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INTERPRETATION OF GRAVITY AND MAGNETIC ANOMALIES
IN AREAS OF COMPLICATED TECTONICS (THE VELENCE HILLS)

Anna PINTER*

The Velence hills are surrounded by a plain covered by young Neogene (Pannonian) forma-
tions. The limited number of borehole data give insufficient information for a detailed knowledge
of the deep structure. The paper presents experiments to delineate the most important deep
structural elements, starting out from different versions of gravity and magnetic maps. A sketch map
is given summarizing the results which is thought to be useful for further geophysical and drilling
research. The methodological considerations concerning the gravity and magnetic methods could
also be useful in interpreting the gravity and magnetic anomalies of similarly covered regions.

d: gravity interpretation, magnetic interpretation, filtering, analytical downward continuation, Velence
hills (Hungary)

1. Introduction

11 Geological outline**

The Velence granite hills are situated at the centre of a region of about
1500 km2, between Budapest and Lake Balaton. The Velence hills are strongly
eroded, weathered, emerge from their surroundings by some 100 m only; from
the W-NW they are bordered by the mainly Mesozoic—Carboniferous Ba-
kony and Vértes Mts. and by the Buda hills (eastern part of the Transdanubian
Central Range) (Fig. 1). The Velence hills—Balatonf6 region belongs to the
SE flank of the Transdanubian Central Range, the region is divided into two
geologically different parts by the structural zone across Polgardi and Velence
Lake. In the northern part the basement of the thick upper Permian-Mesozoic
group of formations consists of Palaeozoic rocks, these appear on the surface
and mainly under Neogene sediments. The formations embedded in the intricate
nappe structures contain the most complete Palaeozoic series of the Transdanu-
bian Central Range:

Ordovician quartz phyllite;

Silurian schist, foliated siltstone, foliated sandstone, lydite,
metamorphized acidic volcanites;

Devonian schist, foliated siltstone, crystalline limestone, diabase;

Lower Carboniferous limestone, schist, foliated sandstone;
Upper Carboniferous sandstone, conglomerate.

* E6tvos Loradnd Geophysical Institute of Hungary. POB 35. Budapest, H— 1440

** The geological outline was written by 1. Horvéath of the Hungarian Geological Survey, POB 106. Budapest,
H—1442

Manuscript received: 8.7.1983
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o 10 20 km

Fig. 1 Study site and the surrounding area
1- Mesozoic carbonate rocks on the surface; 2 — different Palaeozoic metamorphic rocks on
the surface; 3  granite on the surface; 4  the Velence hills study site
l. abra. A kutatasi tertilet és tdgabb kornyezete
1 mezozoos karbonatos kézetek a felszinen; 2 — kiilonbdz6 paleozoos metamorf kzetek
a felszinen; 3 - granit a felszinen; 4  a Velencei-hegységi kutatasi teriilet

Puc. |. PaiioH McCnefoBaHNs U LIMPOKass OKPYXKHOCTb €ro
1 Me3030iicKMe KapGOHaTHbIE NOPO/bl BbIXOAAT Ha JHEBHYIO MOBEPXHOCTb; 2 — PasNnuHble
naneosoiickue Nnopofabl BbIXOAST HA MOBEPXHOCTb; 3 - TPAHWT Ha NOBEPXHOCTW; 4  paiioH
nccnefoBaHns B ropax BeneHue

The Ordovician—Ilower Carboniferous formations evidently underwent
epi- and anchimetamorphism. The upper Carboniferous formations of local
extension are not metamorphic, the upper Carboniferous granite of the Velence
hills, intruded into the Silurian—Devonian formations, has a postkinematic
character. At the north-western part of the region the upper Permian red
sandstone and the Triassic carbonate formation overlie the Palaeozoic rocks

with angular unconformity.
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South of the Polgéardi—Velence Lake line the oldest known formation is
the lower Permian (?) quartz diorite found in a drilling. The upper Permian
consists of predominantly lagunary—marine carbonate evaporitic forma-
tions, the Triassic consists of a carbonate formation of the Buda hills type.

In the northern part of the region, east and northwards from the Velence
hills there appear upper Eocene sediments and andesitic volcanic formations,
as well as Oligocéne sediments. At the western side, southwards to Urhida we
also see andesitic tuff embeddings in the Eocene sedimentary series. In the
southern part of the region Eocene andesitic subvolcanic bodies appear in the
upper Permian—Triassic formations. Older Neogene rocks occur only in the
north-western (Vérpalota—Csoér) and southern (Ta&c—Borgond) part of the
region. In the middle zone of the territory the Pannonian layers directly overlie
the Palaeogene or older formation.

I. 2 Overview of the gravity and magnetic surveys

The first country-wide gravimeter survey of Hungary (of approx.
1 station/km2 density) was completed in 1955. The new geological—
geophysical explorations launched in 1976 were motivated mainly by the ore-
prospectivity of the region and by the fact that a large part of the area has
become a fashionable holiday resort where more thermal waters were needed
[Pintér—Szabadvary 1978].

Recognition of the regularities of the major structures is greatly facilitated
by gravity and magnetic surveys. The detailing of the first reconnaissance
gravity survey took place in 1976—78 resulting in the present-day
10 station/km2 density net. The regional gravity anomalies are presented in
Fig. 2 and Enclosure No 1 Besides the gravity anomalies the regional magnetic
AZ highs are also shown. The magnetic reconnaissance survey in 1951—55
revealed a magnetic anomaly of high intensity over a large area north-east of
and south of Velence Lake, around the middle of the region (Enclosure No. 2).
The character of the anomalies suggests that in the Velence hills (and in their
surroundings) several more extended anomalous bodies should be expected
besides the high-susceptibility andesite dikes at some hundred metres depth

[Vasady-K ovacs 1962].

2. Methodological considerations

2.1 Problems of depth estimation

As a first step in the quantitative interpretation of the gravity anomaly map
we tried to establish a correlation between the depth values of the Mesozoic and
Palaeozoic rocks known from drillings and the Bouguer anomaly values. In the
case of a fair correlation the interpretation is quite straightforward and one can
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Fig. 2. The Velence hills study site with regional gravity and magnetic anomalies
1 Palaeozoic rocks on the surface; 2  granite on the surface; 3 - metasomatite (andesite)
on the surface; 4 - basement formations hit by drillings: Palaeozoic in general (Pz), granite (y),
Permian (P). Triassic (T); 5  regional gravity anomalies (isoline spacing 1tngal); 6 — regional
magnetic highs

2. abra. A Velencei-hegységi kutatasi teriilet a regionalis gravitaciés és foldmagiieses
anomaliakkal
1 paleozoikum a felszinen; 2 - granit a felszinen; 3 ~ metaszomatit (andezit) a felszinen;
4 mélyfurasban elért paleozoikum altalaban (Pz), granit (y), perm (P), triasz (T);
5 regionalis gravitaciés anomalidk (értékkdz 1mgal); 6  foldmagneses AZ értékek
regionalis maximumai

Puc. 2. PaifioH uccnefoBaHus B ropax BeneHvie ¢ perMoHanbHbIMU aHOMaUAMU CUMbI TAXKECTH
1 reomMarHeTmsma
1 naneo3oii Ha NOBEPXHOCTW; 2 - TPAHUT Ha MOBEPXHOCTM; 3 — MeTacomaTuT (aHAe3uT) Ha
NOBEPXHOCTU; 4  BCKPbITbIe B CKBaXXMHe naneo3oii (P), rpanut (y), nepm (P), Tpuac (T);
5  pervoHasnbHble aHOManMU CUMbl TSHKECTU (CEUEHWE M30NNHWIA 1 mrn);
6  pervoHanbHble MaKCMMYMbl FeOMarHWTHbBIX 3HAYeHWi
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compute an approximate basement contour map trom the Bouguer anomaly
values [Pintér—Stomfai 1974]. Such maps have frequently been computed
from Bouguer anomaly- and filtered gravity maps for different regions of
Hungary, and have proved to be useful for further exploration work. In the
present case, however, we had to realize that the gravity anomalies do not
correlate with any for the formation boundaries known from boreholes.

The surface of the older than Triassic formations varies between +220 m
and —350 m, i.e. in a domain of 570 m, while for the same borehole locations
the variation of the Bouguer anomalies is 23 mgal (1 mgal = 104 nms"2=
= 10 5ms-2). If we assume a large density contrast, say of the order of
0.5 103 kg/m3, between basement and overburden, a 2 mgal gravity anomaly
change would correspond to every 100 m change in depth. The 570 m depth
change would imply a variation in the anomaly of only 11.4 mgal, i.e. only half
of the observed 23 mgal can be due to the depth changes of the basement. The
rest of the anomaly is thus independent of the thickness of the roughly homoge-
neous Neogene formations, i.e. of the depth changes of the older formations,
and should have its cause somewhere deeper than the basement. Since we have
failed to transform the gravity anomaly maps into depth contour maps, we tried
to base our interpretation on an individual analysis of the anomalies appearing
on the various filtered maps.

2.2 Low-cutfilterings

The general aim of filtering is to separate and enchance the aniomalies that
appear in the Bouguer anomaly map in an interwoven obscure form, in order
to yield a more characteristic picture of the subsurface mass distribution. Of
course, we cannot expect any single filter to produce all these required effects
(discrimination, enhancement) over a relatively large, geologically complicated
area. As is well known [Skeels 1967], the choice of the filter has always been
subjective. In Hungary, for example, the low- and high-cut filters defined by
Meskoé [1966, 1967] have been found fairly successful. These were the filters used
for the present investigations, both for the gravity- and for the magnetic AZ
maps, with a sampling rate of s=250 m being a bit less than average station
spacing (approx. 300 m).

The selection of the filter parameters (slope of the rejection, sampling rate)
defines the character of the filtering. The steep rejection slope and a relatively
low sampling rate as compared with the depth and the lateral extension of the
anomalous body are advantageous for the production of second-derivative-like
anomaly maps, a more gentle rejection slope and a greater sampling rate favour
residual-anomaly-like maps [Pintér -Stomfai 1979]. The highs and lows of
the residual-anomaly-like maps can generally be brought into a fair qualitative
connection with the topography of the smaller near-surface anomalous bodies.
On the derivative-like maps the lows and highs refer to the edges of the
anomalous bodies and they are only indirectly connected with the shape of the
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anomalous bodies. Consequently, it is very important to recognize the character
of the filtered map. The frequency histogram (Fig. 3) of the filtered anomalies,
on the basis of 10,000 data, clearly shows the kind of map that should be
expected as a result of filtering. If the filtered map has a residual-anomaly
character, the anomalies will be more-or-less uniformly distributed without
prominent parts in the frequency curve (Fig. 3, curve a). For derivative-like
maps (Fig. 3, curbe b), the frequency curve shows a sharp maximum around the
zero value. (The maximum of the frequency curves is a little bit shifted toward
the negative values because the measured maxima are, as a rule, relatively larger
than the measured minima.) The map of the study site filtered with a low-cut
filter with an x= 250 m sampling rate (Enclosure No. 3.) is rather derivative-like
according to curve c of Fig. 3, consequently the zero-line of the map should be
considered—with some restrictions -as a distinguished value from the point
of view of geological interpretation. The filtered gravity maps were computed
from the Bouguer anomaly map corrected with an average density ofa = 2.0 103
kg/m3. This average density fairly well corresponds all over Flungary to the
mean density of the surface- and near-surface Neogene (sandy, clayey) forma-
tions. In the area of the Velence granite hills, however, the surface density is
much higher: a=2.65 103 kg/m3. Therefore, for the area of the hills, we
computed another map of low-cut filtering based on the Bouguer anomaly map
corrected by <= 2.65 103 kg/m3 average density (Enclosure No. 4).

