avdevich and Phokin, 1978). 

In analog modeIling, it is possible to use different approaches to IP field 
determination, but all of them are based on the formal similarity between the 
polarizability and the fictitious increase of the resistivity 01' the medium (Komarov, 
1980) expressed by: 

x* = x(I-1]) (10) 

where x is the conductivity of the medium in a non-polarized state, 1] is the IP 
polarizability, and x* is the conductivity of the medium in a polarized state. This means 
that the polarization is taken into account in modelling by replacing the true 
conductivity x with the fictitious one. So, for the anomalous IP field, only the 
mathematical modelling is performed. The effects of the conductance of the body and 
the electrical heterogeneities of the host medium may be taken into account both by 
mathematical and by physical modelling. The physical and mathematical modeIling in 
this case are accomplished simultaneously (Avdevich and Phokin, 1978). 
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The mathematical modelling techniques discussed in the foregoing may be 
applied to self-potential studies if the resistivity of the polarized objects differ slightly 
from the resistivity of the host medium. 

In exploration geophysics, the cases in which the electrical resistivity of a natural 
polarizable body is much lower than the resistivity of the host medium are of great 
interest. 

The emf of natural galvanic elements is determined by natural geoelectrochemi
cal factors, and in this case it is a stable value for any geoelectrical situation. Indeed, a 
change in the situation may change the behaviour of the current passing through the 
polarized object which is caused by the interaction of these objects and with other 
electrical inhomogeneities. These currents are foreign to the given body and they are not 
caused by any particular geoelectrochemical situation. However, as the resistivity of the 
naturally polarizable bodies is low, these currents will not cause any substantial potential 
loss over the body and consequently its emf will remain unchanged. 

At the same time, the foreign currents bring about aredistribution of charges CI 

on the surface of the polarizable body and therefore the dipole moment of the body 
changes by the relation (Ovchinikov, 1971): 

P SP = i CI dS (11) 

where CI is the surface charge density, and S the surface of the polarizable body. The 
moment of the naturally polarizable body is thus the function of geoelectrochemical as 
weIl as geoelectrical situations. Consequently, when the quantitative interpretation of the 
self-potential field is performed, both these phenomena should be taken into account. 

Applying the electrotechnical analogy, let us consider the naturally polarizable 
body with low resistivity as a regulated voltage supply. Its inner resistance is known to 
be about zero. Therefore, to model the naturally polarizable body, it is necessary to 
replace it by two groundings. The regulated voltage supply with given emf is connected 
between these groundings. The conditions of physical modelling are now effected and 
the field of naturally polarizable conductor assemblage with regard to the effects of 
arbitrary electrical heterogeneities can be modelled. So the fields in the model and in 
nature will be equal. 

The principal bases of volume potential field modelling are discussed in the 
foregoing. The modelling theory examined for the three-dimensional field is directly 
applicable to a two-dimensional field, provided that the primary field is also two-dimen
sional field. Investigating the three-dimensional field in a two-dimensional model is not 
generally possible. However, in some cases, it is possible to extract regions in the 
boundaries where the field at the first approximation can be examined by using a 
two-dimensional model. Besides, there are so me techniques that make it possible with 
satisfactory accuracy to solve practical three-dimensional problems with two-dimen
sional modelling (Avdevich et al. , this issue; Semenov and Avdevich, this issue). 
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COMPARISON OF VARIOUS MODELLING METHODS IN ELECTRICAL 
PROSPECTING BY CONSIDERING AN EXAMPLE OF A LONG, PERFECTLY 

CONDUCTING BODY IN THE FIELD OF A POINT CURRENT SOURCE 

by 

L. Eskola, M. Avdevich, H. Hongisto and Y. Vdovichenko 

Eskola, L., Avdcvich, M., Hongisto, H. & Vdovichcnko, Y. 1986 
Comparison of various modelling methods in electrical prospecting by 
considering an example of a long, perfectly conducting body in the 
field of a point current source. Geologian tutkimuskeskus, Tutkimus
raportti 73. 30-36, 5 figs. 

Comparisons are made between potential anomalies of 
perfectly conducting bodies obtained by using three different model
ling methods. The methods are: a) electromodelling on the ohmic 
resistance grid, b) numerical solution of Fredholm's integral equation 
of the 1st kind, and c) numerical solution of Fredholm's integral 
equation of the 2nd kind. The results obtained by using the resistance 
grid (method a) are taken as reference system, wh ich is used for 
evaluating the modelling results obtained by the numerical methods (b 
and c). It is verified that method b) is more appropriate than method 
c) in solving resistivity problems for models with high conductivity 
contrasts. 

Key words: electrical methods, electrical potential, conducting materi
als, resistivity, numerical analysis, models 

3cKona, JI., AB.nCBI-I'I, M.M., XOHrI-lCTO, X. 1-1 B.nOBI-I'ICHKO, IO.ß., 
1986 reOnOrH'IeCKHH ueHTK c:I>HHmIHLUIH, PanopT HccnenOBamlli 73. 
30-36, I1nn. 5. 
CpaBHTenbHoe H3Y'leHHe pa3nHX MeTOnHK MOnenHpOBaHHlI B 3neKT
popa3BenKe npHMeHHTenbHO K cnY'lalO ynnHHeHHoro nonHOCTblO 
npOBonliLUero Tena B none TO'le'lHOrO HCTO'lHHKa TOKa. 

TIpoBeneHo cpaBHTenbHoe H3Y'leHHe aHOManHH conpOTHB
neHHlI OT nonHOCTblO npOBOn5lIllHX Ten c npHMeHeHHeM Tpex pa3-
nH'IHbIX MeTOnHK MonenHpOBaHHlI : al 3neKTpoMonenHpOBaHH5I Ha 
CeTH OMH'IeCKHX conpoTHBneHHH, 61 '1HCnOBOro peweHHlI HHTerpanb
HOrO ypaBHeHHlI ePpenronbMa I ro pona, H BI '1HCnOBOro peweHHlI 
HHTerpanbHoro ypaBHeHHlI ePpenronbMa 2ro pona. LlaHHble, nony'l
eHHble c nOMoIllblO OMH'IeCKOH ceTH/ MeTonKa al npHliTbI 3a 
onopHYIO cHcTeMY nnll oueHKH pe3ynbTaToB MonenHpoBaHHlI no 
UHePPOBbIM MeTOnHKaM 161 H BI . TIoKa3aHo, '1TO MeTonHKa 6 60nee 
npHeMnHMa '1eM MeTOnKa B npH peweHHH 3ana'l c BbICOKHM KOHTpac
TaMH npOBonHMOCTH . 
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Introduction 

The electrie field studied in electrical prospecting is determined by the primary 
field structure and intensity and geoelectrieal environment of the area investigated 
(Avdevich, Phokin, in this issue). Solving the electric field problem is generally diffieult. 
Moreover, the accuracy of the solution obtained is often diffieult to estimate. 

A very important exploration problem is that of determining the shapes and 
connections of highly conducting bodies . Suitable for solving such problems are the 
resistivity methods, among whieh we can also count the mise-a-Ia-masse method. (In the 
mise-a-Ia-masse method, one of the current electrodes is earthed into one of the bodies). 
Consequently, for the interpretation of resistivity measurement results, the problem of 
finding the electrie potential of an assemblage of perfectly conducting bodies with 
arbitrary shapes located in a uniform isotropie conductive half-space in the field of a 
point current source is of practieal interest. 

In this paper, comparisons are made between modelling results obtained using 
three different methods for solving the electric potential problem. The methods are as 
follows: 
a) electromodelling on the ohmie resistance volume grid, 
b) numerical solution of Fredholm's integral equation of the 1st kind for the potential, 

and 
c) numerieal solution of Fredholm's integral equation of the 2nd kind for the field 

strength. 
The modelling work applying methods a) and b) was done in the Soviet Union, 

and the work applying method c) in Finland. 
A description of the two numerieal modelling methods (b and c) is given by 

Eskola and Eloranta in this lssue. 

Previous comparisons 

Comparisons between apparent resistivity profiles over highly conductive 3-di
mensional prisms as calculated by using methods b) and c) were made in the course of 
Eloranta's work (Eloranta 1984). He found that the solutions obtained by using method 
b) were generally more rapidly converging than those obtained by using method c). If 
the nu mb er of sub-areas used in the calculations sufficed, the solutions obtained by 
these two different methods were similar . In the comparison of mise-a-Ia-masse 
anomalies of 3-dimensional prisms obtained by using methods b) and c), the amplitude 
values given by method c) were considerably lower than those given by method b). This 
phenomenom persisted even with the highest possible number of sub-areas (about one 
thousand for the VAX 11/780 computer of the Geologieal Survey of Finland). 

This can be explained by the fact that, in the "direct" solution of the 
mise-a-Ia-masse problem using method c), the location of the primary source is inside 
the conductor. The primary field strength that is proportional to the resistivity of the 
medium in whieh the source is located is thus only a sm all fraction of the total field 
strength to be solved. This makes the problem ill-posed. On the other hand, in method 
b), the equations of continuity (Eskola and Eloranta, in this issue) facilitate the 
numerieal solution and accelerate the convergence. They guarantee the right amount of 
total surface charge on the boundaries of the model. Contrary to method c), method b) 
is thus weB suited for the direct solution of mise-a-Ia-masse problems. 

Method c) was also used for calculating mise-a-Ia-masse anomalies by replacing 
the true electrode configuration by its reciprocal configuration. This made the primary 
field strength sufficiently strong and the calculated anomalies were weIl comparable with 
the anomalies obtained by using method b). 
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M. Avdevich determined model anomalies for a 3-dimensional, long horizontal 
cylinder, as illustrated in Fig. 4 by applying method a). H. Hongisto calculated 
numerical anomalies for the same model by the 2 Y2-dimensional approximation in 
method c) (Eskola and Eloranta in this issue). The numerical anomalies given by method 
c) were again lower in intensity than those given by method a). The loss in intensity is 
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partly explained by the same effect as in connection with the pure 3-dimensional 
solution. An additional error was also caused by the application of the 2 Y2-dimensional 
solution itself, where the end faces were omitted in the calculations. 

Comparison of modelling results for long horizontal bodies 

In the following our previous comparisons, reported in the foregoing, are 
supplemented by choosing the ohmic resistance volume grid (method a» as the reference 
system. It is used for checking the correctness and accuracy of method b) and the 
2 Y2-dimensional approximation in method c) in solving resistivity problems for long, 
3-dimensional, highly conductive bodies in the field of a point current source. This 
model is particularly difficult to use in numerical modelling because, in the discretized 
approximation of the region of solution, the number of elements rapidly grows with the 
length of the strike. 

Fig. 1. illustrates the primary, secondary and total potentials along central 
profiles on the ground surface and in a vertical drill hole, obtained by using modelling 
methods a) and b). The model is a long vertical sheet excited by a point current source 
located at x = z = O. The secondary and total potentials obtained by different methods 
do not differ from each other more than 5 070. Similar conclusions can be drawn also by 
inspection of the potentials for a dipping sheet and an assemblage of three sheets in Figs. 
2. and 3. 

5 461124X 
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Secondary potential profiles along a ground surface and along two vertical drill 
holes for a perfectly conducting horizontal cylinder in the field of a point current source 
are shown in Fig. 4. The potentials are obtained by the resistance grid and by the 
integral equation of the 1st kind. For cylinders with various strike lengths (1000 m, 3000 
m and 6000 m), the potential curves vary in amplitude and shape, but in all cases the 
potentials obtained by different modelling methods differ from each other no more than 
5 070. 

Fig. 5. illustrates the secondary potentials along a ground surface and along two 
vertical drill holes for a highly conductive horizontal cylinder in the field of a point 
current source (the same model as in Fig. 4.) The potential is solved by using the 
2 Y2 -dimensional approximation in method c) (integral equation of the 2nd kind). 
Comparison between Figs. 4. and 5. shows that, for the model with a strike length of 
6000 m, the shapes of the potential curves of Fig. 5. are highly similar to the shapes of 
the corresponding curves in Fig. 4. However, when the strike length of the model 
decreases, the similarity of the curves also decreases. Moreover , the reference levels of 
the potentials in Fig. 5. are considerably lower than those in Fig. 4. 

The increase in similarity between the potential curves with increasing strike 
length is for the most part a consequence of the basic characteristic of the 2 Y2 -dimen
sional approximation, i.e., by the fact that the effect of the end faces of the model be 
omitted in calculations. Consequently, when the strike length grows in relation to the 
dimensions of the end faces, the quality of the approximation improves. 
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The inaccuracy in reference level of the potential can be understood by 
remembering that the potential is a line integral of field strength taken from infinity to 
the point of calculation. In the integration, even a small systematic inaccuracy in field 
strength may accumulate to a considerable inaccuracy in the level of the potential. 
Consequently, in calculating the potential by using the 2 Y2-dimensional approximation, 
the potential value at an arbitrary distant point (still finite) should be used as the 
reference level of the potential. 

Conclusions 

From the foregoing considerations, we can conclude that the solution of the 
electric potential problem on the basis of Fredholm's integral equation of the 1st kind is 
weIl suited for models where perfectly conducting bodies are located in a moderately 
conducting environment. The method based on Frendholm's integral equation of the 
2nd kind can also be used to solve the electric field problem for the model with a high 
conductivity contrast if the primary source is located in a host medium (Le., the problem 
is not a mise-a-Ia-masse problem) and the solution is made by using a complete 
3-dimensional model. Owing to its fast er convergence, the solution based on the integral 
equation of the 1st kind is, however, more appropriate for this model. 

The 2 Y2 -dimensional approximation in solving 3-dimensional electric field 
problems on the basis of Fredholm's integral equation of the 2nd kind is not very 
suitable for models involving perfect conductors, unless the strike length is very large as 
compared with the other dimensions of the model. Moreover, in calculating potential 
anomalies, the potential value at a distant point should be used as the reference level for 
the potential in the anomalous region. It should also be noted that the 2 Y2 -dimensional 
approximation considered in the foregoing was originally developed for the calculation 
of induced polarization anomalies for long disseminated ore bodies with moderate 
conductivity contrasts (at most, twenty). Various test calculations have shown that, for 
such models, the 2 Y2 -dimensional approximation is a useful completion of solution 
methods, especially when the model is too long for a reasonably accurate solution by the 
complete 3-dimensional model. 
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POSSIBILITIES OF ANALOG AND DIGITAL COMPUTERS USED FOR THE 
INTERPRETATION OF VERTICAL ELECTRICAL SOUNDING DATA FOR 

ORE DEPOSIT AREAS HAVING A COMPLEX GEOLOGICAL STRUCTURE 

by 

M.M. Avdevich, M.V. Semenov and N.A. Ochkur 

Avdevich, M.M., Semenov, M.V. & Ochkur, N.A., 1986. Possibilities 
of analog and digital computers used for the interpretation of vertical 
electrical sounding data for ore deposit areas having a complex 
geological structure. Geologian tutkimuskeskus, Tutkimusraportti 73. 
37-44, 7 figs. 

The given apparaturs for interpreting the vertical electrical 
sounding (VES) data obtained in regions with a horizontally stratified 
structure is used with so me difficulty for interpreting data obtained in 
ore regions with comp1ex geological structures. The pattern of VES 
diagrams obtained in various conditions may be quite different. The 
possibility of interpret VES diagrams quantitatively by using analog 
computers (MUSG-l unit) is described. Recommendations are given 
for completing the modelling with digital computers when performing 
operative VES data interpretation. 

Key words: electrical methods, electrical sounding, ore bodies, re
sistivity, models, automatic data processing, USSR 

AB.lleBH'I M.M., CeMeHoB M.B., O'lKYP H.A., 1986. B03MOlKHOCTH 
aHanoroBoil: H UHlPPOBOil: BbI'IHCJlHTeJlbHoil: TeXHHKH npH HHTepn
peTaUHH LlaHHbIX B33 B PYLlHbIX pail:oHax co CJlOlKHbIM reOJlOTH'I
eCKHM CTpoeHHeM. reOJlOrH'IeCKHil: ueHTp <flHHJlllHLlHil:, PanopT HCC
JleLlOBaHHlI 73. 37-.44, 11M. 7. 