Fig. 3. Frequency distribution curves of filtered anomalies (computed from 10,000 data)
a) Frequency distribution for a residual anomaly-like map obtained by a filter of parameters
s=250 m, k=4;

b) Frequency distribution for a (second) vertical-derivative-like map obtained by a filter of
parameters n= 250 m, k =4. The result-line represents the mean of several derivative-like maps
from different regions;
¢) Frequency distribution for a map of transient nature obtained by a filter of parameters
<*=250 m; a=4. The map is characteristic to the surrounding area of the Velence hills

3. dabra. Szlrt anomalidk gyakorisagi gorbéi (10 000 adatra vonatkoztatva)
a) Az 9=250 m. a=4 paraméter( szlir6vel késziilli maradék-anomalia jellegli térkép gyakorisagi
gorbéje;

h) Az n=250 m. k =4 paraméter(i sz(iréssel készilt (masodik) vertikalis derivalt jelleg(i térkép
gyakorisagi gorbéje. Az eredményvonal szamos kiillénb6z6 terilet derivalt jellegl térképének
atlagat jelzi;
¢) Az v=250 m. n =4 paraméter(i sziir6vel készilt atmeneti jelleg(i térkép gyakorisagi gorbéje.
A Velencei-hegység tagabb kdrnyezetére ez utébbi jellemz6

Pite. 3. KpvBble YacToTbl pUNbTPOBaHHbLIX aHOManuii (no 10000 gaHHbIM)
a) KpuBas 4actoTbl 419 KapTbl TWNa OCTATOYHOM aHOManuw, NOCTPOEHHON C PUNLTPOM
napameTpamu <= 250 M, a=4;
b) KpuBas 4acTOoTbl ANA KapTbl XapakTepa BepTWKa/bHOrO NPOW3BOAHONO, NOCTPOEHHON
¢ (unbTpom napameTpamy <= 250 M, a =4. LLUTPUXNYHKTMPOM NOKa3aHa CpefHAn AN KapT
XapakTepa Npou3BOAHOIO MO PAAY Pas/MyHbIX pPalioHOB;
c) Kp1Bas 4acTOTbl 418 KapTbl MEPeXOAHOro Xapakrepa, NOCTPOEHHON C PUNbTPOM
napametpamun 9= 250 m, a=4. 3Ta KapTa ABNAETCA TUMUYHON ANA LUMPOKON OKPY>KHOCTU Fop
BeneHve
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2.3 Downward continuation

Due to the extreme complexity of the territory, in addition to the low-cut
and high-cut filter matrices we have also experimented with filter matrices
realizing analytical downward continuation to the depths h=s and h=2s,
respectively [Mesko 1973] (Enclosure No. 5). Since we have not too much
experience with analytical downward continuation, we carried out a few experi-
ments to study the resulting filter matrices. Downward continuation matrices
with different parameters were utilized, and in each case the downward con-
tinuation was carried out to several levels. The results can conveniently be
compared along a profile (Enclosure No. 5). The basic result of this comparison,
is that even though the different downward continuation matrices indicate the
anomalies referring to the edges of the anomalous bodies at the same horizontal
locations, they cannot be used for vertical resolution, i.e. to estimate the depth
of the anomalous bodies. In the further investigations from among the down-
ward continuation matrices only the fourth one from above has been used
because of technical considerations (loss of areas at the edges of the map,
representability of the anomalies).

Since the low-cut filter applied to the Bouguer anomaly map did not always
enhance the smaller anomalies; the downward-continued maps were also pro-
cessed by low-cut filters. From the considerable amount of different map ver-
sions only those will be dealt with which have — at least at some places -
contributed to the interpretation by revealing some significant anomalies. The
first downward continued map (Enclosure No. 6) is similar to the Bouguer
anomaly map but contains much more details. The low-cut filtered version of
this map was smoothed by high-cut filtering; that is, the map was band-pass
filtered (Enclosure No. 7). The second (repeated) downward continuation fur-
ther emphasizes the small-sized weaker anomalies in the deeper parts of the
basin (Enclosure No. 8).

2.4 High-cutfilterings

In order to study the large-size regional anomalous bodies we computed
a regional anomaly map by high-cut filtering the Bouguer anomaly map, and
superimposed on this map the regional magnetic zfZ maxima (Enclosure No. 1).
It should be noted that a high-cut filtering is generally nothing but a smoothing;
the anomaly picture of even the simplest body is always divided by any low-cut
or high-cut filter into a so-called residual and a so-called regional map. Conse-
guently, the anomalies appearing in the regional map do not always correspond
to some definite, deep (regional) anomalous body. In the attached map we
cannot state with certainty whether anomalous high-density deep bodies are
present unless the regional gravity anomalies coincide with regional magnetic
anomalies, since generally these high-density bodies should also have high
susceptibility values.
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2.5. Magnetic residual anomalies

The magnetic residual anomalies (Enclosure No. 9) were computed only
for such parts of the area where the average spacing of the points of measure-
ment did not exceed 300 m. (The AZ measurements had been carried out over
only about half of the Velence Lake.)

In the interpretation of magnetic maps it should be kept in mind that
judging from the sporadic surface palaeomagnetic data the rocks have a signifi-
cant remanent magnetization and its direction is frequently different from (or
even opposite to) the induced magnetization. Sometimes the two kinds of
magnetization cancel each other so that no measurable anomaly remains in spite
of the high susceptibility of the rock. At certain places the remanent magnetiza-
tion could even dominate, leading to a high-intensity negative anomaly. All the
facts and measured data holding for the surface rocks should also hold for the
deeper anomalous bodies so that any model calculations starting out solely from
induced magnetization should be accepted with reservations; as a matter of fact
we have been reluctant to do such computations. Except for a few small-sized
andesite dikes on the area of the Velence hills, in the magnetic anomaly map
of the area eastwards and southwards from the hills positive anomalies domi-
nate. This implies that in the deep anomalous bodies, positive magnetization is
dominant as the net vectorial resultant of the induced and remanent magnetiza-
tions. This fact should be utilized in the comparison with gravity anomalies. If
the gravity and magnetic anomalies are possibly due to the same rock (body)
then the magnetic highs should appear as shifted in the S, SE and SW directions,
from the corresponding gravity highs, the magnitude of this shift being depend-
ent on bodv size and on the exact direction of the magnetization [Madarasi €l
al. 1981].

2.6 Connection between magnetic and gravity anomalies

If we wish to pursue the connections between magnetic and gravity anom-
alies, it has to be assumed that the bodies causing magnetic anomalies have a
smaller (greater) density than their surroundings and, consequently, they cause
a local gravity minimum (maximum). As described above, the magnetic anom-
alies should be shifted by a certain amount N- NW NE-wards until they

coincide with either a gravity high or a gravity low [Csorgei et al. 1982]. This
shift, of course, is not unambiguous. If we assume that the magnetically anom-
alous bodies have a slightly smaller density than their immediate vicinity, i.e.
they appear with local gravity lows, then after a relatively small shift in the
N —NE (possibly also NW) direction the AZ residual anomalies would coincide
with the minima of the downward continued gravity map. It should be noted
that the direction and the magnitude of the shift tend to be uniform within
individual clusters of anomalies. On the other hand, if we attribute the magnetic
anomalies to rocks of higher density, then the magnetic highs should coincide
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with gravity highs. This seems to be the case for the downward continued, band-
pass filtered gravity residual anomaly map; as a matter of fact the coincidence
becomes even better than before, though this is at the expense of larger shifts.
It should be noted that the AZ maxima must be shifted in both cases to a greater
extent than would have been implied by induced magnetism, and by the ass-
umed 1000—1500 m depth of the anomalous body. This either refers to a
larger depth of the anomalous body or to a remanent magnetization which
strongly influences the direction of the induced magnetism. On the other hand,
the concidence of the regional magnetic and regional gravity anomalies around
Pazmand and Dinnyés is very characteristic. Besides the strikingly similar
shapes of the anomalies the regional magnetic high appears in both cases as
shifted southwards from the gravity high. This implies that the deep anomalous
bodies have a dominantly induced magnetism. Unfortunately, the amount of
the shift cannot be used to infer the exact depth of the bodies for we do not know
the direction of their eventual remanent magnetization or the exact location 6f
the extremal values of these bodies. The extension (lateral dimensions) of the
high-density, high-susceptibility body cannot accurately be delineated — all we
have is subjective guesswork.

The occurence of such uncertainties (hypotheses) in the preliminary stage
of exploration is almost inevitable. For a better understanding of the intercon-
nection between gravity and magnetic anomalies more detailed measurements
should be carried out over both kinds of anomalies in order to locate exactly
the extremal points. (In this case, by a proper transformation of the gravity
maps we could even prepare a pseudo-magnetic map that would be suitable for
pointing out the actual coincidences with magnetic anomalies.)

2.7 Gravitational model computation

In the interpretation of the gravity anomalies important conclusions can
be drawn from some simple model computations — even on a small pocket
calculator. A simple result is shown in Fig. 4. It can be seen that usually the place
of largest variation (the zero of the derivative of the anomaly) shows the
location of the fault. Also, observe that the anomaly picture will become
different if we interchange the position of the denser and the less dense rocks
along the fault (Fig. 4, curve 3 ccompared to 3 a). In nature, it isa much more
frequently encountered situation that next to a very large residual gravity
anomaly high we encounter a much weaker residual anomaly low (curve a). In
such cases it is characteristic of the maximum—minimum transition that a
more rapid change occurs near the maximum. However, on the nearly
derivative-like filtered maps of the study site we sometime see relatively small
maxima together with minima of very large magnitude. In such cases there is
a high gradient near the minimum. This suggests a geological situation that
could correspond to the model belonging to curve c of Fig. 4. (According to
curve c of Fig. 4, the considerations concerning the derivative-like curves may
be taken as approximately valid for our study site.)
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a b c

Fig. 4. Shape of Bouguer- (1) and vertical derivative (2) anomalies as function of the dip of the
fault (3)

4. abra. A Bouguer- (1) és a vertikalis derivalt (2) anomaliak alakja a vetd délésszdgének (3)
fliggvényében

Puc. 4. ®opma aHomanuii Byra u BepTUKa/IbHbIX MPOWU3BOAHbLIX B 3aBUCMMOCTW OT yria
HaKnoHa c6pocoB
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2.8 Construction of isolines of the gravity maps
In the construction of the isolines of gravity maps — for convenience'
sake one generally connects by isolines those points which have the same
integer mgal values (as. for example, e.g. 10, 11, 12 mgal), or the same half,
quarter, tenth etc. mgal values (e.g. 0.25, 0.50, 0.75 mgal). This, however, is
certainly not always optimal since it might occur that the anomaly would appear
with a more characteristic shape for another set of isolines.

If we use a computer where a series of maps can be constructed for the
different values of isolines, we might find that the shape of the anomaly is the
most accurately inferred from a mosaic-like composite of the different map
Versions.

3. Geological conclusions

On the basis of the previously described methodological considerations we
have sought for the following characteristic features on the maps:

a) are there any parallel anomaly lines that do not change their directions
over longer sections (the zero lines on the residual anomaly maps)? These lines,
in fact signify the approximate location of structural elements associated with
density changes (faults, uplifts);

h) do we recognize characteristic (circular, elongated, annular, etc.)
anomaly shapes from which we can conclude to the form and, indirectly, to the
nature of the anomalous body?

c) do we see characteristic maximum minimum transitions or minima
with extremely large magnitude which reflect the mass distribution along the
structural lines?

d) are there any observable orientation patterns extending over larger
areas; do they change from subregion to subregion? The analysis of these
patterns bears possible information on the interior structure of the basement;

e) is there any connection between magnetic and gravity anomalies, i.e. are
the gravity anomalies associated with high-susceptibility volcanic rocks?

f) is there'any connection between the high-density surface rocks (known
from the geologic map) and the anomalies measured in their vicinity; that is,
is it possible to follow the surface outcrops on the covered parts?

We attached specially selected keys to the characteristic gravity and mag-
netic anomalies that express their nature and at the same time refer to their
possible geological meaning (Fig. 5 and Enclosure No. 10, respectively). The
sketch map of the results also shows the most characteristic anomaly-directions
of the region, on the basis of the zero lines of the low-cut filtered anomaly maps.
A part of the zero lines approximately coincide on the different maps (smaller
deviations might be due to errors in rounding-off or due to the construction).
Line segments that coincide on two or three maps are denoted by solid lines. We
think that such lines occur at places where there is such a high density contrast
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that it suppresses the effect of the secondary (transversal or otherwise directed)
density changes. At the two sides of these lines the signs show whether the
positive or the negative anomaly has thé greater maximum along the zero line.
(We refer once more to Fig. 4. where it is clearly seen that the zero lines are
shifted depending on the nature of the structural element. The zero line runs
exactly over the fault only in the case of a vertical fault.) Thinner lines denote
those zero lines which appear on only one of the maps but either constitute a
continuation of the solid lines or show a characteristic orientation within a
certain subregion.

The map also calls attention to the characteristic gravity anomaly shapes,
it also indicates whether they are connected to geomagnetic anomalies; charac-
teristic magnetic residual anomalies that are not associated with gravity anom-
alies are also displayed. Where we have succeeded in interpreting the gravity
highs as actual geological formations on the basis of borehole data or outcrops,
this is duly indicated on the map.

On the basis of the characteristic features of the gravity anomalies listed
above the following structural elements can be delineated in the Velence hills
and in the surrounding area (these structural elements are associated with
density changes at larger depths) (see Fig. 5. or Enclosure No. 10).

Anomalies referring to the structural elements of the Velence hills

The granite pluton of the Velence hills is surrounded by the semicircular
minimum-zone of approx. 1 km width of the residual anomalies (Enclosure
No. 4). This minimum zone is bounded north and north-westwards by several
positive residual gravity anomalies. These partly lie in the areas of Palaeozoic
schist outcrops which are older than the granite, so that is seems evident to
interpret the residual anomaly highs as buried continuations of the schists. The
minimum-zone is then interpreted as the tectonic contact zone between the
granite and the older palaeozoic formation. The granite pluton itself is divided
by several radial fractures (residual gravity anomaly lows) into roughly three
parts. The Velence hills are bounded from the SE by a NE-SW-directed struc-
tural element (fault, transcurrent fault, parallel with the strike of Velence lake).
This element is the most clearly recognized in the gravity anomaly map of
Enclosures Nos. 3 and 6.

Anomalies referring to buried volcanic formations

On the basis of the characteristic circular or annular shape of the residual
gravity anomalies, and according to the distribution of the magnetic residual
anomalies, three deep volcanic formations can be assumed, viz. east from the
Velence hills and south and east from the Velence lake, respectively (Enclosures
Nos. 3, 6, 8 and 9). In two cases the coincidence of the regional gravity and
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Pig. 5. Sketch map of results: geological interpretation of the gravity- and magnetic anomalies
1- Palaeozoic rocks on the surface; 2 — granite on the surface; 3 ~ metasomatite (andesite)
on the surface; 4 — basement formations hit by drillings: Palaeozoic in general (Pz), granite (y),
Permian (P), Triassic (T); 5 - characteristic circular residual gravity anomaly containing a
dense cluster of residual magnetic anomalies in its interior: assumed deep volcanic formation;
6 —coincidence of regional gravity- and magnetic anomalies: diorite intrusion;

7 — characteristic annular gravity anomaly: unknown formation; 8 — elongated, narrow
residual gravity anomaly: assumed extension of the dolomite known from the Seregélyes
drillings; 9  gravity high appearing as continuation of the Palaeozoic schist outcrops
surrounding the granite pluton: deep continuation of the Palaeozoic schist; 10 — elongated
residual magnetic anomaly: anomalous magnetic body connected with the directions appearing
on the gravity maps; M — magnetic anomaly connected neither to known or assumed volcanic
formations, nor to structural lines: anomalous body, possibly related to local Eocene volcanism;
12 persistent zero line separating positive and negative residual anomalies, of high values (the
sign of the larger anomaly being indicated): fault or upthrust appearing with density contrast;
13 - zero line separating positive and negative residual anomalies of low values, or not
traceable over larger distances: density changes presumably related to interior basement
structure; 14 - characteristic high-gradient zone: presumed deep fault
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5. abra. A gravitacios és féldmagneses anomaliak foldtani értelmezése
1- paleozoikum a felszinen; 2 — grénit a felszinen: 3 —metaszomatit a felszinen;

4 farasban elért paleozoikum altaldban (Pz), granit (%), perm (P) és triasz (T) képz6dmény;
5 - jellegzetes kor alaku gravitaciés maradék-anomalia, amelynek teriiletén a foldmagneses
maradék-anomaliak s(r(isodnek: foltételezett mélybeli vulkani képz6dmény; 6 — a regionalis
gravitacios és foldmagneses anomaliak egybeesése: diorit intruzio; 7 —jellegzetes gy(rd alakd

gravitacios anomalia: ismeretlen képz&dmény; 8 — hosszan elnyult, keskeny gravitacios
maradék-anomalia: a seregélyesi farasokbdl ismert dolomit feltételezett elterjedése;

9 — a granitplutont dvez6 felszini paleozoos palakiblvasok folytatasaként lathatd gravitacios
maximum: a paleozoos pala mélybeli folytatasa; 10  hosszan elnyult magneses maradék-
anomalia: a gravitacios térképekben jelentkezd iranyokhoz kapcsol6dé féldmagneses hato;
1 — az ismert (ill. feltételezett) vulkani képz6dményekhez nem tartozd és nem szerkezeti
vonalhoz kapcsolodo foldmagneses anomalia: foltételezhet6en lokalis eocén vulkanizmussal

kapcsolatos haté; 12 viszonylag nagy anomalia-kiilonbséggel jelentkezd pozitiv és negath
maradék-anomaliat elvalasztd, hosszan nyomozhat6 zérus vonal, a relative nagyobb
anomaliaérték el6jelének foltiintetésével: siriiségkllonbséggel jelentkezd vet6 vagy feltolodas;
13 kisebb anomalia-kiilénbségli pozitiv és negativ maradék-anomaliakat elvalasztd,vagy
révidebb szakaszon nyomozhatd zérus vonal: feltételezhetéen az aljzat belsé szerkezetével
0Osszefiiggd sdrliségvaltozas; 14- izovonal-slrlisodéssel (nagy gradiensekkel) jelentkezd széles
zona: foltételezhet6 mélybeli torés

Puc. 5. l'eonornyeckas UHTepnpeTauuss aHOManuii CUbl TSHKECTW U reoMarHeTusMa
1— naneo3oii Ha NOBEPXHOCTW; 2 — FPaHUT Ha MOBEPXHOCTU; 3 — MeTacomaTuT (aH4e3nT) Ha
NOBEPXHOCTUW; 4 - BCPbITble B CKBaXXMHE Maneo3oin (Pz), rpaHuT (y), nepm (P) n Tpuac (T);
5- XxapaKTepHasi ocTaTouHas aHOManus CU/bl TSXKECTU B (hopMe Kpyra: MpesnofiodXeHHas
BY/lbKaHWYecKas (hopmaLus Ha rny6uHe; 6 — coBnafeHne permoHasbHbIX rPaBUMETPUYECKUX U
MarHUTHbIX aHOManuii: [MOPMTOBAs MHTPY3MS; 7 — XapakTepHas Konblieo6pas3Has aHOManus
CWUMbI TSHKECTU: HEeM3BECTHas (opmaLnsi; 8 — y3kas, NpofeHHas 0cTaTOYHas aHOManus Cufbl
TSXKECTU: MpeAnosoraeMoe pacnpocTpaHeHWe A0MOMUTA, M3BECTHOTO MO CKBAXMUHE OK. C.
LLlepereifell; 9 — rpaBMTaLMOHHbIA MaKCMMyM B NPOAO/DKEHWUU BbIXOAOB Nale030MCKUX
CNnaHLeB BOKPYT FPaHWMTOBOrO MIyTOHA: NPOAO/HKEHME NaNE030MCKUX CNaHLEB Ha rny6uHe;
10- p[nMHHas ocTaTovHas reoMarHUTHas aHOManus: MarHUTHOe Teno, NPUypoYeHHOe
K NPOSIBNEHHbIM Ha rPaBUMETPUYECKMX KapTaxX HanpaBneHusM; 11 reomarHuTHas aHomanus,
He NpUHaANexallas K U3BECTHOW, UM K NPeANOOXKEHHON ByNbKaHUYeCcKoi opmauun, u
HenpuypoYeHHas K CTPYKTYPHOW NIMHUW: NpefnosaraeMoe Teno, CB3aHHOe C MECTHbIM
30L,eHOBbLIM BY/bKaHW3MOM: 12 — NpoAO/KMUTENBHO NPOCNEXUBaeMas HyneBas NMHUSA,
pasgensioLias NonoXuTeNbHble N OTPULATENIbHbIE OCTATOUHbIE aHOMaNUK, C yKa3aHWeM 3Haka
OTHOCWUTENbHO BbICOKOIO 3HAYEHWUs1 aHOMaIMK: COPOC UM HaJBWT, MPOSIBASIOLLMECS C
pacxoxieHneM NAOTHOCTM; 13 — HyneBas NMHKSA, MPOCNEXMBaeMass Ha KOPOTKOM Y4yacTKe, win
pasgensioLLas noaoKUTeNbHbIE Y OTPULATE/IbHbIE OCTATOYHblE aHOManMU C He6OMbLUO
pa3HOCTbIO aHOMa/Wii: NpeanonaraemMoe U3MeHeHVe NIOTHOCTH, CBA3AHHOE C BHYTPEHHel
CTPYKTYpOi yHAaMeHTa; 14 -- WMpoKas 30Ha C yryweHneM n3onuHuii (6onbwnmm
rpagueHTamun): npeanonaraeMblii ray6uHHbIA pa3nom

regional magnetic anomalies and their similar shape (Fig. 2, Enclosure No. 1)
refer to a deep intrusion of high density and susceptibility (Pazmand, Dinnyés).
In the case of the third annular gravity anomaly (K&polnasnyék) even though
we can detect smaller magnetic anomalies, their coincidence with the gravity
anomalies is not convincing. Probably we are dealing with a strongly eroded,
deep volcanic formation.
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Evidence of unknown anomalous bodies

The annuiar formation at the south-eastern corner (Sérosd) of the sketch
map of results (Fig. 5 Enclosure No. 10; see also the residual anomaly on
Enclosure No. 7) is due to an unknown anomalous body. The existence of
greater magnetic anomalies can surely be excluded, smaller anomalies cannot
be ascertained with the currently available detail of the geophysical survey.