CYll.leCTBYIOll.lHil: annapaT HHTepnpeTaUHH LlaHHbIX B33, 
nOJlY'leHHbIX B pail:oHax C ropH30HTanbHO-CJlOHCTbIM CToeHHeM, 3aT
pYLlHHTeJlbHO npHMeHliT npH HHTepnpeTaUHH MaTepHanOB, nOJlY'l
eHHblX B PYLlPbIX pail:oHax, xapaKTepH3YIOll.lHClI CJlOlKHbIM reo:meKT
pH'IeCKHM CTpoeHHeM. <flopMa rpalPHKOB B33, nOJlY'IeHHbIX B pa3Hblx 
YCJlOBHlIX, MOlKeT 6bITb npHHUHnHanbHO pa3JlH'IHoil:. PaccMaTpHBa
eTCli B03MOlKHOCTb KOJlH'IeCTBeHHoil: HHTepnpeTaUHH rpalPHKoB B33 C 
HCnOJlb30BaHHeM aHanoroBoil: BbI'IHCJlHTeJlbHoil: TeXHHKH (ycTaHoBKa 
MYCr-l) H LlalOTCli peKOMeH.llaUHH no KOMnJleKCHpOBaHHIO ee C 
UHlPPOBOil: BbI'IHCJlHTeJlbHoil: TexHHKoil: npH onepaTHBHoil: HHTepn
peTaUHH .llaHHbIX B33. 
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The method of vertical electrical so unding with direct current (VES) is widely 
and succesfully used in oil-bearing regions which as a rule have a horizontal bedding 
structure. For the interpretation of VES curves obtained in such conditions, well
developed software is available . Besides, programs for the reliable solution of forward 
and reverse VES problems are prepared (pylaev, 1968; Kolesnikov, 1981). 

Ore-bearing regions have as a rule a block structure distorted by fractures, ore 
bodies are of limited size and they have an arbitrary geometrical form, etc. In such an 
environment, it is impossible to interpret the VES data using the software mentioned. 

Even for an ideally conducting horizontal sheet of rather large size along the 
strike, but of limited size across the strike, lying in the homogeneous isotropic half 
space, the plot of apparent resistivity differs considerably from that of the infinite sheet 
at the same depth (Fig. 1). Moreover, this difference is exceedingly apparent when 
studying the field produced by ore bodies of limited size. It should be noted that a 
geoelectrical cross section produced according to VES diagrams along the profile over 
the ore body provides no information concerning the form of the body. 

Therefore, in order to interpret VES data obtained in ore-bearing regions, it is 
necessary to solve forward problems of electrical prospecting taking into account the 
true geoelectrical environment. 

At present, there is no technique that could be used to solve these tasks 
efficiently and in full scope. Discussed here is the possibility and expediency of solving 
such tasks by means of analog modelling on the MUSG-l device. 
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The MUSG-l device is intended for solving two-dimensional geophysical 
problems. Strictly speaking, this device should not be used for studying fields caused by 
point-current sources. However, modelling problems may be solved with sufficient 
accuracy for practical purposes if certain assumptions are made. It is therefore necessary 
to conduct some special studies. 

Particularly, VES data obtained by theoretical computer calculations were 
compared with VES data obtained by modelling on the MUSG-l device . This 
comparison was performed for equipotential objects located in a homogeneous isotropic 
conductive half-space and also for a horizontally layered medium. Ves diagrams for the 
models mentioned may be obtained with a computer and serve as standards for checking 
the correctness of modelling by the MUSG-l. Some examples of such a comparison are 
given in the following. 

Fig. 1 shows VES diagrams obtained with a computer and the MUSG-l. The 
diagrams shown differ from each other with a range of 5-10 070. 

The same modelling error was encountered also when solving VES problems for 
the horizontally layered medium. Figs. 2-4 show VES apparent resistivity diagrams 
obtained by modelling with the computer and with the MUSG- l for a horizontally 
layered medium containing a varying number of layers. The exception is the case where 
the substratum of a two-Iayer medium has an infinitely high resistivity. Here the 
modelling error may be as high as 20-25 % (Fig. 2c). 

Fig. 5 shows the apparent resistivity plots obtained on the computer and the 
MUSG-l along the profile across the body strike for the following cases: a) 2500 m long 
vertical bar; b) vertical sheet with dimensions of 1000 m along the strike and 2500 m 
along the dip . 

When modelling the apparent resistivity of the vertical bar, the diagrams 
obtained with the computer and the MUSG-l differ no more than by 15 % (Fig. 5a). 
The diagrams obtained for the vertical sheet with relatively great strike lengths (Fig. 5b) 
differ considerably. The reason is that in this case the polarization vectors in nature and 
in two-dimensional modelling differ markedly in the direction of the strike (Avdevich 
and Phokin, 1978). Consequently, such a case is mostly unfavourable for modelling on 
the MUSG-l. 

The examples considered show that, with the help of two-dimensional analog 
modelling, it is possible in some cases to solve numerically VES problems with a margin 
of error up 10-15 %. This accuracy is quite sufficient for solving practical problems. 

This conclusion is of great value for the solution of problems when true 
geoelectrical conditions are taken into account. As in analog modelling any geoelectrical 
environment is taken into account by the simple provision of the geometrical and 
physical similarity of nature and model (Avdevich and Phokin, 1978), it may be 
supposed that when modelling the field caused by complicated earth sections, the error 
of the solution will not increase in comparison with the cases described . 

Let us analyze some examples of the practical use of analog modelling in the 
interpratation of VES data. In particular, it is advisable to analyze one of the vertical 
sections of apparent resistivity obtained by the method of three-electrode VES over a 
sulphide deposit in Kola Peninsula (Fig . 6). The sulphide ores of the vein type have 
resistivities of 1-10 Um and occur among relatively homogeneous rocks with a 
resistivity of 10000 Um. The form of the ore body is sufficiently well studied by drilling. 
The results of modelling on the MUSG-l actually coincide with the results of the field 
observations . Here one may notice that the form of the section of the object being 
examined is not reflected on the pattern of apparent resistivity isolines. 

In the case given the results of interpreting VES data with the help of electrical 
modelling on the MUSG-l showed that the field observed is entirely explained by the 
known structure of the deposit and that the search for undiscovered ore bodies in the 
immediate vicinity of this deposit is useless . 

The next example of quantitative interpretation of VES data is related to 
another type of sulphide deposit. 

Ore objects having the form of a sheet stretched along the strike and having 
limited dimensions across the strike occur in conformity with host rocks. The latter is 
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represented by horizontally layered "puff pustry," the specific electrical resistivity of its 
layers differing considerably. Moreover, the block structure of the region investigated is 
evident, Le., certain rock blocks have shifted relative to one another in a vertical 
direction along the fracture zones . The application of analytical methods for calculating 
the field in such conditions is impossible. 

Actually, even if the sheet-shaped ore body (ab out 10 km) with a limited 
dimensions across the strike does not lie very deep (ab out 2 km), it cannot be considered 
as an infinite sheet. The apparent resistivity diagrams for a horizontally layered medium 
obtained by computer and by MUSG-1 for the true medium of the model differ in 
essence (Fig. 4b). Similar diagrams obtained in the absence of ore bodies in locations 
remote from fracture zones coincide with an error that does not exceed 10 0/0. 

The main interpretation was performed by means of two-dimensional modelling 
on the MUSG-l . The known geological situation was fixed on the model and remained 
unchanged during the interpretation, but the location, size and elements of the ore body 
were chosen. Naturally, the anomalous field of the fixed part of the section also varied 
at each replacement of the model, and the result obtained was determined by the effect 
of the whole geoelectrical section reflected in the given model. 

So all the VES data measured in the field were interpreted and the geological 
structure of the deposit studied was determined more accurately. 

Fig. 7 illustrates the case showing that if the whole medium is assumed to be 
composed of horizontal layers, then the results of interpretation may be far from the 
truth. Diagram 2 was obtained by the MUSG-l over the true six-Iayer section, where at 
the depth of 2100 m there lies an ideally conducting horizontal sheet (ore body). The 
width of the sheet across the strike (b) is 3800 m. According to this diagram, the section 
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was chosen in conformity with the information available. The authors asked Mr. E. 
Lakanen, the scientific worker of the Outokumpu Company, Finland, to make the 
interpretation on the basis of the horizontal layer model with the use of desktop 
computer HP 9845. Qa diagrams agreed very weIl, but the geoelectrical section differed 
in essence from the correct one (Fig. 7b). As a result of such and interpretation, the 
anomaly obtained could be explained by a conductive layer (non-ore) bedding much 
nearer to the surface of the earth than the true ore body and so false geological 
recommendations could be given. 

The following conclusions concerning the VES data can thus be made. 
At first stage, it is necessary to perform an interactive interpretation of the VES 

data on the relatively "quiet" zones where the distorting effect of the objects studied or 
the geoelectrical heterogeneity is not large. The aim of this interpretation is the choice of 
"host medium" where the object is located. 

The following interpretation by the trial-and-error method, where the main 
geoelectrical heterogeneities are taken into account (relief, overburden with various 
thickness, fracture zones, various resistivity rock block contacts, etc.) must be 
performed by means of analog modelling. The aim of this interpretation is the 
determination of the location, size and peculiarities of the object studied. 

Such a combination of digital and analog computer methods gives the rather 
simple possibility of accomplishing an efficient quantitative interpretation of VES data 
collected in areas having a complicated geological structure and to obtain reliable 
results. 
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THE BEHAVIOUR OF APPARENT IP SPECTRA OF MODELS WITH THE 
RESISTIVITIES OBEYING THE COLE-COLE DISPERSION MODEL 

by 

Heikki Soininen 

Soininen, H., 1986. The behaviour of apparent IP spectra of models 
with the resistivities obeying the Cole-Cole dispersion model. Geologi
an tutkimuskeskus, Tutkimusraportli 73. 45-49. 

In the case of one body with Cole-Cole polarization embedded 
in an unpolarizable half-space the phase spectrum of apparent 
resistivity resembles quite dosely in functional form the true petrop
hysical Cole-Cole phase spectrum. The apparent spectra shift on the 
log-log scale downward, and toward lower frequencies . 

Of the apparent Cole-Cole parameters inverted from the 
anomaly spectra the apparent chargeability is noticeably smaller than 
the chargeability of the petrophysical spectrum. The apparent frequen
cy dependence, on the other hand, is very dose to the value of the true 
frequency dependence. The shift of the apparent phase spectrum 
toward lower frequencies partly compensates for the decrease in the 
apparent time constant caused by attenuation of the spectrum. The 
apparent time constant is thus dose to the true time constant. 

The effect of a polarizable half-space may be handled by 
simply adding the phase spectrum of the half-space to the apparent 
phase spectrum due to the body. 

The apparent spectrum of several polarizable bodies builds up 
in a complex fashion. Nevertheless, by measuring the spectra at a 
number of points along a profile crossing over formations differing in 
time constants, the various components can be discriminated from the 
apparent spectra even if the difference in time constants is smalI. As 
the conductivity contrast decreases, the share of the spectrum of the 
body in the apparent spectrum increases. Likewise the body with the 
sm aller time constant is in more advantageous position than the body 
with the greater time constant. 

Key words: electrical methods, induced polarization, resistivity, inf
rared spectra, models 

COHHHHeH, X., 1986. TIoseAeHl-le Ka)t(YWI1XCH sn cneKTpos MOAeJIeH c 
YAeJIbHbIMI1 COnpOTI1SJIeHI1HMI1 COOTseCTCTSYIOWI1MI1 MOAeml KOJI
KOJI. reoJIorl1'lecKl1fi l.\eHTp cjJI1HJIHHJII1H, PanopT I1CCJIeAOSaHI1H 73. 
45-49. 

B CJIY'Iae OAHoro TeJIa c nOJIHpH3al.\I1efi KOJI-KoJI S 
HenOJISlpl13yeMoM nOJIynpocTpaHCTse cjJa30'laCTOTHbIH cneKTp 
Ka)t(ywerocH YAeJIbHOrO COnpOTI1SJIeHI1H cjJYHKI.\HOHaJIbHO CXOAHbI C 
cjJaKTl1'1eCKHM neTpocjJI1311'1eCKI1M cjJa30'laCTOTHbIM cneKTpOM KOJI
KOJI. Ka)t(YWHecH cneKTpbI nepeMewalOTcH SHH3 S JIOrapl1cjJMH'IeCKOfi 
WKaJIe, K 60JIee HI13KHM 'IaCToTaM. 

113 Ka)t(YWHcH napaMeTpOS KOJI-KoJI 06paweHHbIX 113 cneKT
pos aHOMaJIHfi Ka)t(ywaHcH nOJIHpH3yeMocTb ropa3Ao HI1)t(e 
nOJIHpH3yeMocTI1 neTpocjJI1311'1eCKOrO cneKTpa. Ka)t(ywaHcH 
3aSHcHMoCTb OT 'IaCTOTbI, ollHaKo, 6JII13Ka K 3Ha'leHI11O cjJaKTH'IeCKOH 
3aSI1Cl1MOCTI1 OT '1aCTOTbI. CMeweHHe Ka)t(ywerocH cjJa30'laCTOTHoro 
cneKTpa K 60Jlee HI13KI1M 'IaCTOTaM 'IaCTblO KOMneHcHpYeT YMeHb
weHHe Ka)t(yweficH nocToHHHOfi SpeMeHI1 SbI3saHHoe 3aTyxaHHeM 
cneKTpa. CJleAOSaTeJlbHO Ka)t(ywaHcH nocTOHHHaH SpeMeHI1 6J1H3Ka K 
cjJaKTl1'1eCKOfi nocTOHHHOfi speMeHH. 

3cjJcjJeKT nOJlHpH3yeMoro nOJlynpocTpaHcTsa 6y lleT peweH 
npl16aSJleHI1eM cjJaJO'laCTOTHoro cneKTpa nOJIynpocTpaHcesa K 
Ka)t(YllleMycH cjJa30'lacTOTHOMY cneKTpy TeJIa. 

Ka)t(ywl1ficH cneKTp HeKOTopbIX nOJIHpl13yeMblx TeJI cocTas
JIeH KOMnJIeKCHbIM 06pa30M. 113MepeHI1e cneKTpa S HeKOTopbIX 
TO'lKaX SIlOJIb npocjJHJIH 'Iepe3 cjJopMal.\l111 c PaJJIH'IHbIMI1 nocTOHH
HbIMH speMeHH n03S0JIHeT OT lleJII1T pa3Ho06pa3Hble COCTaSJIHIOWHe 
OT Ka)t(YWHXH cneKTpos Ila)t(e S cJIY'lae He60JIbWHX paJHocTefi S 
nOCTOHHHbIX SpeMeHI1. C YMeHbweHHeM pa3JIH'II1H no YlleJIbHOfi 
npOSOlll1MOCTI1 AOJIH cneKTpa TeJIa S Ka)t(yweMcH cneKTpe yseJIH'II1Sa
eTCH. TeJIo c 60JIee HH3KOfi nOCTaHHHofi speMeHH HaXOAI1TCH S 60JIee 
SblrOAHOM nOJIO)t(eHHH 'IeM TeJIO C SbICOKOfi nOCTaHHHofi SpeMeHI1. 
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Introduction 

The objective in spectral induced polarization (lP) method is to determine the 
distribution of resistivity of the earth at a wide frequency band (e.g., 1/ 1024) ... 4096 
Hz). Principally owing to differences in mineral textures, the petrophysical resistivity 
spectra of rock types differ from each other, and hence the spectra can be used for such 
purposes as identification of mineralization types (Pelton et al. , 1978). 

In field measurements, however, the frequency spectrum of the petrophysical 
resistivity is not measured, but rather the apparent spectrum dependent upon the 
electrode array and the geometry of the targed body. In the application of the spectral 
IP therefore, one must know how the petrophysical spectrum transforms into an 
apparent spectrum. The reduction of the apparent IP spectrum into the true spectrum 
has often been done with the 'dilution factor' (Pelton et al., 1978) . Description of the 
frequency-dependent complex system with such a frequency-independent constant is 
wrong, however, and leads in practice to erroneous spectral behavioural relations 
(Soininen, 1984a). The reductions between the anomaly and the original spectrum must 
thus be based on theoretically correct considerations. 

In this paper the behaviour of the apparent spectrum is summarized first in the 
case of a polarizable body situated in an unpolarizable host rock, second of a 
polarizable prism situated in a polarizable half-space and finally of two polarizable 
prisms joined together in a unpolarizable half-space (Soininen, 1984b, 1985). The 
examinations were done in the frequency domain; this is more advantageous than the 
time domain for both theoretical treatment and practical spectral measurements 
(Soininen, 1984c). The frequency dependent resistivity of the medium is depicted by 
means of the eole-eole dispersion model. 