Anomalies showing the extension of the Seregélyes Triassic dolomite horst

Between the above-mentioned deep unknown formation and the buried
volcano at Dinnyés there appears in all gravity maps (see e.g. Enclosure No. 8)
a long, narrow gravity maximum of NNE strike and about 10 km length. At
this location the drillings hit Triassic dolomite (Seregélyes). The asymmetrical
Triassic dolomite horst of elevated position can clearly be delineated by means
of the gravity map.

Anomalies referring to a deep fault

The dolomite horst of Seregélyes and the east flank of the buried volcano
of Dinnyés are bounded by characteristic anomalies in all gravity maps, suggest-
ing faults. The fault starts in a N—S direction from Velence lake, then ass-
umes a NNE—SSW direction along the Seregélyes dolomite horst. The den-
sity of the isolines representing the fault, i.e. the magnitude of the gradient,
depends on the depth of the fault as well as on the density constrast across the
fault. For the fault in question, the Micoene formation overlying the down-
thrown part is adjacent in the north to the Eocene volcanic material of relatively
smaller density, in the south to the Triassic dolomite having a greater density
contrast. Consequently, in the south (Seregélyes), the gardient is somewhat
larger.

Anomalies referring to multiple faults and upthrusts

Starting out from the SW corner of the sketch map of results there appears
an intricate system of anomalies of roughly NE strike on all gravity maps,
suggesting faults and upthrusts (Enclosures Nos. 3, 6, 7and 8). The present-day
details (10— 12 stations/km2) of the survey, however, are insufficient for their
more accurate mapping.

Along this intricate structure the shallow-depth Palaeozoic block (Csajag—
Jen6—Sarszentmihaly—Urhida—Kd&szarhegy) of complex lithologic develop-
ment, known from outcrops and drillings, abruptly terminates upon contacting
the Neogene basin of unknown basement.
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Minimum zones referring to upthrusts

The northern rim of the above-mentioned Palaeozoic block is terminated
by an EW-directed zone appearing with a gravity low of extremely large mag-
nitude, the zone can further be followed a long way beyond the western boun-
dary of the map. Since this relatively narrow and long minimum zone with such
an extreme magnitude is practically unrivalled in Hungary, its geologic inter-
pretation deserves special attention. A section of this minimum zone west of
Csor has proved to be a multiple upthrust according to drillings and geologic
studies [Kokay 1968]. The repetition of minimum zones also suggests that we
are facing a multiple upthrust. It is thought that the other part of the minimum
zone, east of Csér, should similarly be interpreted as a zone of upthrust.

Anomalies referring to basement structure

North and westwards of the Velence hills there appear characteristically
NE—SW-oriented residual gravity anomalies of relatively small amplitude.
North of the buried volcano of Pazmand the elongated magnetic residual
anomaly highs (Enclosure No. 9) follow the same direction. Consequently, we
have to expect that the basement also contains structural elements of this
direction, with the associated magmatic formations (according to the drillings:
diabase) following their direction.

South-westwards of Velence lake (between the asymmetrical Seregélyes
horst and the Palaeozoic block at the western side of the map) the gravity
anomalies also reveal a characteristic orientation. The roughly NNE-directed
anomalies are parallel with the fault bounding from the east the Seregélyes
dolomite horst. The interior structure of the western Palaeozoic block is display-
ed by the predominantly NS- and EW-oriented gravity anomalies. According
to the regional gravity anomaly map (Fig. 2, Enclosure No. 1), the gravity
anomalies decrease uniformly in the westward direction, from the Seregélyes
dolomite horst towards the minimum between Tac and Borgond. This gravity
“slope” — according to the few available drillings and the preliminary inter-
pretation of seismic surveys — cannot be attributed to a gradual sinking of the
Palaeozoic—Mesozoic basin floor, the change of about 15 mgal is rather
thought as due to density changes within the basement.

Anomalies referring to deep faults bounding the regionfrom the east

The Bouguer anomaly map (not included), the regional- and downward
continued maps contain a characteristic high-gradient zone of N—S direction
near to the eastern boundary of the area. This zone of about 40 km length
appears on the residual anomaly maps with zero lines. These phenomena refer
to a deep fault system (see e.g. Enclosures Nos. 1and 8). Along this fault the
basin deepens in the eastern direction, the Palaeogene and Miocene formations
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become thicker. All the other geophysical methods have failed, to date, in
detecting this assumed fault system.

*

The geological interpretation of the above-listed characteristic anomalies
is, of course, of varying reliability. This is due to a number of facts: to the non-
uniformity of the gravity and magnetic network, to their eventual sparseness in
some places as compared with the depth and small size of the anomalous bodies,
to the capriciously varying density contrast between these bodies and their
surroundings and, lastly, to the absence of drillings — especially in the eastern
and southern part of the area. The sketch map of results merely summarizes
those structural elements which appear with varying degrees of reliability, in
order to ease the orientation between the regions of different gravity and

magnetic maps.

It is hoped that this map will be of use towards some later, integrated
interpretation. It is also to be hoped that we have been able to convince others
that — having some borehole data — a thorough, many-sided study of the
gravity and magnetic anomalies alone significantly contributes to our under-
standing of the deep structures, even under the most complex geological con-
ditions.
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Legends for the Enclosures (in microfiche)

Enclosure No. 1. Velence hills study site with regional gravity and magnetic anomalies
1- Palaeozoic rocks on the surface; 2 - granite on the surface; 3  metasomatite (andesite)
on the surface; 4  basement formations hit by drillings: Palaeozoic in general (Pz), granite
(y), Permian (P). Triassic (T); 5 regional gravity anomalies (isoline spacing 1 mgal);
6 - regional magnetic highs

Enclosure No. 2. Reconnaissance magnetic (zfZ) anomaly map for the Velence hills and the
surrounding are (isoline spacing 10 nT)

Enclosure No. 3. Residual anomaly map for the Velence hills and the surrounding area.
=20 103 kg/m3,i=250 m, k=4

Enclosure No. 4. Residual anomaly map for the Velence hills. (7= 2.65 103 kg/m3, s= 250 m, k=4,
1— granite on the surface; 2 Palaeozoic rocks on the surface

Enclosure No. 5. Quarter-matrices of the downward continuation corresponding to different par-
ameters, and application of these matrices along the same profile

Enclosure No. 6. Downward-continued map of the Velence hills and the surrounding area

Enclosure No. 7. Downward-continued and subsequently band-pass-filtered residual anomaly map
of the Velence hills and the surrounding area

Enclosure No. 8. Twice downward-continued map of the Velence-hills and the surrounding area

Enclosure No. 9. Magnetic AZ residual anomalies of the area surrounding the Velence-hills

Enclosure No. 10. Sketch map of results: geological interpretation of the gravity- and magnetic
anomalies
| Palaeozoic rocks on the surface; 2  granite on the surface; 3  metasomatite (an-
desite) on the surface; 4 basement formations hit by drillings: Palaeozoic in general
(Pz), granite (y), Permian (P), Triassic (T); 5 characteristic circular residual gravity
anomaly containing a dense cluster of residual magnetic anomalies in its interior: assumed
deep volcanic formation; 6 — coincidence of regional gravity- and magnetic anomalies: diorite
intrusion; 7 - characteristic annular gravity anomaly: unknown formation; 8  elongated,
narrow residual gravity anomaly: assumed extension of the dolomite known from the Seregé-
lyes drillings; 9  gravity high appearing as continuation of the Palaeozoic schist outcrops
surroundings the granite pluton: deep continuation of the Palaeozoic schist; 10  elongated
residual magnetic anomaly: anomalous magnetic body connected with the directions appear-
ing on the gravity maps; 11 ~ magnetic anomaly connected neither to known or assumed
volcanic formations, nor to structural lines: anomalous body, possibly related to local Eocene
volcanism; 12 persistent zero line separating positive and negative residual anomalies, of
high values (the sign of the larger anomaly being indicated): fault or upthrust appearing with
density contrast; 13 - zero line separating positive and negative residual anomalies of low
values, or not traceable over larger distances: density changes presumably related to interior
basement structure; 14  characteristic high-gradient zone: presumed deep fault



GRAVITACIOS ES FOLDMAGNESES ANOMALIAK
ERTELMEZESE BONYOLULT TEKTONIKAJU TERULETEN
(VELENCEI-HEGYSEG)

PINTER Anna

A Velencei-hegység tagabb kdrnyezete pannoniai 6sszlettel fedett siksag. A viszonylag kevés
mélyflrasi adat nem elegendd a mélyszerkezet megismeréséhez. A szerz6 kisérletet tett kiilonbdz6
gravitacios és foldmagneses térképvaltozatokbdl a legfontosabb mélybeli szerkezeti elemek lehata-
rolaséra. Az Osszefoglald térkép a tovabbi geofizikai- és flrasos kutatast hivatott elésegiteni, a
gravitacios és féldmagneses modszertani megfontolasok pedig hasznosak lehetnek a hasonld fedett
teriiletek gravitacios és foldmagneses anomaliainak értelmezésénél.

1. Bevezetés

1.1 Foldtani attekintés*

A Budapest és a Balaton kozotti, kb. 1500 km2 nagysagu terilet kdzepén
levo, erGsen lepusztult, mallott, kornyezetéb6l minddssze kb. 100 m-re kiemel-
ked6 Velencei grénithegységet NyEny-r6l a tulnyoméan mezoos—
karbonatos képz6dményekb6l folépitett Bakony, Vértes és a Budai-
hegyvonulat (a Dunantuli-k6zéphegység K-i része) hatarolja (1. abra). A
Dunéntuli-kdzéphegység DK-i szérnydhoz tartozik a Velencei-hegység—
balatonfdi teriilet, amelyet a Polgérdi -Velencei-t6 vonaldban hiz6d6 szer-
kezeti zona keét elter6 foldtani felépités( részre oszt.

Az E-i részen a felszinen és a tulnyomdan neogeén uledékek alatt megjelend
paleozoos képz6dmeények alkotjak a kozéphegységi nagy vastagsagu felso
perm—mezozoos képz&dménycsoport aljzatat. A bonyolult, gyirt, pikkelyes—
takaros szerkezetekben teleplil6 0sszletben a Dunéantuli-k6zéphegység legtelje-
sebb paleozoos rétegsora mutathato ki:

ordovicium kvarcfillit;

szilur agyagpala, aleurolitpala, homokképala, lidit, atala-
kult savanyd vulkanitok;

devon agyagpala, aleurolitpala, kristlyos mészkd, diabaz;

also karbon mészkd, agyagpala, homokkdpala;

fels6 karbon homokkd, konglomeratum.

Az ordovicium -als6 karbon osszlet képz6dményei epi- és anchimeta-
morfozist szenvedtek. Nem metamorfok a lokalis elterjedési fels6 karbon kép-
z6dmeények és posztkinetikus jellegli a szilur-devon Osszletbe nyomult felsé
karbon velencei-hegységi granit. A terillet ENy-i részén fels6 perm voros ho-
mokKkd és tridsz karbonatos Osziét szogkordanciaval telepll a paleozoikumra.

A Polgardi -Velencei-td vonalatol D-re az ismert legidGsebb képzdd-

* A foldtani attekintést Horvéth Istvan (MAFI) allitotta 6ssze
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mény egy flrasban feltart also perm (?) kvarcdiorit. A felsé perm uralkoddan
lagunés-tengeri kifejlédésli karbonatos, evaporitos képzédményekbdl all, a
tridszt Budai-hegység tipust karbonatos dsszlet alkotja

Az E-i teriiletrészen a Velencei-hegységtél K-re és E-rajelennek meg a felsé
eocén Uledékek és andezites osszetételli vulkani képzédmények, valamint az
oligocén Uledékek.

Nyugaton Urhida D-i részén is ismeretes eocén uledékes rétegsor andezittu-
fa betelepuléssel.

A D-i terliletrészen az eocén andezites szubvulkani testek a fels6 perm—
tridsz kepzodmenyekben telepuilnek.

Id6sebb neogen csak a teriilet ENy-i (Varpalota—Csor) és D-i (Tac—
Borgond) részén taldlhato.

A terlilet kdzéps6 zondjaban kozvetlenul panndniai rétegek telepiilnek a
paleogén- vagy id6sebb képz&ddményekre.

1.2 A gravitacios és afoldmagneses kutatdsok attekintése

A terilet orszagos attekint6é (kb. 1allomas/km2 pontsirliségi) graviméte-
res felmérése 1955-ben késziilt el. Az 1976-ban megindulé Gjabb foéldtani—
geofizikai kutatidsokat elsGsorban a teriilet ércperspektivitdsa indokolta, de
mivel a terllet nagy része kiemelt Udil6korzetté valt, a mélyszerkezet megisme-
rését a hévizfoltarasra irdnyuld igények is aldtdmasztottadk [Pintér, Szabad-
vary 1978].

A nagyszerkezeti 0sszefiiggések megismeréséhez a gravitacios és a foldmag-
neses mérések igen sok kiinduld tdmpontot nyujthatnak. 1976—78-ban ke-
rilt sor a terllet attekint6 (kb 1allomés/km2) gravitacios haldzatanak sritésé-
re. E kiegészit§ mérések utan a felmértség jelenleg atlagosan 10 allomas/km2.
A gravitacios anomaliaviszonyokat a 2. dbra (1. melléklet) szemlélteti. A regio-
nalis gravitacios anomalidk mellett a regiondlis foldméagneses AZ maximumokat
is foltuntettik.

Az 1951—55-ben végzett orszagos attekintd foldmagneses mérések a te-
rillet kozepén 1év6 Velencei-totdl EK-re ill. D-re igen nagy teriiletre kiterjeds,
nagy intenzitasi féldmagneses anomaliat jeleztek (2. melléklet). Az anomaliak
jellegébdl kovetkezik, hogy a Velencei-hegységben (és kornyékén) a felszinen is
megtalalhatd, nagy szuszceptibilitdst andezit telérek mellett néhany szaz méter
mélységben szamos nagyobb kiterjedésli hatd is varhatd [Vasady-Kovacs
1962].

2. Modszertani megfontolasok

2.1 A mélységbecslési probalkozasokral

A graviticiés anomaliatérkép értelmezésének elsé Iépéseként megkisérel-
tink a mélyfurasokbdl ismert mezozoos as paleozoos kdézetek mélységértékei
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és a Bouguer-anomalia értékek kozott korrelaciot keresni. Ha u.i. van korrela-
cio, akkor az értelmezés egyszer(i, a Bouguer-anomalidkbdl hozzévetéleges
aljzat mélységtérképet lehet késziteni [Pintér, Stomfai 1974]. llyen térképeket
a Bouguer-anomalia és a sz(rt gravitacios térképek segitségével gyakran készi-
tettlink az orszag kulénboz6 teriletéin, s azokat a tovabbi kutatdsokhoz ered-
meényesen fel is hasznaltuk. A Velencei-hegység kornyezetében azonban meg
kellett allapitanunk, hogy a gravitaciés anomalidk nem korrelalnak egyetlen
farésbol ismert képz6dményhatérral sem.

A fardsokbol ismert, harmadidészakndl id6sebb képz6dmények felszine
+220 m-t6l -350 m-ig, azaz 570 m intervallumban valtozik, mig ugyanezen
fardsi pontokon a Bouguer-anomalidk valtozédsa 23 mgal.* Ha nagy, pl.
0,5 « 10J kg/m3slirliségvaltozast tételeziink fel az aljzat és a fed6 kozott, akkor
100 m mélységvaltozasnak megfeleld gravitaciés anomaliavaltozas 2 mgal. Az
570 m mélységvaltozas minddssze 11,4 mgal anomadlia valtozéast indokolna,
vagyis a tényleges 23 mgal valtozasnak minddssze felét magyarazhatjuk az aljzat
mélységvaltozasaval.

A maradék rész a nagyjabol homogeén slrliségli neogén dsszlet vastagsaga-
tol - azaz az idGsebb képz&dmények mélységvaltozasatol figgetlen - ennek
okat tehat az aljzatnal melyebben kell keresnlink.

Mivel a gravitaciés anomalidknak mélységtérképpé alakitasa nem jart
sikerrel, ezért a killonbdz6 sz(irt térképeken jelentkezé anomalidk egyénenkeénti
vizsgalataval kiséreltik meg az értelmezést.

2.2 Az alulvagé szlirésekrdl

A sziirések célja altalaban az, hogy a Bouguer-anomalia térképen dssze-
vontan, elmosddottan jelentkez6 anomalidkat szétvalassza, folerfsitse és ezaltal
a mélybeli tomegeloszlasrol jellegzetesebb kép &lljon el6. Természetesen nem
varhat6, hogy egy viszonylag nagy, valtozatos foldtani folépitésii tertileten
egyetlen sz(ir6vel mindenhol elérjiik a kivant hatast (szétvalasztast, folerésitést).
A szlr6k megvalasztasa egyébként mindig is nagymértékben szubjektiv [Skeels
1967]. Magyarorszagon pl. igen jol bevaltak a Mesko Attila altal definialt alul-
és follilvago szlir6k [Mesko 1966, 1967]. Jelenlegi vizsgalatainkhoz is ezeket
hasznaltuk, mind a gravitaciés, mind a féldmégneses AZ térképre az atlagos kb.
300 m-es alloméastavolsagnal kicsit kisebb, v=250 m mintavétel mellett.

A szlir6paraméterek (a levagds meredeksége és a mintavételi tavolsag)
megvalasztasa meghatérozza a sz(irés jellegét. Meredek levagas és a hatd6 mély-
ségehez, valamint vizszintes kiterjedéséhez viszonyitott eléggé kis mintavételi
tdvolsag a masodik vertikalis derivalt jellegli anomaliatérképek eléallitdsdnak
kedvez, kevésbé meredek levagas és nagyobb mintavételi tavolsdg maradékano-
malia jellegli térképek elGallitasat eredményezi [Pintér, Stomfai 1979)].
A maradék-anomalia jellegli térképek maximumai és minimumai altalaban jo
kvalitativ kapcsolatba hozhatok a kisebb, felszinkézeli hatok domborzataval.
A derivalt jellegli térképben a minimumok és maximumok a haték széleit (a

* 1 mgal = lo'ins -
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valtozasok helyeit) jelzik, s igy a hatok alakjaval csak kozvetett kapcsolatban
vannak. Ezért igen fontos a sz(irt térképjellegének folismerése. A sz(irt anoma-
lidk (10 000 adatra vonatkoz0) gyakorisagi gorbéibdl (3. abra) kitiinik, hogy
a szlrés eredményeként milyen jellegli térkép &llt el6. Ha a sz(rt térkép
maradék-anomalia jelleg(i, akkor az anomalidk nagyjabol egyenlé gyakorisag-
gal fordulnak el6, a gyakorisagi gorbén nincs kitiintetett tartomany (3. abra a.
gorbe). Ha a térkép derivalt jellegli (3. &bra b. gorbe), akkor a gyakoriséagi gorbe
éles maximumot mutat a zérus érték kornyezetében. (A gyakorisdgi gorbék
maximuma ilyenkor altaldban kissé a negativ oldalra tolddik. Ennek oka az,
hogy a mért maximumértékek &ltalaban relative nagyobbak, mint a mért mini-
mumok). A kutatott teriilet s=250 m mintavétel melletti, alulvagd sz(irdvel
szirt térképe (3. melléklet) a 3. &bra c. gorbéje szerint mar kissé derivalt jellegd,
ezért példaul a térkép zérus vonalat — bizonyos fonntartdsokkal — a foldtani
értelmezés szempontjabol kitlintetett értékként kezelhetjik. A gravitacids térké-
pek készitéséhez a a= 2,0 103 kg/m3éatlagsirliséggel korrigalt Bouguer-anoma-
lia térképet hasznaltuk fol. Ez az atlagslirliség Magyarorszag nagy részén megfe-
lel a felszini, felszinkdzeli neogén (homokos, agyagos) 0sszlet atlagsdriiségének.
A Velencei-granithegység tertiletén azonban a s(ir(iség ennél nagyobb: a= 2,65
103 kg/m3. Ezért a hegység teriiletén elkészitettuk a er=2,65 103 kg/m3-l
szamolt Bouguer-anomalia térképre alapozott, alulvago sz(ir6vel szamitott tér-
képet is (4. melléklet).