Cole-Cole dispersion model 

On the basis of the laboratory and in-si tu measurements it has been observed 
that in linear regime the frequency-dependent resistivity of a rock can be described well 
by the eole-eole dispersion model (Pelton et al., 1978, Hallof and Klein, 1982a,b). The 
eole-eole dispersion model 

1 
Z(w) = Ro (1 - m(1- 1 + (iw7)C» , (1) 

where 

Z(w) the complex impedance, 
Ro the value of Z(w) at zero frequency, 
m the chargeability , 
c the frequency dependence, 
7 the time constant, 
w the angular frequency, and 
i2 -1 

provides a good basis for the analysis of spectral IP measurements, because the 
characteristic features of a spectrum can be represented solely by means of the four 
parameters Ro ' m, c and 7. 

Ro is highly variable and depends on porosity, groundwater conductivity and the 
presence of interconnected or veined conductive minerals. The chargeability m is a 
measure of the magnitude of IP effect. It is proportional to the volume percent of 
conductive minerals. It is restricted to the range 0.0 :5 m :5 1.0 by the definition of 
Seigel (1959). The requirement for a complex resistivity to be a function whose 
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amplitude decreases with increasing frequency (relaxation) restricts c to the range 
0.0 < c :5 1.0. For mineralization with a single grain size, c is equal to or greater than 
0.5, if grain size is distributed about some mean value typical value of c is 0.25 (pelton 
et al., 1978). The time constant 7 is related to the frequency at which the main IP effect 
occurs and is dependent on the grain size and text ure of metallic minerals present. It 
ranges from 10- 3 s to 10+4 s. The time constant is a crucial parameter for mineral 
discrimination for example the time constant of sulfides is generally up to four decades 
sm aller than that of graphite (pelton et al., 1978). 

The eole-eole phase spectrum is symmetrical on a double logarithmic scale and 
its positive and negative asymptotic slopes are equal to the frequency dependence c. The 
frequency f at which the phase angle peak occurs is 

f = ~~~--~~ 
27r7 (1 - m) 1I2c . (2) 

If the reslStlvlty spectrum of the medium is described with the eole-eole 
dispersion model two questions will arise; first, is it possible to invert the apparent 
parameters from the anomaly spectra and second, how do the inverted spectral 
parameters stand in relation to the original petrophysical parameters? 

One polarizable body in an unpolarizable half-space 

Let us first discuss the behaviour of the apparent spectrum in the case of a 
polarizable body in an unpolarizable environment. Soininen (l984b) examined the 
forming of the apparent spectra by numerical modelling . The computations were done 
using the integral equation technique (Eskola, 1979). The frequency dependent resistivity 
of the three-dimensional prism model was depicted by means of the eole-eole dispersion 
model (1). The values of the eole-eole parameters were varied in such a way that the 
chargeability had values between 0.35 and 1.0. With each chargeability value, the 
anomalies were calculated with the values of frequency dependence c = 0.15, 0.32, and 
0.60. The ratio of the resistivity of the environment to the resistivity of the prism at 
direct current was 5 and 20. Both the gradient array and dipole-dipole array were used. 

According to the model calculations it can be stated that the essential 
behavioural relations of the spectra are independent of a particular electrode array used . 

The phase spectra of apparent resistivity resemble quite dosely in functional 
form the original petrophysical phase spectra of the eole-eole dispersion model. The 
phase angle anomaly is always sm aller than the true phase angle of resistivity of the rock 
and that is why the apparent phase spectra shift on the log-log scale downward. 
Important is that they shift also to left toward lower frequencies. 

The apparent eole-eole parameters have been inverted from the apparent 
spectra using Levenberg-Marquardt algorithm. The apparent chargeability ma is general
ly noticeably sm aller , owing to the geometric attenuation, than the chargeability of the 
original petrophysical spectrum. The apparent frequency dependence Ca, on the other 
hand, is very dose to the value of the true frequency dependence. 

The values of apparent time constant 7 a , remain smaller than their petrophysical 
value. They are doser to it with high values of frequency dependence and low values of 
chargeability . The apparent time constants deviate, however, alm ost invariably less than 
one decade from the value of true time constant. 

Keeping the apparent time constant dose to the time constant of the petrophysi
cal spectrum is helped by the fact that as the spectrum attenuates it also shifts toward 
the lower frequencies. This can be easily understood on the basis of following analysis. 
Let us solve the time constant 7a from equation (2). We can then see that the 
diminishing of ma tends to diminish 7 a • At the same time, however, the spectrum shifts 
toward the left, upon which f diminishes and therefore 7 a increases. 7 a remains now dose 
to its petrophysical value. It is possible in principle to obtain by direct inversion from an 
apparent spectrum measured in the field a reasonable es ti mate of the frequency 
dependence and time constant of the true spectrum of a polarizable body. 
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One polarizable body in polarizable half-space 

Soininen (1985) calculated anomaly spectra for a vertical, rectangular, polariz
able prism situated in a polarizable half-space. The effect of the conductivity contrast 
and of the difference in time constants and chargeabilities between the prism and 
environment was studied. 

As the difference in time constants increases, the spectrum of the prism becomes 
increasingly differentiated from that of the environment in the apparent spectrum. 
Further , as the conductivity contrast is reduced the share of the spectrum of the prism in 
the apparent spectrum increases. On the contrary, as the chargeability of the environ
ment increases, the apparent spectrum approaches the petrophysical spectrum of the 
environment in shape. 

It is possible to represent the apparent resistivity spectrum in the case of a 
polarizable prism in a polarizable environment (both with Cole-Cole dispersion) by the 
product of two Cole-Cole dispersion models (i.e. the sum of the dispersion model phase 
spectra) even if the environment is highly polarizable. 

The phase spectrum of the half-space contributes almost unattenuated to the 
apparent spectrum and thus the apparent spectral parameters describing the half-space 
are dose to the parameters of the petrophysical spectrum in value. Of the inverted 
parameters describing the spectrum of the prism, the apparent chargeability ma remains 
smaller than the chargeability of the petrophysical spectrum owing to the attenuation of 
the spectrum. The reduction in the share of the prism spectrum in the apparent spectrum 
at large conductivity contrast values is manifested as a reduction in ma as the 
conductivity co nt rast grows. The frequency dependence Ca is very dose to its true value; 
likewise the time constant Ta ' for its natural range of variation is dose to the time 
constant of the petrophysical spectrum. 

Several polarizable bodies 

The use of the spectral IP method as an aid to identifying mineralization is 
generally based on the difference in the time constants of the resistivity spectra of the 
mineralization types. Hence, in the case of several polarizable bodies, the problem is the 
discrimination of the components with different time constants from the apparent 
spectrum measured. Soininen (1985) examined how an apparent spectrum is built up in 
the case of two vertical, rectangular prisms joined together, and polarizable with 
different dispersion. The spectra were calculated at two points at the surface above the 
center of prisms. 

The apparent phase spectra produced by two polarizable prisms are built up in a 
complex fashion from the petrophysical spectra of prisms. This is because the apparent 
spectra are affected not only by the petrophysical spectra of the prisms but also by their 
geometry and mutual attitude. The apparent spectrum is not simply the sum of the 
apparent phase spectra of the prisms, and therefore we do not get with direct inversion 
an estimate for the values of the petrophysical spectral parameters of a model of several 
bodies. Some qualitative behavioural relations can, however, be stated. 

By measuring the spectra along a profile crossing over the prisms, formations 
differing only from their time constants can be distinguished from each other even if the 
difference in their time constants is small. The spectra calculated above the center of 
each prism do not have the same shape even though the petrophysical spectra, time 
constants excepted, do. The spectrum calculated over the prism with smaller time 
constant is doser in shape to the original petrophysical spectrum than is the spectrum 
over the prism with larger time constant. 

When the resistivity of the prism with larger time constant reduces (the 
conductivity contrast increases) the share of the spectrum of that body in the apparent 
spectrum diminishes. The trend is similar when the conductivity contrast of the body 
with larger time constant increases; the share of the spectrum of the formation in the 
apparent spectrum diminishes as the conductivity contrast grows. Nevertheless, the body 
with the smaller time constant can be perceived more readily than the body with the 
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larger time constant. This is attributed to the fact that as the spectra differ from each 
other only in the time constant, the relaxation models at all frequencies always give 
higher absolute values of resistivity to the body with the smaller time constant than to 
the body with greater time constant. Hence the effective conductivity contrast of the 
body with the smaller time constant is lower, and its impact on the total spectrum is 
greater than that of the body with the greater time constant. 

Summary 

The functional form of the Cole-Cole spectrum of a polarizable body situated in 
an unpolarizable environment preserves weil in a potential-theoretic transformation to 
the apparent spectrum. For this reason, the Cole-Cole dispersion model can also be 
fitted into an apparent spectrum. Of the parameters inverted from apparent spectra, the 
apparent frequency dependence ca preserves weil its petrophysical value. The apparent 
time constant Ta remains somewhat smaller (generally, however, less than a decade) than 
the petrophysical time constant. From the practical standpoint of mineral discrimina
tion, however, the apparent time constant is generally sufficiently close to its true value. 

The effect of a polarizable environment on an apparent phase spectrum can be 
readily approximated by summing the petrophysical phase spectrum of the host medium 
with the apparent phase spectrum caused by the model in a unpolarizable environment. 
Thus we obtain the spectral parameters by inversion from the apparent phase spectrum 
by fitting into it the sum of two Cole-Cole phase spectra. 

In the case of several polarizable bodies, the apparent spectrum is built up in a 
complex way, and it depends on the mutual attitude of the bodies as weIl as the electrode 
configuration used. The apparent phase spectrum can no longer be described simply as 
the sum of the spectra of its components. We can, however, draw some qualitative 
conclusions concerning the behavioural relations of the spectra. The aim of spectral 
measurements may be the mapping of different parts of a formation that differ in their 
time constant. By making measurements at various points along a profile crossing over 
the formation, the components that differ in time constant are discriminated form the 
apparent spectra, even if there is only a small difference in the time constants. 

In a system with two polarizable bodies, the spectrum of the body with the 
smaller conductivity contrast tends to be dominant. Likewise, it is easier to distinguish a 
formation with a smaIler time constant adjacent to a body with a larger time constant 
than it is to distinguish a body with a larger time constant. This behaviour is an 
advantage in the identification of sulfide mineralizations if we remember that the time 
constant of sulfides is generaIly up to four decades smaller than that of graphite. 
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REVIEW OF THE LATEST GALV ANIC METHODS AND EQUIPMENT USED 
IN FINLAND 

by 

E.Lakanen 

E. Lakanen 1986. A Review of the latest galvanic methods and 
equipment used in Finland. Ge%gian tutkimuskeskus, Tutkimus
raportti 73. 52-59, 3 tables. 

The four main galvanic methods and their variants are briefly 
discussed. So me of the instruments most frequently used today in 
Finland are specified. Self-potential is sei dom used. Resistivity is quite 
important with the commonly used variants of logging and sounding . 
IP has many applications and more research is under way. Mise-a-Ia
masse is a valuable method for detailed investigation. Instruments are 
much alike, because the basic parameter, voltage, is measured in all of 
them. Thanks to modern electronics some progress has been made in 
their use. 

Key words: electrical methods, self-potential methods, reslstlvlty, 
induced polarization, mise-a-Ia-masse, instruments, review, Finland 

JIaKaHeH, 3., 1986. OE30P nOCne)!HI1X ranbBaHJ11leCKHX MeTO)!OB 11 
annapaTYP npl1MeHlIeMbIX B <1>HHnllHnl1l1. f'eonOrHQeCKHH ueHTp <1>H
HnllHnl1l1, PanopT I1ccnenOBaHl1l1 73. 52- 59. 
KOPOTKO onHCblBalOTCll QeHTpe rnaBHblX ranbBaHHQeCKI1X MeTOnOB H 
I1X Bapl1aHTbl. CneUH!tll1pYIOTCll HeKOTopble ynoTpe6nlleMbie B <1>11-
HllllHnl111 cerOllHlI I1HCTpYMeHTbl. nOTeHUHan caMonpoH3BollbHOH 
nOllllpH3aUl111 pe)!KO npl1MeHlIeTCll. YnellbHoe COnpOTI1BlleHl1e HrpaeT 
3HaQl1TellbHYlO POllb BMeCTe C 06blKHoBeHHo npHMeHlIeMbIMI1 BapHaH
TaMH KapOTa)\(a 11 30HnHpOBaHHlI . Bn HMeeT MHoro npHMeHeHHH H 
nanbHeHwee HCCllenOBaHHe npOBOnl1TclI. MeTo)! 3apllna lIBnllel1ClI 
Ba)\(HbIM MeTOnOM npH neTanbHOM 113YQeHHH. I1HcTpYMeHTbI 
nOBOllbHO CXonHble, TaK KaK OCHOBHOH napaMeTp, Hanpll)\(eHble, 
113MeplleTClI BceMH HHCHpYMeHTaMe. Ellaronapll COBpeMeHHOH 3neKT
pOHI1Ke nporpecc nOCTHrHYT B I1X nOllb30BaHI1I1. 
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Introduction 

The following is a short description of the galvanic methods and equipment 
currently used for ore prospecting in Finland. 

There are four main methods: self-potential (SP), resistivity, induced polariza
tion (IP) and charged potential (CP) or mise-'a-Ia-masse. Their overall importance is 
illustrated by the fact that they account for roughly 20 per cent of the entire volume of 
ground geophysics in ore prospecting in Finland. The most popular of the four methods 
is IP. CP and in situ resistivity are also used quite often, but SP is applied very seldom. 
The nu mb er of resistivity soundings (vertical electric soundings) is increasing. 

SP is the only passive (without controlled source) method. The basic parameter 
measured in all these methods is potential (voltage). Therefore their principles and 
modes of utilization are similar and the equipment is interchangeable. Resistivity can be 
divided into three variations: mapping or profiling, sounding and combined. By in situ 
resistivity is meant logging and drill co re analysis. Table 1 gives some information about 
these methods and Tables 2 and 3 specifications of the equipment commonly used, 
receivers and transmitters respectively . 

Methods 

Self-potential (SP) 

SP is the most feasible galvanic method . The voltage between one fixed and one 
moving electrode is measured using non-polarizable electrodes. Unfortunately it does 
not give too much information and so it is very rarely used in Finland nowadays; it was 
more popular during the seventies. It is used more often in drill holes than for ground 
survey. There are rough wide anomalies and non-stable peaks, but only the former can 
be used reliably for mapping large conductors and sometimes for estimating the depth 
extension of a conductive body. Its correlation with some geochemical anomalies has 
been observed, but not useful application has been devised. 

Resistivity 

Resistivity has been used more for geotechnical purposes. Determination of 
overburden thickness using soundings has become increasingly popular, even in ore 
prospecting. Improved equipment and interpretation have boosted resistivity sounding at 
the expense of refraction seismics . Only in a few cases has it been used to locate bedrock 
conductors. So me success has been achieved in follow-up studies of gently dipping 
conductive horizons down to 300 m depth. In situ resistivity determinations with special 
logging prob es and small electrodes are as common as susceptibility measurements. 

The only equipment that is needed is a current source and two all-purpose 
meters; one measures the current, other the voltage . Manual SP compensation has made 
the instrument suitable for special purposes. For the past seven years more sophisticated 
microprocessor-controlled devices with authomatic rejection of linear SP and drift have 
been available. Stacking has improved resolution. Both DC and low-frequency (about 1 
Hz) current is used. Non-polarizable electrodes are no longer necessary. 

The most commonly used electrode configuration in the sounding method is the 
Schlumberger , also called the central gradient configuration . Sometimes the half
Schlumberger or Hummel method is used . The fraction of the current pentrating the 
deeper levels increases with the electrode separation. At least six current electrode 



Table 1. The galvanic methods used In Finland. 

Method 

CP 

IP 

Spectral IP 

Resistivity 
profiling 
mapping 
sounding 

combined 

in situ 

SP 

Voltage 
mV 

Target 
Site 
surveyed 

Follow-up and connecti- Ground and borehole 
ons between conductors 
Locating weak conductors Cround and borehole 
and disseminations 

Investigated 

Delineation of conductors Ground 
(by-product of IP) 
Determination of over- Ground 
burden thickness and 
tracing of gently dipping 
conducting sheets 
Determination of over- Ground 
burden thickness and de-
lineation of conductors 
Logging Borehole 

Mapping larger conduc- Ground and borehole 
tors and estimation of 
their depth extensions 
Geonics SP-19 

Con figuration 

Potential 

Dipol-dipole, Gradient 
and Pole-dipole 

.. 
Schlumberger and 
Half-Schlumberger 

.. 

Wenner 

Potential 

Parameter 

Voltage 
DV/ A 
Chargeability 
mV / V 
Frequency effect 
and Phase 
0/0, mrad 

Apparent resisstivity 

.. 

.. 

.. 

Dm 

Epuipment 

Gefinex 100 

Scintrex IPR-IO 
Systal R 
DHIP-2 

Same as IP 

AMEM SAS-3oo 
Gefinex 100 

.. 

PROM-2 
RRK-IO 

Vl 
~ 



Table 2. Speeifieations of the galvanie equipment used in Finland, receivers. 

Model 

Company 

In use 

No. of units 

Method 

Other 

Displayed parame
ter 

Range 

Resolution 

Aeeuraey 

Input impedanee 

Display 

Compensation 

Noise rejeetion 

Gefinex 100 CPRS 2062 

Outokumpu Oy, Finland 

sinee 1981 

5 

CP 

Resistivity and SP 

In-phase and guadrature 
eomponents of potential divi
ded by eurrent, mV / A 
15 automatieally seleeted ma
ximum voltage 6640m V 

0.01 mV/ A 

1 ClJo of reading at 20°C 

20 M n (1 Hz) 

LED, 5 digits 

Automatie, SP and linear 
drift 
80dB 50Hz 

Operating tempera- -200 ... + 50°C 
ture 
Humidity Splash-proof 

Power supply 

Weight 

Dimensions 

Port ability 

Other features 

Dry Pb reehargeable batte
ries, 12V 2.5 Ah 

9.7 kg inel. batteries 

420 x 370 x 180 mm 

One man 

Background noise level 
measuring mode 
Staeking 
Built-in test cireuit 
Automatie overload indiea
tion 
Eleetrode resistanee 
measured from 1 to 500 kn 

Terrameter SAS-3oo 

ABEM, SWEDEN 

1981 

7 

Resistivity 

SP and CP (with Booster) 

Resistanee, n 

1, 100, lOk, IMn 

0.0005 n 

2 ClJo of reading 

10 M n minimum 

LCD, 4 digits 

Automatie, SP 

IPR-1O Syseal-R 

Scintrex Ltd., CANADA BRGM, FRANCE 

1978 1982 

4 

IP / time domain 

Resistivity and SP 

Chargeability , mV / V 

150 mV / V maximum 

0.1 mV/ V 

3 ClJo of reading 

3 M n 

LCD(LED) 4 digits 

Automatie, SP 

IP / time domain 

Resistivity and SP 

Chargeability , m V/ V 

0-8V, 6 ranges automati
eally seleeted by .j 10 step 

0.03 mV 

IOMn 

LCD 

Automatie, SP 

95dB 50Hz, 85dB 16- 50dB 50Hz 24dB/ oetave (low pass) 
50/ 60Hz 20Hz 

_100 ... +70°C 

Splash-proof 

NiCd reehargeable batte
ries, 12V 

5.6 kg inel. batteries 

325 x 300 x 105 mm 

One man 

Seleetable eycle time and 
total averaging per iod 
Automatie eheek-up pro
eedure 

-300 ... + 60°C 

Splash-proof 

4 D eells, 6V 

3.6 kg inel. batteries 

310 x 170x150 mm 

One man 

Six ehannels, means: 
130, 260, ... 780 msee 
Drill hole option, DHIP-2 

7 C eells, 10 V 

7.5 kg 

350 x 300 x200 mm 

One man 

Mieroprosessor, PMOS 
4 bits 
Data aequisition system 
8 AD ehannels, 2000 pts: 
CMOS 

RROM-2 

Rautaruukki Oy, Finland 

1979 

7 

Resistivity/ Wenner array 

a = 318 mm, '" 40 mm 

Resistivity, nm 

1-400000 nm, logarithmie out
put 

0.1 mV/ ern, 2V/ deeade 

Analog recorder RRAR-3 

(Data logger option, KTP-84) 

-200 .. . +50°C 

Max. working pressure of pro
be 10 MPa 

Recorder Pb reehargeable bat
teries, 12V 

Recorder 18 kg 

460 x 310 x 210 mm 

One man 

Includes depth 
transdueer 
Depth seales 1: 100, 1 :200, 
1:500 and 1: 1000 



Table 3. Specifications of the galvanic equipment used in Finland, transmitters 

Model 

Company 

In use 

Units 

Receiver 

Power supply 

Frequency 

Oefinex 100 CPTS 2061 

Outokumpu Oy, FINLAND 

since 1981 

5 

Oefinex 100 CPRS 2062 

Dry Pb rechargeable batte
ries, 12V, 5Ah 

I Hz, sinusoidal 

150W maximum 

Terrameter SAS-3oo 

ABEM, SWEDEN 

1981 

7 (I) 

Receiver in the same box 
(Booster option) 

NiCd rechargeab1e batte
ries , 12V 

DC pulses 

3W (200W) Output power 

Output current 

Output voltage 

0.1 ... 1.5A peak 0.2 .. . 20mA (5OOmA) 

12.5, 25, 50, 75 and looV 160V max (400V) 
peak 

Operating tempera- _20° .. . + 50°C 
ture 
Connected to recei- Optocoupler 
ver by 
Humidity Splash-proof 

Weight 12.1 kg incl. batt. 

Dimensions 420 x 370 x 180 mm 

Portability One man 

other features Transmitter on controlled by 
receiver 
500 single cycle 
measuremets per charge 

-10 .. . +70 0 V 

Oalvanically 

Splash-proof 

5.6 kg incl. batt. 

325 x 300 x 105 mm 

One man 

3500 (800) single cycle 
measurements per charge 
Option SAS LOO 200 
(1 in Finland) 

IPC-8 (IPC-7) 

Scintrex Ltd ., CANADA 

1978 

4 (I) 

IPR-lO 

Dry Pb rechargeable bat
teries, 24V , 12Ah 

DC pulses, I, 2 and 4 sec 
(8) 
250W (25W) 

1.5A max 

850V max 

Syscal-R 

BROM, FRANCE 

1982 

Receiver in the same box 

7 C cells, IOV, 60mA 

DC pulses, 1.5 ... 24 sec . 

1500W 

3A mac 

500V max 

RROM-2 

Rautaruukki Oy, Finland 

1979 

7 

Receiver electronics in the sa
me probe 

3 x 6V batteries consumption 
3.2W 

20 Hz 

lOmA 

Oalvanically Oalvanically Oalvanically 

Splash-proof Max. working press ure of pro
be 10M Pa 

15.5 kg (5 kg) incl. batt. 7.5 kg with receiver and 2.5 kg 
incl. batt. 

460 x 300 x 140 mm 350 x 300 x 200 mm 1570 x 42 x 42 mm 

One man One man Manual winch, cable 1000 m 
Two men 

Controlled by receiver RRK-lO for inductive 
conductivity 
determination 
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separations are taken per decade, normally 3, 4, 5, 6, 8, 10, 12, 16, 20, 26, 32, 40, 50, 
60, 80, 100, 120, 160 and 200 m. More are taken if needed, but seldom those exceeding 
2000 m. The potential electrode separation depends on the signal intensity (voltage), but 
it should be less than one fifth of the corresponding current electrode separation. The 
values normally used are 1, 4, 10, 20, 40 and 80 (100) m. The half-Schlumberger 
procedure can only be used for sm aller current electrode separations, because the remote 
electrode, which is usually on the same line, must be at a distance that is longer at least 
by a factor of seven. Adjacent soundings are generally 50 m apart, but 20 m has also 
been used; sometimes only selected stations (scattered) are measured. Small walkie-tal
kies (VHF or UHF band) are necessary for communication when long separations (over 
100 m) are surveyed. 

Outokumpu Oy has recently started using the Offset-Wenner system for shallow 
depths (less than 50 m). This method, wh ich eliminates the errors of lateral variations, 
has been described by Barker (1981). Mapping is usually a by-product of IP survey and 
therefore dipole-dipole or gradient configuration is used. Special focusing systems have 
sometimes been used when locating lateral variations accurately. Although the merits of 
combined profiling are recognized, the procedure is slow and therefore seldom used in 
ore prospecting. 

For in si tu resistivity the one point method was used to determine the grounding 
resistance in drill holes until the advent of RROM-2 made by Rautaruukki Oy (Tables 2 
and 3), which has a Wenner-type configuration with 318 mm electrode separations. High 
conductivity values must be measured inductively, which is possible with the susceptibil
ity probe of the RRK-10. Various small four-electrode systems have been designed for 
drill co re and layman sam pies (irregular specimens). 

The data gathered with sounding methods are plotted onto log-log normal paper 
in the field to check that the readings are correct. A pocket calculator is needed when 
using the Offset-Wenner system to estimate all the intermediate readings and statistics. 
There is no special data processing scheme for resistivity results. 

Interpretation of sounding results is a straightforward task with layered earth 
modelling, ID. Interactive computer programs with optimization and graphics are 
available. Even desktop calculators can handle these programs fast enough. The 
algorithm is based on the theory of linear filters, and the coefficients have been 
calculated by Johansen (1975). The optimization method commonly used is a simple 
hyperparabola minimization developed by Lakanen (1982). Model curves and the 
auxiliary point method are used only occasionally if no computer is at hand. Numerical 
modelling programs for 2D or 3D resistivity contrast bodies are only used by the few 
experts dedicated to this time-consuming task. 

Induced polarization (IP) 

Induced polarization (IP) was first used in Finland in 1961 by Outokumpu Oy. 
The first equipment purchased from the USA measured the frequency effect (FE). In the 
1970s Finnprospecting Ky made phase-IP equipment under license from Boliden Ab, 
Sweden. The first pulse-IP (time domain) was constructed by the same company in 1973. 
In 1978 Outokumpu Oy bought new instruments, an IPR-10 (time domain receiver) and 
IPC-7 and 8 (transmitters) from Canadian Scintrex Ltd. The University of Oulu received 
a French Syscal R in 1982. Geological Survey bought the Scintrex equipment in 1983. 

The electrode conficuration most commonly used is dipole-dipole (D-D). The 
electrode spacing is usually 20 m, although 40 m has frequently been used. The 
separationof the dipole centres varies from 2 to 6 times (n-value) the spacing. When 
only one n-value is surveyed, the most common number is n = 3. The gradient system 
has also been used to a certain extent. Though the latter is faster, it suffers from the 
drawback that separate parts of the survey area are not in the same position with regard 
to the current electrodes and so the anomalies are not comparable. Its resolution is also 
poorer. The dipole-dipole system with multielectrode separations has been used for drill 
hole logging. 
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The parameter recorded has depended on the instrument used. The frequency 
effect was the main parameter until 1978, when it was replaced by pulse-IP and 
chargeability. The phase angle measurements have been done in the lesser measure. 
Primary voltage and current are also recorded and apparent resistivity is calculated . The 
IPR-10 has six channels, but normally the value of the middle channel (no. 3) and 
extreme variation are observed. The Syscal R has a greater time range, but it is not areal 
spectral IP either. For drill holes, the time domain is more advantageous because of the 
sm aller coupuling effects. Therefore an IPR-10 receiver and only a 25 W IPC-7 
transmitter have been used. 

There are no special data processing for IP results. Recorded readings are 
written out and fed into a computer's memory. Resistivities are calculated by the 
computer. Any time results can be plotted as profiles or contoured maps on the scale 
and with the colours required. The pseudosections, which are profiles with different 
n-values as the vertical scale, are also drawn. Some organizations still contour all their 
maps manually. 

Most of the results are used in a qualitative sense. The basis of all interpretati
ons is comparison with petrophysical determinations of IP. Some model curves of a 
simple dyke model are available. The program of the Geological Survey can be used in 
calculating anomalies for simple prism models. It requires much memory capacity of the 
computer. An interpretation program for routine use by field geophysicist must be 
sufficiently fast and usable. Arecent algorithm of an ellipsoid model made by 
Outokumpu Oy comes close to this demand. 

IP is not used in Finland as much as inductive methods such as Slingram 
(HLEM). One reason is that it is more expensive. With IP three men can survey 2 km in 
one day but with Slingram two men can cover at least 6 km. IP is useless in areas where 
there are many parallel good conductors. But for more resistive and disseminated 
sulphides, which do not respond inductively enough, IP is the only method . Copper, 
zinc, lead and occasionally nickel and even gold indirectly have been searched by using 
IP. Magnetite causes spurious anomalies; so do saline clays, but inland clays only reduce 
the amplitude (masking effect). Polarizable material right at the surface gene rates a 
negative IP response, because the secondary current is in the opposite direction to the 
primary one. Resistive areas have their own trouble, high electrode resistance, but 
high-power transmitters have not been considered necessary. 

IP is especially sensitive for low grade disseminations. Only about half aper 
cent of sulphides may cause a distinct anomaly, if the minerals are fine grained and the 
host rock is resistive. This is further accentuated in drill holes which seem to be 
anomalous all over. 0.1 per cent of sulphides has been noticed to give achargeability 
anomaly of 80 mV IV. Nevertheless, IP was not sensitive enough for a molybdenite 
deposit grading 1 per cent of molybdenum in some places. Only one ore deposit being 
exploited in Finland was found by IP. The annual number of points measured varied 
from 20000 to 30000. 

Charged potential (CP) 

Charged potential (CP) (or misea-Ia-masse) is the method used most for detailed 
investigations of established conductors. The current is fed directly to the conductor and 
the remote electrode is located many kilometers away. Potential is measured between a 
fixed electrode and a moving electrode. Measurements are carried out as much on the 
ground as in drill holes . Good results have also been obtained from the mines under 
exploitation. 

Almost any resistivity equipment could be used, but Outokumpu Oy has 
costructed a device specifically for this purpose, the Gefinex 100. 

Contoured maps and cross sections are drawn from the results, and the 
connections of the conductive bodies between intersections are established mainly by 
qualitative interpretation. Some geometry and estimates of volume can be extracted 
from the results. The conductivity contrast should be clear, that is, more than one order 
of magnitude. Poor conductors can be studied, but then the point source character 
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should also be taken into account. Some subjective ways can be devised for filtering the 
effect of homogeneous ground, but they are seldom satisfactory. More sophisticated 
calculations can be used with numerical algorithms, but as with resistivity and IP they 
are just not feasible enough for a routine scheme. 

All the galvanic measurements are laborious in winter when the ground is 
frozen. Drill holes and smaller areas are surveyed, however, when necessary, but larger 
areas are saved for summer. This is in contrast to other geophysical methods, which are 
used increasingly in winter. 
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A REVIEW OF THE PRESENT ST ATE OF THE TECHNIQUE AND 
INSTRUMENTATION OF CALVANIC EXPLORATION METHODS IN THE 

USSR 

by 

A.Ph. Fokin, H.N. Mikhailov and M.V. Semenov 

Fokin, A.Ph., Mikhailov, H.N. & Semenov, M.V., 1986. A Review of 
the Present State of the Technique and instrumentation of Galvanic 
Exploration Methods in the USSR. Geologian tutkimuskeskus, Tut
kimusraportti 73. 60-66. 

Owing to its high efficiency, electrical prospecting is applied in 
the USSR at all stages of geological exploration. 

The main prospecting operations are performed using five 
principal galvanic methods: the induced poralization, resistivity, 
vertical electrical sounding , natural electrical field and mise-a-la-masse 
methods . All the electrical prospecting techniques call for the use of 
sets of equipment. The technique selected depends on the conditions 
of its application and on the nature of the prospects being invest
igated. For geological mapping and ore prospecting, complex pro
cedures involving electrical prospecting and providing solutions to the 
main problems have been devised. The basis for the engineering 
reequipment of electrical prospecting is its reduction to one multipar
ametric method that incorporates all the advantages of the separate 
methods existing at present, with hardware in the form of an 
integrated complex of electrical prospecting techniques and involving 
the broad use of the computer for the automation of the collecting 
and processing of data and their geological interpretation. 