2.3 Az analitikus lefelé-folytatasokrol

A terlilet bonyolultsaga miatt alul- és folllvagd sz(ir6 maétrixok mellett
h=s, illetve h=2s mélységre lefelé folytatd sz(ir§ matrixokkal (5. melléklet) is
kisérleteztiink [Mesko 1973]. Mivel az analitikus lefelé-folytatasokkal kapcsola-
tosan nem sok tapasztalatunk volt, néhany kisérletet végeztink el a lefelé
folytatd matrixok vizsgélatara. Tobb kilonb6zé paraméter(i lefelé folytatd
matrixot alkalmaztunk, mindegyikkel t6bb szintre végeztik el a lefelé-folyta-
tast. Az eredmények jol 6sszehasonlithatok egy szelvény mentén (5. melléklet).
Az osszehasonlitas legfontosabb eredménye az, hogy bar a kilénb6zé lefelé
folytat6 matrixokkal szdmitott anomalidk horizontalisan ugyanott jelzik a
hatok széleit, vertikalis felbontasra azaz a haték mélységére vonatkozd
becslésre — nem alkalmasak. A lefelé folytatott térképekhez tehat nem rendel-
het6 mélységérték. A tovabbiakban a lefelé folytaté matrixok kodzul — kifejezet-
ten technikai megfontolasok (térkép szélein fellép6 kisebb terliletveszteségy, az
anomaliaértékek abrazolhat6saga) miatt — felllrdl a negyediket alkalmaztuk.

Mivel a Bouguer-anomalia térképre alkalmazott alulvagé sz(ir6 nem emel-
te ki mindenhol eléggé a kisebb anomalidkat, ezért a lefelé folytatott térképekre
is alkalmaztuk az alulvago szlrdket. Igen sok térképvaltozat késziilt, itt azokat
kozoljuk, amelyek — legalabbis helyenként — jellegzetes anomalidikkal tam-
pontot adnak az értelmezéshez. Az els6 lefelé folytatott térkép (6. melléklet) a
Bouguer-anomalia térképhez hasonld, de sokkal tobb részletet jelez. Ennek
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alulvago szirbvel készilt térképvaltozatat fellilvagassal simitottuk, azaz savsz(-

rést alkalmaztunk (7. melléklet).
A masodik, ismételt lefelé-folytatds a mélyebb medenceteriiletek kisebb

s

Kiterjedési és értékd anomaliait tovabb erdsiti (8. melléklet).

2.4 Afelulvago szlrésekrdl

A nagyobb kiterjedés( regionalis hatok vizsgalatara a Bouguer-anomalia
térképre folulvago szirével szamoltuk a regiondlis anomalia térképet s erre a
térképre a foldmégneses AZ értékek maximumait is felrajzoltuk (1. melléklet).
Megjegyezzilk, hogy a folulvago szlirések értelme altaldban csak simitas; egyet-
len egyszer( hat6 anomaliatérképét is fol lehet bontani barmelyik alul-, ill.
folulvago szlrdvel egy Un. maradék- és egy un. regiondlis térképpé.

A regionalis térképben kirajzolod6 anomalidk tehat nem minden esetben
jelentenek egy hatarozott, mélybeli (regiondlis) hatot. A mellékelt térképben
csupan ott allithatjuk nagy stirliségli mélybeli hatok biztos jelenlétét, ahol a re-
giondlis gravitacios anomalidk regiondlis foldméagneses anomalidkkal esnek
egybe, természetesen az ilyen nagy srliségl hatok egyben nagy szuszceptibilita-
stiak is.

2.5 A foldmagneses maradék-anomalidkrol

A foldmégneses maradék-anomalidkat (9. melléklet) a terlletnek csak
arrol a részér6l készitettiik el, ahol a mérési pontok tavolsaga atlagosan nem
haladta meg a 300 m-t. (A AZ mérések a Velencei-tonak csak a felére terjedtek
ki, igy a AZ maradék-anomalidk megszerkesztése is csak ott volt lehetséges.)

A maégneses térképek értelmezésénél figyelembe kell venni azt a tényt, hogy
a szorvanyos felszini paleomagneses mérések szerint a k6zetek remanens mag-
nesezettsége jelentds és sokszor az indukalt magnesezettségtél eltér6 (esetleg
ellentétes) irany lehet. Az is el6fordulhat, hogy a kétféle méagnesezettség kom-
penzalja egymast és a kézet nagy szuszceptibilitasa ellenére sincs mérhet
anomalia. A remanens magnesezettség helyenként tulstlyban lehet és nagy
intenzitasd negativ anomaliat okozhat. Ami a felszini hatokra vonatkozd mérési
adat, azaz tény, az a mélybeli hatokra is igaz, ezért a kizarélag indukalt magne-
sezettséget foltételezd hatdészamitasok adatait fenntartassal kell fogadnunk,
ilyet nem is végeztink. A terilet méagneses anomalia-térképében a Velencei-
hegység terliletén 1év6, néhéany kis Kiterjedésii andezittelér kivételével a hegység-
t6l K-re és D-re a pozitiv anomalidk dominalnak. Ebb6l arra kovetkeztethe-
tlink, hogy a mélybeli hatokban az indukalt és remanens magnesezettség vekto-
ridlis eredéjeként el6allé pozitiv méagnesezettség domindl. Ennek a ténynek a
gravitacios anomaliakkal valé 6sszehasonlitasnal van jelent6sége. Ha a gravita-
cios és foldmagneses anomalidkat ugyanazon kézet (hatd) okozza, akkor a
foldméagneses anomalidk maximumai a graviticiés térkép maximumaitdl D,
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DK, ill. DNy iranyban eltolédva jelentkeznek a haté nagysagatél, a magnese-
zettség pontos iranyatél fuggd mértékben [Madarasi et al. 1981].

2.6 Afoldmagneses és gravitaciés anomaliak kapcsolatardl

Ha a féldmagneses anomalidk és a gravitacios anomalidk kdzott kapcsola-
tot akarunk keresni, akkor fol kell tételezniink, hogy a magneses anomaliak
hatdi kornyezetiiknél kisebb, vagy éppen nagyobb siriséglek, s ezért lokalis
gravitacios minimumot, vagy ellenkezéleg maximumot okoznak. A magneses
anomalidkat tehat bizonyos mértékben EK—E—ENYy irdnyban el kell tolni
gy, hogy gravitaciés maximummal vagy minimummal essenek 0ssze [Majkuth
et al. 1981]. Ez az eltolas természetesen nem egyértelm(. Ha foltételezziik, hogy
a méagneses hatok kornyezetiiknél valamivel kisebb siriiségliek — tehat lokalis
gravitacios minimumot okoznak — akkor viszonylag kis mértek(i E—EK
(esetleg ENy) iranyU eltolassal a lefelé folytatott gravitacios térkep minimumai-
val esnek 0ssze a AZ maradékanomalidk. Erdekes, hogy egy-egy anomaliacso-
porton belil az eltolas irdnya és mértéke meglehet6sen egységes. Ha a féldmag-
neses anomalidkat gondolatban nagyobb s(riiségli kézetekhez kapcsoljuk, ak-
kor a féldmagneses maximumoknak gravitacios maximumokkal kell egybees-
niik. Ez a lehet6ség a lefelé folytatott és savsziirével sz(rt gravitacios maradék-
anomalia térképnél all fenn, sét az egyezés ebben az esetben jobbnak tlinik az
el6z6nél, de az eltolds mértéke nagyobb. Megjegyezziik, hogy a AZ maximumo-
kat mindkét esetben joval nagyobb mértékben kell e kutatasi teruleten eltolni,
mint azt az indukalt méagnesezettség és az 1000— 1500 m-nél altalaban nem
nagyobbnak feltételezett hatomélység indokolnd. Ez vagy nagyobb hatomély-
ségre, vagy az indukalt magnesezettség iranyat erdsen befolydsol6 remanens
magnesezettségre utal [Majkuth et al. 1981].

Igen jellegzetes viszont a regionlis foldmagneses és a regionalis gravitacios
anomalidk egybeesése Pazmandnal és Dinnyésnél. Az anomalia-alakok felt{ing
hasonl6sdga mellett mindkét esetben a regionalis foldmagneses maximum a
gravitacios maximumtol D-i iranyban eltolddva jelentkezik. Ez arra utal, hogy
a mélybeli haté magnesezettsége talnyomoan indukalt. Az eltolodas mértékébol
azonban a hatd pontos mélységére kdvetkeztetni egyel6re nem tudunk, mert az
esetleges remanens magnesezettség irdnyat nem ismerjuk és a hatok szélsé
értékei sincsenek pontosan kimérve. A nagy s(riségl, nagy szuszceptibilitasu
hatd kiterjedését (vizszintes méreteit) sem tudjuk pontosan megadni, csupan
szubjektiv megfontolasokra tdmaszkodhatunk.

E bizonytalansdgok (hipotézisek) el6kutatdsi fazisban elkerilhetetlenek.
Ahhoz, hogy a gravitacios és foldmagneses anomaliak kapcsolatat pontosabban
vizsgalhassuk, mind a gravitaciés, mind a foldmagneses anomalidk részletes
folmérése, szélsGérték-helyeinek pontos ismerete szilkséges. (Ebben az esetben
a gravitacios térképek megfeleld atalakitdsaval olyan pszeudomégneses térkép
lenne készithetd, amely mar alkalmas a foldmagneses anomaliakkal valé konk-
rét egyezés megallapitdsdhoz).
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2.7 Egy egyszer(i gravitacios modellszamitasrol

A gravitaciés anomalidk eértelmezésénél nagyon fontos tovabba, hogy
figyelembe vegyiik azokat az egyszer(i modellszdmitasokat, amelyeket akar kis
zsebszamoldgéppel is kdnnyen elvégezhetiink. Ilyen egyszer(i szamitasi ered-
meényt mutat pl. a 4. dbra. Mint lathato, altalaban a legnagyobb valtozas értéke
(a derivalt anomalia zérus helye) jelzi a vet6 helyét. Azt kell tovabba észreven-
nink, hogy jellegzetesen méas az anoméliakép akkor, ha a nagyobb és kisebb
slirliségli kozetek helyzetét egy vet6 mentén felcseréljuk (4. dbra 3. a. gorbe
helyett 3 b. c. gorbe). A természetben sokkal gyakoribb eset az, hogy a nagy
széls6értéki gravitacidos maradék-anomalia-maximum mellett viszonylag kisebb
sz@lséértékd maradék-anomalia-minimum alakul ki (a goérbe). A maximum—
minimum atmenet ilyenkor olyan, hogy a maximumhoz kézelebb gyorsabb a
valtozés. A vizsgalt terulet kozelit6leg derivalt jellegi sz(irt térképein azonban
néhol a viszonylag kis maximumértékek mellett igen nagy szélséértékii minimu-
mokat talalunk. Ezekben az esetekben a gradiens a minimum kozelében nagy.
Ilyen esetben olyan foldtani szituciot kell elképzelniink, amely a 4. abra c
gorbéjéhez tartozdé modellnek felelhet meg. (A 3. dbra c gorbéje szerint a derivalt
jellegl gorbékre vonatkozd megallapitdsok kozelitd jelleggel kutatasi teriletiin-
kon érvényesnek vehet6k).

2.8 A gravitacios térkepek izovonalainak szerkesztésérdl

A gravitacids térképek izovonalait altalaban ugy szerkesztjik — kényelmi
és egyszer(sitési szempontok miatt — hogy az izovonalak azokat a mgal értéke-
ket kdssék ossze, ahol a mgal érték egész szam (pl. 10, 11, 12 mgal) vagy annak
fele, negyede, tizede (pl. 0,25, 0,50, 0,75 mgal). Ez azonban nem mindig kedvez6,
mert egy mas, (nem a fenti kerek) szdmvalasztasnal az anomalia rajzolata kissé
megvaltozna, s ezaltal az anomalia-alak jellegzetesebbé valna. Szamitogép segit-
ségével méd van arra, hogy kilénbdz6 értékl izovonalakbol térképsorozatot
szerkesszlink, s az anomalia-alakra esetleg a mozaikszeriien dsszerakott térkép-

valtozathol kodvetkeztessunk.

3. A mddszertani megfontolasok alapjan levonhat6 foldtani kovetkeztetések

Az el6zbekben kifejtett mddszertani megfontolasok alapjan az ismertetett
térképekben az aldbbi jellegzetességeket kerestiik:

a) vannak-e hosszabb szakaszon lényeges iranyvaltozas nélkul futd, parhu-
zamos anomaliavonalak (a maradék-anomalia térképen a zérus vonalak). Ezek
u.i. nagy valdszinlséggel a strliségkilonbséggel is kapcsolatos szerkezeti elemek
(vet6k, foltolodasok) korilbelili helyét jeldlik ki;
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b) folismerhet6k-e jellegzetes (kerek, hosszan elnyalo, gy(rls stb.)
anomalia-alakok, amelyekbdl a hat6 alakjara és kdzvetve mibenlétére kdvetkez-
tethetlink;

c) lathatok-e a térképen jellegzetes maximum—minimum Aatmenetek,
vagy igen nagy minimum értékek, amelyek a szerkezeti vonalak menti témeg-
eloszlasrol adnak képet;

d) follépnek-e nagyobb terliletre Kiterjedd jellegzetes anomalia iranyitott-
sdgok, véltoznak-e ezek részteriiletenként? EbbGI u.i. esetleg az aljzat bels6
szerkezetére kovetkeztethetlink;

e) van-e kapcsolat a foldmagneses és a gravitacids anomalidk kozott, azaz
nagy szuszceptibilitast vulkani eredet(i kézetekkel kapcsolatosak-e a gravita-
ci6s anomaliak;

f) van-e kapcsolat a felszini (azaz a geoldgiai térképbél ismert) nagyobb
sliriségl kOzetek és a kornyezetiilkben mért anomaliak kozott, azaz kovethe-
t6k-e a felszini kiblvasok a fedett teriletrészeken.

A legfontosabb gravitacios és foldmagneses anomaliakat olyan jelkulccsal
lattuk el, amely kifejezi az anomalias jellegét, és egyben utal annak lehetséges,
foldtani jelentésére (5. abra ill. 10. melléklet). Ezen az dsszefoglalé eredmény-
térképen feltiintettiik a terilet legjellegzetesebb anomalia-iranyait, az alulvagé
szlir6kkel szamitott anomaliatérképek zérusvonalai alapjan. A kilénbdz6 tér-
képek zérus vonalainak egy része j6 kozelitéssel egybeesik (kisebb eltérések a
kerekitésekbOl és a szerkesztésbdl is adodnak). Azokat a vonalszakaszokat,
amelyek két, vagy harom térképen egybeesnek, vastag vonallal jel6ltik. Ugy
véljik, hogy ezek ott fordulnak el6, ahol olyan nagy a siir(iségvaltozas, hogy
az a kisebb (harant-, vagy egyéb irdnyu) suriiségvaltozasok hatasat elnyomja.
A vonalak két oldalan el&jel jelzi, hogy a zérus vonal mentén a pozitiv vagy a
negativ anomalia széls6értéke nagyobb-e. (Itt utalunk a 4. brara, amely vilago-
san mutatja, hogy a zérus vonalak a szerkezeti elem jellegét6l fliggéen eltoldd-
nak. Csak fligg6leges vet6 esetén fut a zérus vonal pontosan vetd folott).

Vékonyabb vonallal jel6ltiik azokat a nulla vonalakat, amelyek ugyancsak
egy-egy térképben jelentkeznek, de vagy folytatasat jelentik a vastag vonalak-
nak, vagy pedig jellegzetes iranyitottsagot mutatnak egy-egy teriletrészen.

Az Osszefoglald térképen feltiintettiik a jellegzetes gravitacids anomalia-
alakzatokat is, jelezve, hogy van-e kapcsolatuk féldmagneses anomalidkkal;
foltintettik tovabba azokat a jellegzetes foldmagneses maradék-anomalidkat,
amelyek nem kapcsol6dnak gravitaciés anomalia-alakzatokhoz. Ahol a fara-
sok, vagy kibavasok alapjan a gravitacios maximumokat konkrét foldtani
képzddményként érteimezhettik, ott ezt is jeloltik.

A gravitacios anomalidknak az el6z6ekben folsorolt jellegzetességei alap-
jan tehat a Velencei-hegységben és tagabb kornyezetében a kdvetkezd — mély-
beli slriiségeloszlassal kapcsolatos — szerkezeti elemek jeldlhet6k ki (5. abra,
10. melléklet):
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A Velencei-hegység szerkezeti elemeire utal6 anomaliak

A Velencei-hegység granitplutonjat félkorivben egy kb. 1 km széles
maradék-anomalia minimum-sav veszi koril (4. melléklet). E minimum-savot
E-on és ENy-on tobb pozitiv gravitacids maradék-anomalia dvezi. Ezek részben
a felszinen l1év6, a granitnal id6sebb, paleozoos palakiblvasok terliletére esnek,
kézenfekv tehat a maradék-anomalia-maximumokat a paldk eltemetett folyta-
tasaként értelmezni. A minimum-savot a granit és az id6sebb paleozoikum
tektonikus érintkezési zonajakent foghatjuk fol. Magat a granitplutont tébb
sugérirdnyd repedés (gravitacios maradék-anomalia minimum) osztja nagyja-
bol harom részre. A Velencei-hegyseget DK-rél egy (a Velencei-td csapasaval
egyez6) EK—DNy irany( szerkezeti elem (vetd, eltolédas) hatéarolja le. Ez az
elem legjobban a 3. és 6. melléklet gravitaciés anomalia képében lathato.

Eltemetett vulkani képz6dményekre utald6 anomaliak

A gravitaciés maradék-anomaliak jellegzetes kor, illetve korgydirl alakja
és a magneses maradék-anomalidk eloszlasa alapjan a Velencei-hegységtolK-re,
valamint a Velencei-t6tél D-re és K-re harom mélybeli vulkani képzddmény
tételezhetd fel (3, 6, 8. és 9. melléklet). Két esetben a regiondlis gravitacios és
regionalis magneses anomalidk egybeesése és alakjuknak hasonlésaga alapjan
(2. abra, 1 melléklet) mélybeli, nagy siriségi és nagy szuszceptibilitasu intru-
ziora is kdvetkeztethetiink (Pazmand, Dinnyés). A harmadik gy(r( alaku gravi-
tacios anomalianal (Kapolnasnyek) kisebb foldmagneses anomalidk kimutatha-
tok ugyan, de egybeesésiik a gravitacios anomaliakkal nem jellegzetes. Itt
valészindileg erésen lepusztult, mélyebb vulkani képz6dményrél van szo.

Ismeretlen hat6ra utald6 anomaliak

Az eredménytérkép (5. bra, 10. melléklet) DK-i sarkéaban (Sarosd) lathatd
gydrd alaki képz6dmény (7. mellékleten lathaté maradék-anomalia) hatdja
ismeretlen. Itt nagyobb foldmagneses anomalidk biztosan nincsenek (kisebb
anomalidk kimutatasdhoz pedig a jelenlegi folmértség nem elegendd).

A seregélyesi tridsz dolomit sasbérc kiterjedésére utalé anomaliak

A fenti ismeretlen mélybeli képz6dmény és a dinnyési eltemetett vulkan
kozott valamennyi gravitacios térképben (pl. 8. melléklet) hosszi, keskeny,
EEK csapéasu, kb. 10 km hosszu gravitdcios maximum lathat6. A farésok itt
tridsz dolomit aljzatot értek (Seregélyes). Az emelt helyzet(i aszimmetrikus tridsz
dolomit sashérc a gravitacios térkép alapjan jol korilhatarolhato.
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Mélybeli vetére utalé anomaliak

A seregélyesi dolomit sasbérc, valamint a dinnyési eltemetett vulkan K-i
oldalat valamennyi gravitacios térképben jol kirajzolddd, vetére utalé anomali-
ak zarjak le. A vet6 a Velencei-totol kiindulva ED iranyu, majd a seregélyesi
dolomit sashérc mentén EEK-DDNYy iranyt vesz fel. A vetékre utalé izovonalak
s(r(isége, azaz a gradiens nagysaga a vet6 mélységétél, valamint a vet6 két
oldalan lévé képzédmeények srlisegkilonbségetdl fligg. Az emlitett vetd eseté-
ben E-on a viszonylag kisebb s(rliségli eocén vulkani képz6dmény, D-en a
nagyobb sirlségkilonbséget jelentd triasz dolomit érintkezik a levetett rész
folotti miocén Oszlettel. Ezért a gradiens D-en (Seregélyesnél) valamivel na-
gyobb.

Tobbszoros vetdkre ésfeltolddasokra utaldé anomalidk

Az eredménytérkép DNy-i sarkabdl kiinduldan kb. EK csapasu, bonyolult,
vetbkre és feltolédasokra utaldé anomalidk lathaték valamennyi gravitécios
térképen (3., 6., 7., 8. melléklet). Pontos kimutatdsukhoz a jelenlegi folmértség
(10—12 allomas/km) azonban nem elegend6.

E bonyolult szerkezet mentén a felszini kibivéasokbdl és furasokbdl ismert,
valtozatos kozettani kifejl6des, kis mélységli paleozoos blokk (Csajag—
Jen6—Sarszentmihaly—Urhida—Kd®szarhegy) hirtelen lehatéarolodik, isme-
retlen aljzatd neogén medencével érintkezik.

Foltolddasra utaldé minimumzonak

Az emlitett paleozoos blokk E-i peremét igen nagy gravitacios minimumér-
tékkel jelentkez6, K—Ny iranyu zona zérja le, amely a térkép Ny-i hataran
tal még igen hosszan nyomozhatd. Ilyen viszonylag keskeny és hosszU, de nagy
széls6érték( minimumzona Magyarorszég teriilletén csaknem egyedilallé jelen-
ség, foldtani értelmezése kilon figyelmet érdemel. E minimumzonénak Csért6l
Ny-ra 1év8 szakasza a farasok és a geoldgiai vizsgalatok szerint tobbszords
foltolédas [Kokay 1968]. A minimumzondk ismétlédése is tobbszords foltolo-
dasra enged kovetkeztetni itt. Foltehetéen ugyanigy foltolddasi zonaként kell
értelmezni a minimumzénanak Csértél K-re 1év6 szakaszat is.