Key words : electrical methods, induced polarization, resistivity, 
electrical sounding, electrical field, mise-a-la-masse, review, USSR 

<l>OImH A.<l>., M"XaHJlOB LH., CeMeHoB M.C., 1986. 0630P COB
peMeHHoro COCTOßHIUI MeTO.L\I1KI1 11 annapaTYPbl ranbBaHI1'1eCKI1X 
MeTO.L\OB PY.L\HOH 3J1eKTpOpa3Be.L\KI1 B CCCP ['eoJlOrl1'1eCKI1H lleHTp 
<l>I1HJlßH.L\I1I1, PanopT I1CCJle.L\OBaHI1ß 73 . 60-66. 

PYJlHaß 3J1eKTpOpa3BeUKa, 6narouapß CBoeH BblCOKOH 3QJQJeK
TI1BHOCTI1, npl1MeHßeTCß B CCCP Ha Bcex CTaUI1ßX reonoropa3Beu
Horo npollecca. 

OCHoBHble 06beMbl pa60T BblTIOJlHßIQTCß Ha CTaUl111 nOI1CKOB 
MecTopOlKueHI1H, B OCHOBHOM nßTblo KOHUYKTI1BHblMI1 (ranbBaHI1'1-
eCKI1MI1) MeTOuaMI1: Bbl3BaHHOH nOJlß 11 3apßua. Bce MeTOUbI 3J1eKT
popa3BeUKI1 06eCne'leHbl cepIDiHoH annapaTypoH. MeTO.L\I1Ka pa60T 
3aBI1Cl1T OT ycnOBI1H I1X npOBeueHI1ß 11 oc06eHHocTeH I1CKOMblX 
06beKToB. nJlß reonOrl1'1eCKOrO KapTl1pOBaHI1ß, nOI1CKOB PYUHblX 
MecTopOlKueHI1H 11 I1X pa3Be.L\KI1 oTpa60TaHbl KOMIlJleKCbl MeTouoB, 
BKnlQ'IalQrU.\I1e 3J1eKTpOpa3BeUKY, 06eCne'lI1BalQUlI1e peWeHl1e 
OCHOBHblX 3a.L\a'l. B OCHOBY TeXHI1'1eCKOH nOnl1TI1KI1 B 06J1aCTI1 
nepeBoopYlKeHI1ß PY.L\Hofi 3neKTpOpa3Be.L\KI1 nOJlOlKeH no.L\Xo.L\ K HeH, 
KaK K e.L\I1HoMY MHorOllapaMeTpOBOMY MeTO.L\Y, 06be.L\I1ßlQweMY B 
ce6e .L\OCTOI1HCTBa cYll.\eCTBYlQll.\I1X nOKa nop03Hb MeTO.L\OB, I1Me
IQweMY annapaTYPHoe 06eCne'leHl1e B BI1.L\e arperaTl1pOBaHHoro 
KOMnJleKCa 3J1eKTpOpa3Be.L\0'lHOH TeXHI1KI1 11 c WI1POKI1M 
npl1MeHeHl1eM 3BM .L\Jlß aBTOMaTI13alll111 pa60T Ilpl1 c60pe 11 06-
pa60TKe I1HQJopMalll1l1, a TaKlKe npl1 reOJlOrl1'1eCKOH I1HTepnpeTalll111 
nOJlY'leHHbIX .L\aHHbIX. 
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Introduction 

Owing to its high efficiency, electrical prospecting holds a dominant posItIOn 
among geophysical methods and is employed at all the stages of geological exploration: 
for geological mapping and ore prospecting. Nowadays, the singificance of electrical 
prospecting is increasing also in the solution of problems involving engineering geology, 
water supply, etc. From the stand point of costs, electrical prospecting has for many 
years occupied first pi ace in ore geophysics, accounting for ab out one quarter of the 
expenditures for all ore-prospecting geophysical operations. The efficiency of electrical 
prospecting, judged on the whole, may be characterized by the fact that up to 70 070 of 
the new ore deposits in the USSR have been discovered by electrical prospecting 
methods. 

The main bulk of the operations (up to 60 %) performed with electrical 
equipment is done at the prospecting stage. Out of the large number of weIl-known 
electrical prospecting methods and their modifications - which differ from each other 
as regards the geoelectrical parameters, the technique of receiving and generating 
electromagnetic fiels, and the behaviour of the fields in the time and frequency domains 
-, only five galvanic methods, accounting annually for up to 80 % of all electrical ore 
prospecting, have been widely developed. These are employed in combination with 
induction methods in addition to geological and geochemical methods, drilling and 
excavations. In the following, the present state of the galvanic methods and the 
equipment used in their application are described. 

The galvanic methods 

The dominant position of galvanic methods is explained by the fact that in the 
USSR the largest number of electrical prospecting operations are performed on the 
ground. To a lesser extent, downhole and shaft methods are used, in addition to stilliess 
often, airborne electrical prospecting. This is due to the limited areas of Precambrian 
shields and the great extent of the surficial deposits forming a very thick cover in the 
main ore provinces. 

For geological mapping in areas with low resistivity contrasts and under 
favourable grounding conditions, use is made of various modifications of galvanic 
resistivity profiling (gradient array, combined and dipole, more often symmetrical) and 
vertical electrical so unding (VES) methods. In direct current operations, an AB-72 
millivoltmeter is employed: dry cell batteries or ERDU-71, SCE-72 motor generators of 
14 kW (Electrical ... , 1980) are used as current sources. 

Fos ac operations, a lightweight portable AHCH-3 apparatus with increased 
noise immunity and sensitivity supplies the output (Electrical ... , 1980). 

When grounding conditions are poor and the resistivity co nt rast of the 
geological formations being mapped is high, profiling induction methods are preferable. 

The basic method used for prospecting massive and disseminated conducting 
ores as weIl as for the single-valued definition of the conductivity of the occurrence is 
the induced polarization method. Pulse and frequency modifications of this method, 
both with the galvanic generation of the polarizing field, are applied. 

A rather wide range of instruments used for IP pulse transient measurements in 
the time range from tens of milli-seconds to tens of seconds is produced. This equipment 
is manufactured as truck-mounted electrical prospecting stations (VP-62, VPS-63, 
SVP-74) (Electrical ... , 1980; Komarov et al. 1981; Instruction ... , 1984). 
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The instruments used in the IP method in the frequency domain are much fewer. 
The VP-F instrument is being produced, and the production of the EVP-203 apparatus 
has begun (Electrical ... , 1980; Instruction . .. , 1984; Solovjev et al. 1978) . 

To a lesser extent, in prospecting orebodies with electronic conductivity and in 
the geological mapping of graphitized and pyritized rocks, the natural electrical field 
method is applied. 

When performing operations for the purpose of estimating the economic value 
of a deposit (especially examining its flanks and deep horizons) and searching for nearby 
ore occurrences, the mise-a-Ia-masse method is used. This approach includes the whole 
complex of methods used in studying the direct current (low frequency) electrical and 
magnetic fields on the day surface, in boreholes and openings, generated by the 
"charged" conductor or point current source located on the day surface or downhole. 
All the operations are performed using electical prospecting stations of the ERSU-71, 
SVP-74, EVP-302 type or with the ANCH-3 portable apparatus (Electrical ... , 1980; 
Borehole ... , 1971; Instruction ... , 1984) . The mise-a-Ia-masse method is used also for 
searching and tracing ore bodies between boreholes and openings. It is used in 
combination with the radio-wave shadowing method. 

The annual expenditures involved in electrical prospecting by calvanic methods 
can be broken down as follows: the IP method 34 0,10, various direct current and low 
frequency current profiling modifications 26 % , the vertical electrical sounding method 
15.5 %, the natural electrical field method 10.7 %, the mise-a-Ia-masse mathod in 
different variants 4.5 %. 

The electrical prospecting technique and the tasks being performed are de
termined by the geological environment and by the physical parameters of the 
occurrences being investigated. Newly surveyed regions are superficially studied, and as 
a rule the terrain is rough. Basically for economic reasons such electrical prospecting is 
conducted mainly in limited areas with the aim of finding, tracing and estimating the 
mineralized sulphide zones and ore occurrences situated at depths of 50 to 100 m. 
Regions with producing mines and deposits under industrial exploitation are studied in 
detail by a complex of gephysical methods and drilling down to 100-300 m - in some 
ore fields down to 1-2 km . Geophysical research in such regions is mainly concentrated 
on prospecting for orebodies at the flanks of known deposits; the aim is to discover new 
ore deposits at great depths (500-1500 m). 

In prospecting activity, besides economic deposits, non-economic occurences are 
also discovered, the estimation of which by drilling requires heavy expenditures and 
much time. Therefore ore prospecting is complicated by the necessity of checking out 
non-economic occurrences. In these connections, most of the work is performed by 
electrical prospecting methods. 

Let us analyze the application of the electrical prospecting technique to one of 
the most widespread sulphide pyrite deposits. Deposits of this type occurring in bedrock 
at a depth of 50 m or under loose deposits 10-15 m thick are successfully located by all 
the known electrical prospecting methods. However, to minimize the emergence of 
non-ore anomalies, only the geologically most efficient methods are used. As a rule, 
these are the induced polarization method (lP), and the transient electromagnetic 
method (TEM) (in combination with lithogeochemistry according to the secondary 
haloes of metal dissemination, with gravity and magnetic prospecting). The IP method is 
used on the scale of 1:25,000-1:10,000 with gradient or combined profiling arrays. The 
TEM method is used in massive ore prospecting on the scale of 1: 10,000 and more in the 
loop version. The exploratory and estimation work on ore prospects is conducted in 
conjunction with drilling boreholes, which are employed in making down hole investigati
ons by the IP, mise-a-Ia-masse, natural electrical field and dipole electromagnetic 
profiling (DEMPS) methods. The mise-a-Ia-masse method is applied in tracing orebodies 
along the strike as weIl as in prospecting nearby ore occurrences. The natural electrical 
field method is used in combination with the IP method for prospecting the metalliza
tion in borehole spaces and for estimating the depth of mineralizations. 

In tracts probed to depths of 100-300 m or covered by very thick surficial 
deposits prospecting on the ground for pyrite-polymetallic deposits is very difficult as 
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the depth peneration of the IP and TEM methods is reduced by the screening effect of 
conductive overlying deposits and the greater depth at whieh the ore lies. The IP method 
is applied in areas where the thiekness of the conductive overburden does not exceed 
100-150 m, or open areas where pyrite-polymetallic metallization occurs at a depth of 
300-350 m. In such an environment, the prospecting targets are not separate orebodies 
but large zones of hydrothermally altered rocks with a sulphide dissemination. All the 
operations are carried out with the gradient array used in combination with the VES-IP 
system. This technique is successfully used in the Urals, the Altai and Kazakhstan 
(Instruction ... , 1984). For the estimation of the thiekness of the conductive overburden, 
good results were obtained by TEM soundings, whieh were successfully followed up by 
high precision gravity prospecting. This technique made it possible to discover in the 
Altai, at a depth of 250 m, pyrite ores that occur beneath an overburden 160 m thick. 

For prospecting pyrite polymetallic deposits occurring at depths of 300 m and 
more, where all ground electrical prospecting methods are ineffective, downhole 
electrieal prospecting methods are widely used (Borehole ... , 1971). The depth of 
metallization in periborehole and interborehole spaces can be determined only by deep 
drilling. For this purpose, the drilling is done in two rounds. The boreholes of the first 
round are drilled with 500-1,000 m spacing and they make it possible to carry out 
electrical prospecting. When the supply grounding is inserted into the borehole, the 
electrieal potential observations made on a scale of 1:100,000-10,000 by the mise-a-Ia
masse method are carried out over areas of some tens of square kilometers in accordance 
with the profile system on the surface as well as in deep boreholes . In addition to 
geological mapping, this technique allows one to judge the morphology of ore-control 
zones and to locate rationally the boreholes for the second round . To ascertain the ore 
content of the anomalies registered, the IP method is also used to determine the sulphide 
dissemination and the TEM method to discover massive ores. The exploration of the 
flanks and deep horizons of deposits is carried out only by means of downhole electrical 
prospecting and, more often, by the mise-a-Ia-masse method. Under complex geologie 
circumstances, when difficulties are met with in grounding, ac magnetie field measure
ment is preferable. In the Altai, polymetallic orebodies were discovered using the 
mise-a-Ia-masse method at depths ranging from 15010 1,200 m. In the Kola Pensinsula, 
rieh copper-niekel ores were discovered by the mise-a-Ia-masse method while measuring 
the magnetic field at depths up to 400 m among phyllite shales with high conductivity. In 
the South Urals, in an area covered by barren rocks not less than 400 m thiek, copper 
pyrite ore discovered by drilling to dephts of over 500 m were contoured afterwards by 
the mise-a-la-masse method. Different logging techniques, downhole versions of the IP 
and TEM methods, and radio-wave shadowing are widely used in carrying out the 
foregoing operations. 

The variety of ore types affects the electrieal prospecting technique and the final 
results. Pyrite-polymetallic, copper-niekel and certain other deposits represented by 
sulphide ores with a high electrieal conductivity and chargeability are the direct targets 
of electrical prospecting, whereas tin, antimony, mercury and certain other ores cannot 
be observed directly with these methods owing to their low metal contents or 
unfavourable electrieal properties. In such cases, electrieal prospecting is applicable for 
indirect searching and locating of sulphide mineralization zones, favourable structures, 
ore control horizons, etc., associated with metallization. The search for anti mo ny
mercury ores of the interformation type in Kirghizia may serve as an example. It has 
been observed that in sedimentary rocks situated dose to occurrences of ore the pyrite 
and organie contents are not very high but increase substantially with the development 
of hydrothermal processes in the proximity of the ores. The distribution of chargeability 
in these zones has proved to be proportional to the antimony-mercury satellite element 
concentration. It has made it possible to interpret the IP data toward predicting blind 
occurrences, tracing the contours of ore zones and discriminating the zones of 
antimony-mercury metallization prospects. The IP method has occupied the dominant 
position in the complex of geological-geophysieal methods and facilitated the discovery 
of new antimony and mercury deposits. 
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Recently, the significance of electrical prospecting has increased substantially in 
the solution of geological problems attending ore exploitation. It has been enhanced by 
various theoretical, experimental and methodological investigations as weIl as by the 
development and commercial production of different types of shaft-mine electric 
prospecting equipment: stations for complex logging in boreholes of underground 
drilling, multipurpose apparatus for investigations by the radio-wave method in shafts 
and downhole, and instruments used in investigations made by the IP method in 
quarries and bore holes (Solovjev et al. , 1978; Lebedev et al. 1983). The methods of 
shaft-mine electrical prospecting enable us to check the data on the geological structure 
of certain explored and exploited areas, to ascertain the ore reserves at the stage of close 
exploration and the exploitation of deposit, and to cut down the degree of shaft-sinking 
operations and drilling in barren tracts. The data obtained by these methods make it 
possible to correlate ore connections in openings and boreholes, and contribute to the 
reduction of los ses in mineral resources during exploitation. The main methods 
employed in combination with drilling and the sinking of openings in underground 
conditions are the direct-current or low-frequency mise-a-Ia-masse method and the 
radio-wave shadowing mehtod (in the frequency range 156 kHz to 36 MHz); to these 
methods can be successfully added the electromagnetic logging of dry boreholes drilled 
underground, and electromagnetic induction profiling. To investigate ore technological 
grades in quarries, use is made of besides geological mapping and sampling, a complex 
of electrical prospecting methods, including the IP method and dipole induction 
profiling and frequency sounding method, having an operating frequency range of 20 
kHz to 2.5 MHz. All the methods and instrumentation are provided with manuals and 
data-interpretation techniques. The application of the shaft-mine electrical prospecting 
methods is of great value to the Soviet Ministries of Ferrous and Non-Ferrous Metals, 
the effectiveness of their use during the last 5 years having amounted to savings of some 
tens of millions of roubles. Recent scientific investigations are the basis of the extension 
of the spheres of application of electrical prospecting for the increase of depth 
penetration, resolution and capacity , and finally for the increase of the geological and 
commercial efficiency of the method. Scientific advances in the field of electrical 
prospecting have been made by a number of research institutions of the Ministry of 
Geology, the Academy of Sciences of the USSR and the republics, and certain schools of 
higher education. 

In the sphere of resistivity methods, the theoretical basis and the technique of 
natural electrical and electromagnetic fields of application for geological mapping have 
been developed, making it possible to work without a generator and perform operations 
under difficult conditions (Antonov et al. , 1980). 

An electrical field non-contact measurement method has been devised in which 
galvanic groundings are replaced by capacitive groundings. This method is of particular 
importance to geological mapping and prospecting under difficult conditions or in the 
winter time (Sapozhnikov, 1973) . 

Close attention is paid to the determination of the geological nature of 
anomalies . The theoretical and methodical investigations carried out make it possible to 
determine the dimensions and texture of electronically conductive inclusions and to solve 
the problems involved in distinguishing streaky and massive ores among disseminated 
pyrite, graphite and other electronically conductive mineral impregnations by examining 
the IP time responses, expecially in the early stage (from tens to thousands of /ks), as weIl 
as the non-linear IP responses. 

The frequency-domain IP employed to increase the capability and efficiency of 
the method in an industrial noise environment has been further developed (Electrical ... , 
1980). The field of application of the IP method is also extended - the prospects of 
applying the method in the search for gas and diamonds are shown. The measurement of 
the IP magnetic field are confirmed theoretically and performed experimentally. 

For prospecting the flanks of explored and exploited deposits by the mise-a-la
masse method, small-scale techniques for modelling electric and magnetic mise-a-Ia
masse anomalies have been worked out. Also the technique or numerical modelling has 
been developed for the geological interpretation of mise-a-Ia-masse data, the model 
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anomalies being obtained by means of a computer and MUSG-l device. The mise-a-Ia
masse method applied in small-scale measurements has been successfully used in the 
Altai, the Urals, the Norilsk region and the Kola Peninsula. 

The main geological tasks of electrical prospecting for the coming decade are: 
geological mapping and prospecting for ore in difficult geological circumstances and in 
districts with a high level of industrial noise, the increase of depth penetration up to 500 
and then to 2000 m, and the transition from detecting anomalies to assessing and 
classifying predicted reserves of ore minerals. 

As it is necessary to probe greater depths, the targets of electrical ground 
prospecting will change. If currently the targets of direct electrical prospecting are 
orebodies, then in the future they will be mineral deposits and ore fields . It is necessary 
to be prepared for using the special borehole array. The increase in investigation depth 
requires high accuracy or sensitivity of the equipment used and high power of the 
current sources. It also increases the possibilities of applying the natural and industrial 
noise electromagnetic field (power transmission line fields included). Apparently, some 
redistribution of the electrical operations at different stages of geological exploration 
will take place. The bulk of the methods used for deep geological mapping, estimating 
the geological nature of electrical prospecting anomalies, and evaluating predicted ore 
reserves is to be increased. 

The complication of geological tasks solved with the electrical prospecting 
method will result in the nearest future in a sharp increase in the volume of information 
to be processed. In this connection it has become necessary to automate all these 
processes. The development of the hardware and software of electrical prospecting 
methods is being pursued in the USSR in cooperation with the other countries belonging 
to the Council for Mutual Economic Aid. In the nearest years ahead, it is planned to 
prepare the following scheme of information collection, quality estimation of field 
measurements, data processing, and qualitative and quantitative geological inter
pretation, which consists of four main stages: 

1) recording field observations directly across the profile onto the playback 
carrier (magnetic tape, solid-state memory); 

2) preliminary processing of measurement data (correlation, elimination of 
coarse errors, etc.), the computation of geological and geophysical parameters to 
estimate the quality of field observations . These operations are performed directly in the 
field; 

3) computation of geophysical parameters, their plotting on the display or 
plotter, preparation of data for interpretation (filtering, etc.), qualitative geological 
interpretation with approximate consideration of the geoelectrical effects, involving 
analogue and digital modelling . This work is done by field crews and expeditions; 

4) specifying the solutions obtained at the previous stage by complex algorithms 
and detailed analysis of the true geological and geophysical effects. The work is done by 
expeditions and geological institutions . 

Summary 

As al ready mentioned, electrical prospecting in the USSR is done nowadays with 
a one-method specialized apparatus. This results in a variety of apparatus types, which 
complicates unification of procedures and creates technological problems for the 
manufacturers. In connection with all these circumstances, the technique of electrical 
prospecting (ACET) is being developed as an aggregated complex in our country. The 
ACET should provide the basic electrical ground prospecting methods in the frequency 
range of 0 to 10 kHz or in the adequate transient process time range. The ACET of field 
electrical prospecting includes 4 types of generator devices, differing in power, and 7 
types of measuring devices. 

It is proposed to limit the complex of digital measuring devices to 3 types of 
pulse meters in the time domain applied for recording the early, middle and late stages 
of the electromagnetic transient as well as 3 types of frequency domain meters, for low 
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(up to 78 Hz), middle (up to 1250 Hz) and high (up to 10,000 Hz) frequencies. Besides, 
the ACET includes two magnetometers with a high sensitivity magnetometer used for 
recording magnetic fields in pulse and frequency mode. 

The ACET is provided with the capability of packaging the generator, 
measuring devices and auxiliary equipment in the form of three different types of 
electrical prospecting stations mounted on one or two trucks. 

In conclusion, it can be stated that the basis of the engineering reequipment of 
electrical ore prospecting is its reduction to one multiparameter method that in
corporates all the advantages of the methods existing separately at present, with 
hardware in the form of an integrated complex of electrical prospecting equipment 
involving automation on broad lines of the work of collecting, processing, and 
geologically interpreting data. 

The implementation of this task will require greaf effort and the coordination of 
many scientific research and production organizations of the USSR and member 
count ries of the Council for Mutual Economic Aid interested in enhancing the efficacy 
of electrical prospecting. 
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RESUL TS OF INTERPRETING DA T A OBT AINED BY THE 
MISE- A-LA-MASSE METHOD USING ANALOG AND DIGITAL COMPUTERS 

by 

M.V. Semenov and M .M. Avdevich 

Semenov, M.V., & Avdevich , M.M., 1986. Results of interpreting 
data obtained by the mise-a-Ia-masse method using analog and digital 
computers Geologian tutkimuskeskus, Tutkimusraportti 73. 68-72, 
3 figs. 

The efficiency of the mise-a-la-masse method in investigating 
geological structures is markedly enhanced if quantitative interpreta
tion methods are used. The optimal manner of quantitative interpreta
tion is the trial-and-error method, which makes it possible to take into 
consideration the influence of the true geoelectrical conditions in the 
area investigated. It is understandable that the quantitative interpreta
tion should be done by combined use of an analog modelling device 
and the digital computer. The quantitative interpretation of mise-a-la
masse data received for a copper-pyrite deposit is discussed as an 
example . 

Key words: electrical methods, mise-a-masse, automatic data proces
sing, ore bodies, models, USSR 

CeMeHOB M.B., ABLleBI1'! M.M., 1986. HHTepnpeTaUl1l1 llaHHblX 
MeTOlla 3aplllla c I1cnorrb30BaHI1eM aHaITOBOH 11 UI1(jJPOBOH BbIUI1Crrl1-
TerrbHOH TeXHI1KI1. reorrOrl1qeCKI1H ueHTp <f>I1HJlllHlll1l1, PanopT I1ccrre-
1l0BaHI111 73 . 68_72, Hllll. 3. 
CYlllecTBeHHoe nOBWeHl1e reorrOrl1qeCKOH 3(jJ(jJeKTI1BHOCTI1 MeTOlla 
3aplllla 1l0CTI1raeTCll npl1 npOBelleHl111 KOrrl1QeCTBeHHOH I1HTepnpeTa
UI1I1 norrYQaeMbIX npl1 3TOM llaHHbIX. OnTI1MarrbHbIM cnoc060M 
I1HTepnpeTaUl111 lIBrrlleTCll MeTOll n01l60pa, npl1 KOTOPOM QI1CrreHHoe 
peWeHl1e 3allaQ np0l13BOlll1TCll c YQeTOM Brrl1l1Hl1l1 peanbHbIX re03rreK
pl1QeCKI1X ycrrocl1H I1ccrrellyeMoro YQaCTKa. TIPI1 3TOM uerreco06pa3Ho 
KOMnrreKCl1pOBaTb aHanoroBYIO 11 UI1(jJPOBOYIO BbIQI1Crrl1TerrbHYIO Tex
HI1KY. PaCCMoTpeH npl1Mep KOrrl1QeCTBeHHoH I1HTepnpeTaUl111 llaHHbIX 
MeTOlla 3aplllla, norrYQeppbIX Ha OllHOM 113 MellHOKOrrQellaHHbIX Mec
TOpO)l(lleHI1H. 
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Introduction 

The mise- a-Ia-masse method is widely used for the prospecting and exploration 
of highly conductive ore formations. Recently, in connection with considerable advan
ced made in quantitative interpretation techniques, the efficiency of the mise- a-Ia-masse 
method has been considerably increased, particularly when the investigations are made 
over a vast territory (Semenov et al., 1984). A considerable difficulty in enhancing the 
efficiency of the quantitative interpretation of mise- a-Ia-masse data is the complexity of 
the numerical solution of the electric potential problem when it is necessary to take into 
account the effect of the true geoelectrical environment on the potential. 

The best approach to the rapid quantitative interpretation of mise- a-Ia-masse 
data is the trial-and-error method . The essence of the method is as folIows . The 
interpreter constructs the supposed model of the deposit investigated and checks its 
conformity with the natural object by comparing the potentials produced by the model 
and by the natural object. If the potentials do not coincide, he modifies the model and 
repeats the solution until the potentials agree with a given accuracy . It should be noted, 
however, that the agreement of the potentials does not as a rule provide the 
single-valuedness of the solution found; it must be considered as one of the proper 
alternatives. Here the solution is performed with the computer and the conc1usion as to 
the completion of the interpretation is made by the geophysicist-interpreter. 

Usually, in the course of the trial-and-error process, it is necessary to calculate 
the potential anomalies caused by various models with regard to the true geoelectrical 
environment. The computer makes it possible to perform the calculations in some 
particular cases very fast. The modelling on analog computers in three-dimensional or 
two-dimensional cases is more tedious but gives the possibility of obtaining a reliable 
solution also in the case of the true geoelectrical environment. It is thus reasonable to 
perform the quantitative interpretation of the electrical prospecting data by combined 
use of analog and digital computers. As an example of such an approach, a quantitative 
interpretation of mise-a-Ia-masse data obtained-over a cop per-pyrite deposit is described 
in the following (Semenov et al., 1984). 

Interpretation of mise- a-Ia-masse data 

The primary material for the work of interpretation is the geological map and 
sections around the known part of the deposit, and the mise- a-Ia-masse measurement 
data on the grid 100 m x 50 m, obtained in a survey with the groundings in the ore body 
at the depth of 470 m (Fig. 1). The known ore body is a plate dipping at an angle of 45 °. 
The length of the plate is 850 m in the direction of the dip, and 250 m in the direction of 
the strike. The presence of an overburden with a thickness of 1 m and resistivity of 
about 100 Um is possible. The resistivity of the host rock is 680 Um, the resistivity of the 
altered rock zone is ab out 200-300 Um, and the ore bodies are actually equipotential 
conductors. 

The preliminary interpretation was accomplished by modelling on the MUSG-1 
(Avdevich and Phokin, 1978). Fig. 2 illustrates the modelling results for various 
structural types of the deposit. As the strike length of the body is limited, comparison of 
plots obtained by measurement in the field and by two-dimensional modelling is possible 
only on the short central part of the profile (Avdevich, Menshutina and Phokin, 1981). 
The initial model for simulating was a conducting rectangular plate with dimensions of 
800 m x 250 m (Fig. 2a). This model produced the maximum potential value of 64 mV 
(without overburden) and 50 mV (with overburden) relative to the reference electrode. 
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Fig. 1. A schematic geological map of 
the area explored and the mise-a-la
masse potential isotines. 1: tuff-sand
stones, 2: porphyrites, 3: hydro
thermally altered rocks, 4: granites, 5: 
fractures, I - principal, lI-IV -
feathering, projections of mineraliza
tion zone contours on the day surface, 
6: explored, 7: supposed according to 
the interpretation, 8: mise-a-la-masse 
potential isolines (mV / A), 9: the pro
jection of the current source on the day 
surface, 10: the checking borehole, 11: 
section line . 

At the same time, the respective magnitude of the plot obtained in the field is eq ual to 18 
mV. So it is conc1uded that, in the modelling, the size of the body was taken as being 
appreciably smaller than in nature. It is therefore necessary to localize the regions where 
subsidiary mineralization zones may occur. Various types of deposit models with a 
meaningful geological structure were prepared on the basis of available geological 
information analysis. The position of the explored mineralization zone is controlled by 
the subvo1canic porphyritic intrusion tongue sole (Figs. 1 and 3). To the west of the 
fracture 11 (Fig. 1), this intrusion, which is impermeable to ore-bearing solutions, 
spreads in all directions . Geological data suggest that, in the plane of fracture 11, there is 
a "window" filled with ore-hosting, altered and brecciated effusive sedimentary 
deposits, which are permeable to the solutions. Through this "window", ore-bearing 
solutions can rise from the bottom to the top along fracture 11. The intersection of 
fracture I with the bottom of fracture 11 is the assumed mineralizing channel. It was 
supposed that the subsidiary mineralization zone may occur in the plane of fracture 11 
and have a nearly vertical dip down to 1500-2000 m. The upper dipped part of this 
zone represents the known explored body of the deposit with a length of 850 m along the 
dip. 

The correctness of this geological model of the deposit was verified by the 
repeated modelling on the MUSG-l. In this work, many geologically meaningful 
structural versions of the deposit were examined. Some of these solutions are illustrated 
in Figs. 2 band c. 

In the course of the interpretation, it was found that the morphology of the 
body does not allow satisfactory agreement between the potential plots obtained by 
modelling and by field measurements, as the model plot illustrates the branch 
asymmetry that is absent on the field plot. Satisfactory agreement between the plots may 
be obtained provided that the deposit model is supplemented with one more mineraliza
tion zone bedding below the explored part of the ore body and being at the depth 
electrically connected with the supposed main mineralization zone (Figs. 2 d-f). At the 
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Fig. 2. The results of mise-a-la-masse data interpretation by electormodelling on the MUSG-l devide. a-f: 
various versions of deposit texture . Potential plots obtained 1: in the field, 2: on the MUSG-l without the 
oberburden effect, 3: on the MUSG-l with the overburden effect, 4: the zero level in relation to the 
potential of the reference electrode, 5: ore zones, 6: altered rock zones. 

same time it is supposed that the steeply dipping root part of the main ore zone stretches 
to a depth not less than 2 km from the day surface. The depth to the top of the 
subsidiary dipped body is 300-400 m. This body is hosted in the known big zone of 
altered rocks, which lies to the east of the explored part of the deposit and is separated 
from it by the second tongue of unaltered intrusive porphyrites (Fig. 3). 

The conc1usions made as a result of the efficient quantitative interpretation on 
the MUSG-1 were confirmed by modelling on the volume ohmic resistance grid and by 
computer-assisted ca1culations (Semenov et al., 1984). 

On the basis of the interpretation accomplished, projected maps and sections 
reflecting the position of the supposed part of the main ore zone and the new 
mineralization zone in the space have been produced. The projected section along one of 
the exploration lines is shown in Fig. 3. The geological column of the borehole drilled 
for checking the conc1usions made in the foregoing on the basis of the quantitative 
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Fig. 3. The projected geological section of the deposit. 1: porphyritic 
intrusions, 2: hydrothermally alte red effusive sedimentary rocks, 3: the ore 
body assumed according to the quantitative interpreatation of mise-a-la
masse data, 4 : the known ore bodies, 5: the boreholes, a) drilled, 
b) recommended for checking the interpretation results, 6: pyritization in 
the checking borehole, 7: fractures, 8: the inter val with the interbeds of 
massive pyrite ores intersected by the checking borehole. 

interpretation carried out is shown in the same figure. The borehole has revealed the 
predicted lower mineralization horizon under the second porphyritic intrusion tongue at 
a depth of more than 700 m. Amid the zone of altered rocks with rich pyritization at a 
depth of 733-791 m, the borehole has intersected the massive pyrite ore interbeds up to 
3 m thick. Actually, the position of the predicted zone has been fully confirmed. 
According to the calculations, the upper and the lower ore zones must be connected at 
the depth behind the section plane shown in Fig. 3. 

Conclusion 

It should be noted that the high reliability in the quantitative interpretation of 
mise- a-la-masse data became possible thanks to the fact that the interpretation was 
performed in elose connection with the geolocial studies of the structure of the deposit. 
The potential calculation has been made only for geologically meaningful deposit models 
produced on the basis of detailed studies of the geological structure and taking into 
account the effect of true geoelectrical heterogeneity on the measured potential. 
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ments in Vaaralampi- Niittylampi, Ranua . Geologian tutkimuskes
kus, Tutkimusraportti 73. 73-84, 10 figs, one table. 

Outokumpu Oy and Lapin Malmi (1982-) have been search
ing for an economic ore deposit in the Suhanko-Pekkala area in 
northern Finland al ready for almost twenty-five years. 

The present paper deals with some of the geophysical electrical 
methods, their results and the interpretations applied in connection 
with these exploration activities. Many of the survey methods, such as 
Sirotem and borehole EM logging, were used as test surveys but not in 
the following-up studies. 

The application of several electrical methods has resulted in a 
reliable structural interpretation of the layered intrusion and the 
pyrrhotite orebodies. 

Key words: electrical methods, electromagnetic methods, copper ores, 
nickel ores, pyrrhotite, ore bodies, layered intrusions, Proterozoic, 
Finland, Ranua, Vaaralampi, Niittylampi 

PeKona, T., 1986. Pe3ynbTaTbI :meKTpHLleCKHX H 3neKTpOMarHHTblX 
H3MepeHHii B paiioHe BaapanaMnH-HHHTTlOnaMnH, PaHya. reonorH4-
eCKHii ueHTp <l>HHnHHL\HH, PanopT HCCneL\OBaHHH 73. 73-84, ML\L\. 

10. 
A/ O OYToKYMny H llanHH ManMH (1982- ) npOBOL\HT pa3BeL\KY 
MeCTOpO)KL\eHHii 3KOHOMHLIeCKHX PYL\ B paiioHe CyxaHbKo-TIeKKana B 
ceBepHoii <l>HHnHHL\HH nOlJTH 25 neT. 
B CTaTbe paCCMaTpHBalOTCH HeKOTopble reo(jJH3H4ecKHe 3neKTpH4-
eCKHe MeTOL\bl, HX pe3ynbTaTbI H HHTepnpeTaUHH npHMeHHeMble npH 
pa3BeL\Ke. MHofHe pa3BeL\OlJHbie MeTOL\bl, KaK HanpHMep CHpoTeM H 
CKa)KHHblii 3neKTpoMarHHTblii KapOTa)K, Hcnonb30BanHcb B KalJeCTBe 
KOHTponbHoro HcnbITaHHH HO He npH pa3BeL\Ke. 
)l.ocTaBepHoe TonKoBaHHe TeKCTYP paccnoeHHblX HHTPY3Hii H nHp
POTHHOBblX PYL\HbIX Ten HBnHeTCH pe3ynbTaToM npHMeHeHHH 3neKT
pH4ecKHX MeTOL\OB. 
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Introduction 

Since the 1960s Outokumpu Oy has been searching for an economic ore deposit 
in the Suhanko-Pekkala area, some 40 km south of Rovaniemi (Fig. 1). Geologically, 
the area is part of the Peräpohja schist zone, in which there are occurrences of massive 
pyrrhotite, often with some cop per and nickel, in the contact of layered intrusions with 
the old gneissose granite basement. Studies undertaken recently have also revealed 
metals of the platinum group in the layered intrusions. The largest of the pyrrhotite 
occurrences is called Vaaralampi-Niittylampi. 

-,--- -\------\---\------11 66° 

Figure 1. Location of Vaaralampi-Niittylampi 
projecL 

Geology 

The survey area can be devided geologically into two units in terms of age and 
lithology, Fig. 2 (Vuorelainen et al. 1982). The older unit consists of Archean granitoids 
that have undergone polyphase metamorphism. North of them there are younger 
Proterozoic Svecokarelian metasediments and metavolcanics. The whole pile of schists 
dips north at 30°- 50° . Layered intrusions are encountered between the schists and the 
basement over a distance of 270 km from Tornio on the Swedish border eastwards to 
Näränkävaara on the Soviet border . Associated with these rocks are the chromite and 
PGE deposits at Kemi and Penikat, the vanadium-bearing iron occurrences at Koillis
maa and the sulphide and PGE occurrences in the Suhanko-Pekkala area as well as in 
the various blocks of the layered intrusions at Koillismaa. Stratigraphically, the sulphide 



Fig. 2. Location of the layered 
mafie intrusions in northern Fin
land . (Vuorelainen et al. 1982) 

75 

LEGEND o 
~ SVECOKARELIAN GRANITOIDS 

, 

Q SVECOKARELIAN METASEDIMENTS AND 

• LAYERED MAFIC INTRUSIONS 

D ARCHEAN BASEMENT CO MPLE X 

occurrences are usually at the contact between the Iayered intrusions and the basement 
whereas the PGE showings are encountered in both the layered intrusions and the 
underlying basement (Lahtinen 1983). 

Geology of the Vaaralampi-Niittylampi area 

The plough-shaped intrusion at Suhanko, some 20 km2 in surface area, is the 
largest of the layered intrusions in the study area (Reino 1978). The Vaaralampi and 
Niittylampi Cu-Ni mineralizations are located in the southeastern corner of this 
intrusion (Fig. 3). 

A section A-A' (Fig. 3) drawn across the southeastern part of the intrusion on 
the basis of drilling data shows a basin-like structure in which the layers dip at 20 0 -300 

near the surface. The basin plunges towards northwest (section B-B' , Fig . 3) and, 
provided the wh oie intrusion plunges at the same angle, it can be assumed to be c. 1 km 
at its thickest, as suggested by gravity and AMT surveys. 

The layered intrusion is composed mainly of monotonous gabbro . Ultramafic 
rocks, predominantly peridotites, occur at the base of the intrusion, in the contact with 
the gneissose granite of the basement. 

Electrical and electromagnetic measurements 

Geophysics played a decisive role in studies on the ores in the Suhanko layered 
intrusion. The area is very poorly exposed and the depth of the overburden varies from 5 
to 10 m. The absence of graphite schists and black schists facilitates the application of 
eIectrical methods and the interpretation of results. 

The area was submitted to a low-altitude airborne survey in 1974 using a 
protone magnetometer and a wingtip Slingram. This survey provided a big boost to 
exploration, and numerous aeroelectrical anomalies, all of which were due to the 
pyrrhotite chalcopyrite occurrences, were localized and tested on the ground. 

The ground Slingram survey was followed by mise-a-Ia-masse measurements, 
SIROTEM measurements, AMT, resistivity and VLF-R surveys and, finally, borehole 
EM measurements. The measurements contributed decisively to establishment of the 
structure of the mineralizations and the layered intrusions. 

The apparent resistivity was determined in situ in the drill holes in the area by 
means of the 4-electrode system/ RROM-2 of Rautaruukki Oy to test the viability of the 
various electrical methods and to interpret the results. Table I. gives the average 
apparent resistivities for various rock types. 

The measuring data show that the rock types differ from each other in apparent 
resistivity by 1-2 orders of magnitude for the pyrrhotite mineralization, being up to 
Qa - 1O-2 0m. 
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Figure 3. The geology of the study area. (lahtinen 1983) 
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Table I. The average apparent resistivities of rocks in the Vaaralampi-Niittylampi area 

Rock Type 

Archaean complex 
Gabbroic rocks 
Ultramafic rocks 
Massive pyrrhotite orebody 

Slingram surveys 

100000 
40 000-400 000 

100-4000 
4-10- 3 

The whole contact of the layered intrusion with the gneissose granite basement 
at Vaaralampi-Niittylampi was covered with a Slingram survey with a = 60 m and 
f = 1 775 Hz. The objective of the survey was to localize the outcropping pyrrhotite 
orebodies covered by overburden. 

Figure 4 illustrates the plane interpretation of the survey data based on 
small-scale modelling (Ketola & Puranen 1967). Also marked in the figure is the inferred 
pyrrhotite orebody projected to the surface. 

The Slingram survey localized the outcrop of the sulphide orebody covered by 
overburden in the eastern part of the area and part of its southern contact within the 
limits of the depth penetration of the method. Figure 4 also gives the conductors 
classified according to the conductivity parameter W = (Jf-tW ad deduced from inter
pretation. The bulk of the sulphide orebody is classified as a good conductor: W > 10. 
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Fig. 4. Plane interpretation 
of the Slingram survey. 

Mise- a-Ia-masse measurements 
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~ G. 
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Early drilling at Vaaralampi demonstrated that the pyrrhotite orebody was 
highly conductive «(Ja ~ 1 Um). It was therefore decided to undertake a mise-a-Ia-masse 
survey with the aim of establishing the possible west ward continuation of the sulphide 
orebody. 
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Fig. 5. The results of the mise-a-la-masse measurements. 

A current of 1 ampere was fed into drill hole YP-II0, which had intercepted the 
sulphide orebody at a depth of ab out 160 m, and the distribution of the voltage was 
measured on the surface and drill holes. Figure 5 illustrates the result of the 
measurement and shows the inferred sulphide mineralization projected onto the surface. 

The distribution of the voltage measured on the ground and in drill holes 
suggests that the sulphide orebody continues westwards . Resistivity, AMT and VLF-R 
measurements were done in the western part of the area to verify the continuation. 

Recent survey data suggest that the western end of the area is composed of 
several pyrrhotite orebodies . 

Resistivity, AMT and VLF -R measurements 

Resistivity, AMT and VLF-R measurements were undertaken on the Suhanko 
intrusion in 1978-1984. The measurements were done by the Institute of Geophysics of 
Oulu University and Outokumpu Exploration. 

The aim of the measurements was to establish the structure of the whole 
intrusion and to localize the western extensions of the sulphide orebody at Vaaralampi. 

The AMT survey was done with French ECA-541 equipment, and so far 320 
stations have been surveyed. The same lines were also surveyed with VLF-R equipment, 
and some of them have been resistivity surveyed with the Schlumberger electrode array. 

Figures 6 and 7 show the survey results and the interpretations from line 
y = 61.700 in the western part of Vaaralampi, supplemented with the geology verified 
by drilling . 
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Fig. 6. AMT and resistivity interpretation and the geology of section y = 61 .70 at Vaaralampi . 
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Fig. 7. VLF-R measurement and geology of section y = 61.70 at Vaaralampi. 

Interpretation of the AMT data based on the layered earth model (Lakanen 
1975) indicated a subhorizontal pyrrhotite orebody in the contact of the layered 
intrusion with the granite gneiss basement at a depth of about 600 m. After the 
measurements, the interpretation was verified with drill hole YP-128, but the inter
pretation was hampered by the finite width of the sulphide plate (c. 1 000 m) . 

The resistivity survey, whose data were also interpreted with the layered earth 
model (Lakanen 1975), indicated a good conductor, c. 300 m . wide, at a depth of about 
200 m. The finding has not been tested by drilling. Holes YP-121, 122 and 123 were 
drilled before the survey. 

VLR-R soundig with a JXZ (f = 16.4 kHz) transmitter station indicated the 
contact between the layered intrusion and the gneissose granite basement and the same 
conductor within the intrusion as did the resistivity survey, Fig. 7. 

In conclusion, the resistivity, AMT and VLF-R soundings enabled the layered 
intrusion to be delineated and provided a reliable concept of its electrical structure from 
the surface to its base. 

Sirotem measurements 

In 1980-1982 Suomen Malmi üy tested electromagnetic transient methods on 
the pyrrhotite orebody at Vaaralampi using Sirotem, PEM and borehole PEM units. 
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Fig. 8. The Sirotem measurement at Vaaralampi, its interpretation and geology along profile y = 62.500. 

The Si rotem measurements were performed along four lines with Australian 
Si rotem transient EM equipment using 100 x 100 m and 200 X 200 m transmitter-receiver 
loops. 

The survey results of line Y = 62.500 are shown in Fig. 8 as a stack of profiles 
of 32 channels, with the interpretation and geology verified by five drill holes. The 
measuring data were interpreted with a layered earth model (Lakanen 1985). 

The sub horizontal pyrrhotite orebody at a depth of about 70 m is indicated 
nicely by the Si rotem survey. The interpretation with the layered earth model is 
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compatible with the structure verified by drilling, and the apparent resistivity given by 
the interpretation, Qa - 0.1 - 1 üm, is consistent with the petrophysical determinati
ons. The interpretation is somewhat hampered by the finite width of the conductor and 
the vertical attitude of its southern end. The possible extension of the pyrrhotite slab 
towards north at greater depth has not been established. 

Electromagnetic 3-component borehole soundings 

In 1982 Boliden Mineral AB undertook test soundings at Niittylampi with the 
electromagnetic 3-component borehole equipment they had developed (Piippola 1983). 
The equipment featured a 500 x 500 m transmitting loop laid on the ground (Fig. 9) and 
a receiver that measured the amplitude and phase of the three mutually perpendicular 
components of the magnetic field on the ground and in the drill holes. The transmitting 
current was I = 3.8 A and its frequency f = 2 000 Hz. 

AB. 
The sounding data were processed and interpreted in Sweden by Boliden Mineral 
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Fig. 9. The sounding arrangement. 

Figure 10 depicts the survey data on drilling profile K = 7.850, showing the 
variation in the secondary field on horizontal and vertical sections. In the calculation of 
the primary field the resistivity of the environments was assumed to be Q = 15 000 üm. 

The survey data indicate that the orebody dips 25°-40° to southwest and that 
its upper edge is very near drill hole YP-1l7. Consequently, the depth to the upper 
surface is about 40 m, in accordance with the depth interpreted from the ground 
Slingram measurements (Ketola 1982). The anomaly in the upper part of drill hole 
YP-127 is due to the ultramafic rocks, whose resistivity is markedly lower than that of 
the gabbros in the layered intrusion. Unfortunately, the bottom part of the drill hole was 
blocked and it was not possible to established whether the pyrrhotite orebody extends 
downwards here. 

Summary 

This paper describes briefly some of the geophysical electrical methods and the 
results obtained from them, which Outokumpu Oy, and recently Lapin Malmi (1982-), 
have applied in the search for an economical ore deposit in the Vaaralampi-Niittylampi 
area. 
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Fig. 10. Variations of the secondary field in drill holes YP-117-125-127 and on the profile K=7.850. 
Horizontal and vertical projection. 

The surveys have contributed to establishment of the electrical structure of the 
layered intrusion and allowed the delineation of the pyrrhotite orebodies at Vaaralampi 
and Niittylampi. 

The pyrrhotite orebodies represent as to useage of geophysical electrical methods 
in one way an ideal case - very good conductors in the resistive surroundings. 

Unfortunately, at the current prices of copper and nickel the orebodies are 
subeconomic; Cu + Ni =::: 0.5 070 . 
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PECULIARITIES OF APPL YING THE IP METHOD WHEN SOL VING 
CERT AIN GEOLOGICAL PROBLEMS INVOL VED IN ORE ' PROSPECTING IN 

THE KARELIA-KOLA REGION 

by 

H.N. Mikhailov, G.P. Vargin and S.N. Shereshevsky 

Mikhailov, H.N., Vargin, G.P. & Shereshevsky, S.N., 1986. 
Peculiarities of applying the IP method when solving certain geolog
ical problems involved in ore prospecting in the Karelia-Kola region 
Geologian tutkimuskeskus, Tutkimusraportti 73. 85-90, 3 figs. 

The experience acquired during the field application of the IP 
technique indicates that one of the most effective means of de
termining the target mineralization in the Karelia-Kola region is a 
complex analysis of induction and polarization effects in a wide time 
range . 

In a complex geological setting, it is advisable, and from the 
physical point of view logical , to approximate measured time respon
ses with the sum of the exponential functions with various time 
constants (r;) and to represent the results as spectra where the 
amplitude values (K j) characterize the contribution of the exponential 
signals with the time constants (7) . 

Key words: electrical methods , induced polarization , metal ores, 
ultramafics, metasedimentary rocks, Precambrian, USSR, Karelia, 
Kola Peninsula 

MHXaHnOB, r.H. ,BaprHH, r .TI ., llIepellIeBcKHH, C.H . , 1986. Oc06eH
HOCTH npHMeHeHHlI MeTOna BTI npH peweHHH HeKOTopblX reOnOrHlJ
eCKHX 3analJ, CB1I3aHHblX c nOHCKaMH pynHblX MeCTOpO)\(neHHtI B 
Kapeno-KonbcKoM perHOHe. reOnOrHlJeCKHtI ueHTp <I>HHnllHnHH , 
PanopT HccnenOBaHHlI 73. 85- 90. I1nn. 3. 

HaKonneHHbltl onblT npaKTHlJeCKOrO npHMeHeHHlI BTI 
CBHneTenbCTBYeT, lJTO onHHM H3 J<p<peKTHBHbIX cpenCTB BblllBneHHlI B 
Kapeno-KonbcKoM perHOHe HCKoMoro opyneHeHHlI lIBnlleTCli KOMn
neKcHoe H3YlJeHHe HHnYKUHoHHblX H nonllpH3aUH OHHblX J<p<peKToB B 
WHPOKOM BpeMeHHoM nHana30He. 

B CnO)\(HO-nOCTpoeHHbIX reOnOrHlJeCKHX cpena3 npenCTaBnll
eTCli ueneco06pa3HblM H <pH3HlJeCKH 060CHoBaHHblM annpoK
CHMHpoBaTb H3MeplieMble BpeMeHHble xapaKTepHCTHKH CYMMOtl 
JKCnOHeHT C pa3nHlJHblMH nOCTollHHblMH BpeMeHH H H306pa)\(aTb 
pe3ynbTaTbl H3MepeHHtI B BHne cneKTpoB, B KOTOPblX aMnnHTynHble 
3HalJeHHlI (Kaii) xapaKTepH3YlOT BecoBotl BKnan B H3MeplieMbltl 
J<p<peKT JKCnOHeHUHanbHoro CHrHana C KOHKPeTHOtl nOCToliHHotl 
BpeMeHH. 
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The peculiarities of applying the IP method in ore prospecting in the Karelia
Kola region are due to the specific geoelectrical structure of the region and, especially, to 
the indistinct differentiation of the rocks and ores according to their electrical 
properties. Overlapping of the resistivity range is observed in different lithological 
formations. The resistivity of the sedimentary-tuffaceous complexes is usually 
4,000-6,000 üm, and the resistivity of the basic metaeffusive rocks in 6,000-10,000 
üm. The phyllites and graphite-rich zones or zones containing disseminated impregnati
ons of sulphide (pyrite, pyrrhotite) are characterized by low resistivity (tens and 
hundreds of üm). The resistivity of the gneisses and gneiss-granites is mostly 10,000 üm 
and more. The resistivity of the ores is some tenths of üm, while in impregnated ores it 
amounts to some tens of üm. The morainal sediments, together with the weathering 
crust, are taken separately as a horizon with a resistivity of several hundred üm. 

The ultrabasic rock chargeability varies in the limits of 0.5-90 0,10, depending 
on the quantity of ore minerals (magnetite, sulphies) and their structure and textural 
peculiarities, which are largely conditioned by the depth of the secondary alterations 
(serpentinization, chloritization, carbonatization). Most of the sedimentary-volcanogenic 
formations are characterized by low values of chargeability (up to 2-3 0,10). Phyllites 
with achargeability value of 30-80 0,10 are an exception. The chargeability of the 
gneisses and gneiss-granites is 1-2 0,10. It should be pointed out that a high level of 
chargeability (up to 90 0,10) is typical of the zones of graphitization and disseminated 
sulphide mineralization discriminated amidst volcanogenic-sedimentary complexes as 
well as in gneis ses and granite-gneisses. 

The observed overlapping of the resistivity and chargeability ranges of the rocks 
and ores in many cases makes it difficult to carry out electrical prospecting. The 
peculiarities of applying the IP technique in the Karelia-Kola region are influenced by 
the high level of industrial noise and interfering geological factors, such as disseminated 
sulphide (pyrite, pyrrhotite) mineralization and impregnated magnetite in the basites and 
(especially serpentinized) ultrabasites, the quartz-carbonate veinlets of crush zones, the 
metadiabases, graphitized rocks, chungite-clay shales, etc. The standard IP technique, as 
based on a prolonged passage of current through the section and a measurement of the 
IP secondary field in 0.5 s after the cutoff of current, may be successfully used only in 
certain regions where the target cop per-nickel ores occur amidst plagiogneisses and 
barren gabbro-norites with high resistivity. Application of the IP technique at the 
preliminary stage of detailed prospecting must be followed up by a comprehensive 
analysis of the electrical properties of the rock and ore, by check extration and drilling 
with subsequent prompt and critical evaluation of the results obtained and necessary 
correction of the measuring technique. 

The experience acquired during the field application of the IP technique 
indicates that one of the most effective means of locating target mineralizations in the 
Karelia-Kola region is the comprehensive study of induction and polarization effects in a 
wide time range. The following parameters are involved he re in interpretation: the 
electromagnetic transient parameter, determined by the early stage of the transient; the 
rate of IP transient changing in time, determined as the ratio of chargeability measured 
in the early and late stages; also the more complex parameters involving a correlation 
between chargeability and rock and ore magnetic properties, and between chargeability 
and electrical conduction . 

Fig. 1 illustrates the results of IP measuring along the profile over pyrite-pyrr
hotite massive and densely impregnated ores occurring at depths of 150-200 m and 
confined to the outlier of volcanogenic-sedimentary rocks amidst ultramafites. In the IP 
field (apparent chargeability) 'Y/a and apparent resistivity Qa diagrams plotted on the basis 
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of gradient array data, one can distinguish broad chargeability anomalies which possess 
an intensity up to 10 070 and reduced resistivity and are confined to the ultrabasic rock 
massif. Located by sharp 1Ja and Qa gradients are the contacts of the massif with the 
effusive-sedimentary rock sequence; representation of the orebody on the plots is, 
however, ambiguous. The apparatus employed enable the variations of 1Ja and Qa in time 
to be traced. As a result, criteria were devised for locating the target mineralization in 
the conditions of a high chargeability background and low resistivity of country rocks. 

Induction, as one of these criteria, enables the orebody epicentre to be spotted 
by a pronounced negative anomaly in electromagnetic transient parameter o. 

Classifying the anomalies as "ore" or "barren" in nature is done according to 
the plots of quantity 1/, the derivative of the IP field with respect to the time logarithm 
("the differential chargeability"). 

The normalized 1/ in Fig. 2 either display a c1ear maximum at 0.5 s, which 
corresponds to ultrabasic rocks with disseminated sulphide impregnations (diagram 1), 
or fail to reach this maximum through the measurement range (up to 3 s), which 
corresponds to the effect over sulphide streaky-impregnated ores (diagram 2). Over 
effusive-sedimentary rocks (diagram 3), the IP-field derivative represents a curve 
regularly dropping down throughout the measurement range. 

To construct the geoelectrical sections defining the distribution of the inter
pretation parameters with depth, use was made of a one-electrode sounding array, the 
effective current electrode being moved over the observation profile with a regular 
spacing. The construction of the sections is computer-assisted. 

In dealing with a complex geological setting, it is advisable, and from the 
physical point of view logical, to approximate the measured time responses by the sum 
of exponential functions with various time constants Ti and to represent the results as 
spectra, where the amplitude values Ki characterize the contribution of the exponential 
signals with the specific time constants Ti to the measured effect. As to the low-contrast 
media of the Karelia-Kola region, it turned out to be more practical to perform spectral 
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expansion of the second derivative of th IP field with respect to time logarithm U", the 
derivative being measured using the apparatus designed by NPO "Rudgeofizika" with 
current pulses following the proper mode. 

The expansion approximating U" is: 

00 t t t 
U"(t) = Uoo . 1/"(t) = U oo . E Ki - (1 - - ) exp (- - ), 

i = 1 Ti Ti Ti 

where U 00 is the amplitude of IP in steady-state, t the sampling time, and 1/" the second 
rate of chargeability with respect to the logarithm of time. Ki is defined by the ratio of 
the current charging the equivalent capacitor Ci to the current across the resistance R. 
The greater the influence of the IP processes, the stronger is the effect of the charging 
current and the higher the value of Ki . 

Let us take one of the field examples indicating that the spectral expansion of 1/" 
(t) may be of use when determining the ore-content degree of mineralized zones. The 
copper-nickel mineralization in the prospecting area comprises the ore impregnations in 
the hanging wall of the ultrabasic rock massif occurring in the tuffaceous-sedimentary 
formations within the pay sequence of the ore field. Along with the ultrabasic rock 
intrusions, the gabbro-diabase intrusive bodies are also taken into account. Intrusions 
and tuffaceous-sedimentary formations holding them crop out from under till deposits 
and plunge at an angle of 30-50°. The ore bodies differ only sligthly in their 
conductivity from the host rocks and, therefore, they cannot be located by anomalies 
when applying mise-a-la-masse or resistivity methods. The study of chargeability, when 
based upon the standard procedure, fails to produce a good result, since ultrabasic and 
tUffaceous-sedimentary rocks cause the increased chargability background, which is 
often commensurable with the IP-field anomalous values over the target mineralization 
zones. 

Fig. 3 illustrates the amplitude values Ki of spectra for the curves 1/" (t) 
measured at the site along a profile with the three-electrode (AMN) array 
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Fig. 3. The results of IP technique operations with the time response 
measurement. a) 71. (heavy line) and Q. (dotted line) diagrams with the 
gradient array; b) spectra for time constant values in the regions: 
T= 1-10 s (dots), T= 10-100 s (dotted ine), T= 100-1,000 s (heavy 
line) of approximation functions for the second derivation of the 
IP-field with respect to the time logarithm; c) schematic geological 
section. 1: gabbro-diabases, 2: phyllites, 3: serpentinites, 4: peridotites, 
5: ore mineralization, 6: tectonic faults. 

(AM MN = 20 m). The time constant values T vary in the ranges 1-10 s, 10-100 s 
and 100-1000 s. Given for comparison are Qa and TJa diagrams measured with the 
gradient array (AB = 700 m, MN = 30 m, current I = 0.3 A). Analysis of the data 
obtained shows that the mineralized zones differ in the range of the spectrum in which 
time constant values T = 100-1,000 s (K j = 0.6-0.8) prevail. In this range of T values, 
no polarization effect over the gabbro-diabases is observed. The ultrabasic rocks are 
characterized by the spectrum in the range where the contribution of polarization effects 
with T = 10-100 s prevails over that of the polarization effects with other T values, the 
amplitude Kj not exceeding 0.2. For tuffaceous-sedimentary rocks, T = 10 s (K j = 0.3) 
is most typical. 

Thus, the measurement of time dependencies of the second logarithmic time 
derivative of chargeability enable one to sort out the low-contrast IP anomalies caused 
by the variation in the ore grade. The spectral expansion of the measured responses of 
the IP-field makes it possible to determine with sufficient accuracy, from the practical 
point of view, the contribution of the processes with various time constants to the total 
polarization effect. This approach can be successfully used to solve prospecting and 
exploration problems in the Karelia-Kola region. 

The variety of geological environments in wh ich ore prospects occur demands a 
skillful approach in choosing the IP procedure to be applied. 



90 

References 

Komarov V.A. IP electrical prospecting. Leningrad, Nedra, 1981. 391 p . (3J1eKTpOpa3Be.!lKa MeT01WM 
Bbl3BaHHoß nOJlSlpH3alllUi). 

Chernysh V.J., Shereshevsky S.N., Semenov A.A. EVIP-601 apparatus model for pulse electrical 
prospecting. - Geophysical instruments (reo<pH3H'IeCKaSi annapaTypa), No . 70, 1979, 40-45. 
(MaKeT annapaTYPbl 3BI1TI-601 .!lJlSl pa60T MeTOAaMH HMnYJlbCHaHoß :meKTpopa3BeAKH). 

Shereshevsky S.N., Litmanovich J.L. The interpretation of IP technique measurements using spectrum 
expansion of time responses. - In: Methods of exploration geophysics. Ground versions of 
pulse-field electrical prospecting when searching fo r ore deposits . Leningrad, NPO 
" Rudgeofizika", 1983, 3-11. (I1HTepnpeTallHSI pa60T MeTOAOM BTI c HCnOJlb30BaHHeM 
cneKTpaJJbHoro pa3J10)l(eHHSI BpeMeHHblX xapaKTepHcTHK. _ B KH .: MeTOAbl pa3BeAO'lHoß 
reo<pH3HKH . Ha3eMHble BapHaHTbl :meKTpOpa3Be.!lKH HcnYJlbCHBHblMH nOJlSlMH npH nOHCKax 
pa3HblX MeCTOpO)l(.!leHHß) . HTIO "PY.!lreo<pH3HKa") . 



T ätä julkaisua myy 

~ 
VALTION 

PA I NATUSK ESKUS 
POSTIMYYNTI 

Pl516 
00101 Helsinki 

Puh. (90) 5660266 
Vaihde (90) 56601 

Teleksi 123458 vapk sf 

KIRJAKAUPAT HElSINGISSÄ 
Annankatu 44 

(Et. Rautatiekadun kulma) 
Vaihde (90) 1734396 

Eteläesplanadi 4 
Puh. (90) 662801 

This publicatian is 
available fram 

~ 
GOVERNMENT 

PRINTING CENT RE 
MAll ORDERS 

P.O.B.516 
SF-00101 Helsinki Finland 

Phone internat. 
+ 358056601 

Telex 123458 vapk sf 

BOOKSHOPS IN HElSINKI 
Annankatu 44 

Phone (90) 1734396 

Eteläesplanadi 4 
Phone (90) 662801 

ISBN 951-690-215-4 
ISSN 0781-4240 


	COVER PAGE
	TITLE PAGE
	ELECTRICAL PROSPECTING FOR ORE DEPOSITS IN THE BALTIC SHIELD
	CONTENTS
	PREFACE
	Theory and modelling
	CONSTRUCTION OF GEOELECTRICAL MODELS FOR COPPER-NICKEL DEPOSITS OF THE KOLA-KARELIAN REGION
	References

	NUMERICAL CALCULATION OF MISE-Á-LA-MASSE MODEL ANOMALIES BY USING THE INTEGRAL EQUATION TECHNIQUE
	Introduction
	Fredholm's integral equation of the 2nd kind
	Fredholm's integral equation of the 1st kind

	Discussion
	References

	THEORETICAL BASIS FOR ANALOG MODELLING OF POTENTIAL ELECTRIC FIELDS
	REFERENCES

	COMPARISON OF VARIOUS MODELLING METHODS IN ELECTRICAL PROSPECTING BY CONSIDERING AN EXAMPLE OF A LONG, PERFECTLY CONDUCTING BODY IN THE FIELD OF A POINT CURRENT SOURCE
	Introduction
	Previous comparisons
	Comparison of modelling results for long horizontal bodies
	Conclusions
	References

	POSSIBILITIES OF ANALOG AND DIGITAL COMPUTERS USED FOR THE INTERPRETATION OF VERTICAL ELECTRICAL SOUNDING DATA FOR ORE DEPOSIT AREAS HAVING A COMPLEX GEOLOGICAL STRUCTURE
	References

	THE BEHAVIOUR OF APPARENT IP SPECTRA OF MODELS WITH THE RESISTIVITIES OBEYING THE COLE-COLE DISPERSION MODEL
	Introduction
	Cole-Cole dispersion model
	One polarizable body in an unpolarizable half-space
	One polarizable body in polarizable half-space
	Several polarizable bodies
	Summary
	References

	Galvanic methods and equipments
	REVIEW OF THE LATEST GALVANIC METHODS AND EQUIPMENT USED IN FINLAND
	Introduction
	Methods
	Self-potential (SP)
	Resistivity
	Induced polarization (IP)
	Charged potential (CP)

	Acknowledgements
	References

	A REVIEW OF THE PRESENT ST ATE OF THE TECHNIQUE AND INSTRUMENTATION OF CALVANIC EXPLORATION METHODS IN THEUSSR
	Introduction
	The galvanic methods
	Summary
	References

	Interpretation of galvanic data
	RESULTS OF INTERPRETING DATA OBTAINED BY THE MISE- Á-LA-MASSE METHOD USING ANALOG AND DIGITAL COMPUTERS
	Introduction
	Interpretation of mise- á-Ia-masse data
	Conclusion
	References

	RESULTS OF ELECTRICAL AND ELECTROMAGNETIC MEASUREMENTS IN VAARALAMPI-NIITTYLAMPI, RANUA
	Introduction
	Geology
	Geology of the Vaaralampi-Niittylampi area
	Electrical and electromagnetic measurements
	Slingram surveys
	Mise- á-Ia-masse measurements
	Resistivity, AMT and VLF -R measurements

	Sirotem measurements
	Electromagnetic 3-component borehole soundings
	Summary
	Acknowledgements
	References

	PECULIARITIES OF APPLYING THE IP METHOD WHEN SOLVING CERTAIN GEOLOGICAL PROBLEMS INVOLVED IN ORE PROSPECTING IN THE KARELIA-KOLA REGION
	References

	BACK COVER