A medencealjzat szerkezetére utalé anomalidk

Viszonylag kis anplitiddju, de jellegzetes EK—DNy orientacioju gravi-
tacios maradek-anomaliak jelentkeznek a Velencei-hegységtol E-ra eés Ny-ra.
A pazmandi eltemetett vulkantél E-ra a hosszan elnyult foldméagneses maradék-
anomalia maximumok (9. melléklet) is ugyanezt az iranyt kovetik. A medence-
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aljzatban tehat ilyen irdnyl szerkezeti elemekre, s e szerkezeti elemek iranyéat
kdvet6 magmas képzédmenyekre (a farasok szerint diabazra) kell szamitanunk
e terlileten. A Velencei-t6tdl DNy-ra (a seregélyesi aszimmetrikus sasbérc és a
terkép Ny-i szélén lévé paleozoos blokk kozott) szintén jellegzetes a gravitacios
anomaliak orientacioja. A kb. EEK iranyitottsagi anomaliak parhuzamosak
a seregélyesi dolomitszirtet K-rél lezaro vetovel. A Ny-i paleozoos blokk bels6
szerkezetére tdlnyomoéan ED és KNy irany( gravitaciés anomalidk utalnak.

A regionalis gravitacios anomaliatérkép (2. dbra, 1 melléklet) szerint a
seregélyesi dolomit sasbérctél Ny-i irAnyban a gravitacios anomaliak egyenlete-
sen csokkennek a Tac- Borgdnd kodzotti minimumig. Ezt a gravitacios ,lej-
t6t” — néhany furés és a szeizmikus méresek el6zetes értékelése alapjan — nem
az ismeretlen kifejl6désii paleozoos—mezozoos medencealjzat fokozatos
mélybe sillyedése okozza. A kb. 15 mgal anoméliavaltozas tilnyomdrészt a
medencealjzaton belili suriiségvaltozasra vezethetd vissza.

A teriletet K-ré/ lezaro, mélybeli torésre utald6 anomaliak

Az itt nem kdzolt Bouguer-anomalia térképen, a mellékelt regionalis- és a
két lefelé folytatott anomalia térképen izovonal-slrisddéssel, a mellékelt
maradék-anomalia térképeken pedig zérus vonalakkal jelentkezik a terllet K-i
hataran egy mélybeli torésre utal6 anomalia-rendszer (pl. 1 és 8. melléklet). E
csaknem 40 km hosszu, nagy gradiensekkel jelentkez0, széles sav mentén K-i
iranyban a medence elmélyil, a paleogén és a miocén osszlet kivastagszik. E
feltételezett torés kimutatasa mas geofizikai médszerekkel eddig nem jart siker-
rel.

*

A folsorolt jellegzetes anomalidk foldtani értelmezése természetesen kiilon-
b6z6 megbizhatésagu. Ennek szamos oka van: a gravitacids és foldmagn-ises
mérési haldzat egyenetlensége, néhol a hatok mélységehez és kis Kiterjedéséhez
viszonyitott ritkasaga, a hatéknak kérnyezetiilkhdz viszonyitott nagyon valtozé
suruségkilénbségik, a medencealjzaton belili siirliségvaltozasok stb. mellett a
mélyfurasok hianya, kilondsen a teriilet K-i és D-i részén. Az eredménytérkép
csupan Osszefoglalja azokat a szerkezeti elemeket, amelyek kiilénb6z8 megbiz-
hatdsaggal jelentkeznek, azért, hogy megkdnnyitse a tajékozddast a sok kilon-
b6z6 gravitacios es foldmagneses térkép kozott. Tulajdonképpen vitaalapot
szolgaltat egy kés6bbi komplex értelmezéshez. Egyben bizonyitja, hogy mar
néhany mélyfiras ismeretében a gravitacids és a foldmagneses anomaliak sokol-
dali vizsgalata komoly eredményeket szolgaltat a mélyszerkezet megismerésé-
hez, még bonyolult féldtani felépitésd terileten is.
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A mikrofilmen mellékelt abrak magyarazata

1 melléklet. A Velencei-hegységi kutatasi teriilet a regiondlis gravitacids és féldmagneses anoma-
lidkkal
1 paleozoikum a felszinen; 2 — granit a felszinen; 3 — metaszomatit (andezit) a felszinen;
4 mélyfarasban elért paleozoikum altalaban (Pz), granit (y), perm (P), triasz (T); 5 —regio-
nalis gravitacios anomaliak (értékkéz 1 mgal); 6 — foldmagneses AZ értékek regionalis
maximumai

2. melléklet. A Velencei-hegység és tagabb kornyezetének attekinté foldmagneses (AZ) anomalia-
térképe (értékkdz 10 nT)

J. melléklet. A Velencei-hegység és tagabb kornyezetének maradék-anomalia térképe.
a = 2,0 m103 kg/m3; s= 250 m; k=4

4. melléklet. A Velencei-hegység maradék-anomalia térképe, a = 2,65 ¢ 103kg/m3;s=250 m; k =4
1— granit a felszinen; 2 —paleozoikum a felszinen

5. melléklet. Kulonb6z6 paraméterl lefelé folytaté negyed matrixok és a matrixok alkalmazasa
ugyanazon szelvény mentén

6. melléklet. A Velencei-hegység és tagabb kornyezetének lefelé folytatott térképe

7. melléklet. A Velencei-hegység és tagabb kornyezetének lefelé folytatott, majd savszirével sz(rt
maradék-anomalia térképe

8. melléklet. A Velencei-hegység és tagabb kornyezetének kétszeresen lefelé folytatott térképe

9. melléklet. A Velencei-hegység kornyezetének féldmagnescs AZ maradék-anomaliai

10. melléklet. A gravitacios és foldmagneses anomaliak foldtani értelmezése
1— paleozoikum a felszinen; 2 — granit a felszinen; 3 — metaszomatit (andezit) a felszinen;
4 -- flrasban elért paleozoikum altalaban (Pz), granit (y), perm (P) és triasz (T) képzddmény;
5 —jellegzetes kor alakd gravitacids maradék-anomalia, amelynek tertiletén a foldmagneses
maradék-anomaliak sdrlsodnek: foltételezett mélybeli vulkani képzédmény; 6 — a regionalis
gravitacios és foldmagneses anomaliak egybeesése: diorit intruzid; 7 —jellegzetes gyird alaku
gravitacios anomalia: ismeretlen képz6dmény; 8- hosszan elnyult, keskeny gravitaciés mara-
dék-anomalia: a seregélyesi furasokbdl ismert dolomit feltételezett elterjedése; 9  a granit-
plutont 6vezd felszini paleozoos palakibuvasok folytatasaként Iathaté gravitaciés maximum:
a paleozoos pala mélybeli folytatasa; 10 - hosszan elnydlt magneses maradék-anomalia: a
gravitacios térképekben jelentkezd iranyokhoz kapcsolodo foldmagneses hato; 11 az ismert
(ill. feltételezett) vulkani képz6dményekhez nem tartoz6 és nem szerkezeti vonalhoz kapcsold-
dé foldmagneses anomalia: foltételezhet6en lokalis eocén vulkanizmussal kapcsolatos hato;
12 — viszonylag nagy anomalia-kilénbséggel jelentkezé pozitiv és negativ maradék-anoma-
liat elvalaszto, hosszan nyomozhatd zérus vonal, a relative nagyobb anomaliaérték el6jelének
foltlintetésével: sirlségkulonbséggel jelentkez6 vetd vagy feltolodas; 13 kisebb anomalia-
kilénbségi pozitiv és negativ maradék-anomalidkat elvalasztd, vagy rovidebb szakaszon
nyomozhat6 zérusvonal: feltételezhet6en az aljzat bels6 szerkezetével dsszefliggd slrliségval-
tozas; 14 — izovonal-siriisddéssel (nagy gradiensekkel) jelentkezd széles zéna: foltételezhetd
mélybeli torés
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A. TINHTEP

MHTEPMPETALNA MTPABUTALIMOHHBIX N FEOMAFHUTHbIX
AHOMAJININ B PAIOHAX CO CJ/IOXXHOW TEKTOHWUKOM
(FTOPbl BEJIEHLIE)

LLInpokoe OKpy»eHue rop BeneHve npeacTtaBnsieT co60i paBHUHY, NOKPbITYIO MaHHOHCKOA
Tonweit. OTHOCUTENbHOE HEeBOMbLLIOE KONMUECTBO flaHHbIX 6YPeHUs SBNSETCA HeA0CTAaTOUHbIM As
BbISABHEHWA TMYGUHHON CTPYKTYpbl. ABTOPOM CfieflaHa NOMbITKA OKOHTYPUTb BaXKHElLLMe 3neMeH-
Tbl FYGUHHBIX CTPYKTYp MO BapuaHTaM KapT CUMbl TSXKECTU U reoMarHeTuama. CBofgHas Kapta
MOXET CrMoco6CTBOBATL AalbHENWMM pa6oTam Mo reousnke 1 GypeHuto, a MeToanueckme pac-
CY)X/IEHWS! MO TPaBUMETPUM W FeOMarHeTM3My MOryT 0Ka3aTbCsl MOE3HbIMU MPK MHTepNpeTaLum
rPaBUTALMOHHBIX W TEOMarHUTHbIX aHOMaNUi NoJOGHbIX MOKPbLITLIX PaioHOB.
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INTERPRETATION OF COMPLEX RESISTIVITY
AND
DIELECTRIC DATA
PART 1

W. H. PELTONL W. R. SILL2, B. D. SMITH3

Dielectric spectra and complex resistivity spectra are closely related through the general theory
of relaxation. It is possible to group a great many simple models which have been proposed for IP
or dielectric phenomena into three relaxation “families”. We have examined the behavior in the
frequency domain, in the time domain, and in the distribution function domain of several of the
more common relaxation models.

As part of our organization of the models into groups and as part of our examination of the
relationships between different models, we have created three generalized expressions which describe
a very broad range of relaxational behavior. However, not often is it possible to determine all the
parameters of the more general models from observed data. The most useful model, we have found,
is the simple Cole Cole model, which merely describes a symmetric peak in a plot of log phase
versus log frequency, or a symmetric “bump” in a plot of the imaginary versus the real part of the
transfer function.

d: complex resistivity, frequency domain, Cole—Cole model

1. Introduction

In the past few years, geophysicists concerned with measuring the electrical
properties of rocks have been stimulated by developments in two somewhat
different areas of research. The first of these involves mining exploration where
portable field equipment has been developed to measure induced polarization
response at a number of frequencies or decay times [Van Voorhis €t al. 1973,
Hantof 1974], The additional spectral information is being used in an attempt
to discriminate between different types of polarizable materials [Zonge 1972,
Petton et al. 1973, Zonge and Wynn 1975, Katsube 1975], to predict more
accurately the concentration of metallic mineralization [G risseman 1971; Sin
and Dewitt 1976], and to remove inductive electromagnetic coupling response
from IP data [Hallof 1974. Wynn and Zonge 1975, Pelton 6t al. 1978]

The second area of recent activity in rock electrical measurements involves
study of the complex dielectric constant of lunar rocks and soils returned by the
Apollo manned space program [Oi1hoeft et al. 1974]. The results of these
measurements are intended to aid the remote sensing of the solar system by

1Phoenix Geophysics Limited, Willowdale, Ontario, Canada

2 Departme. of Geology and Geophysics, University of Utah, Salt Lake City, Utah. USA
3 United States Geological Survey. Denver, Colorado, USA

Manuscript received: 22. 7. 1983
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characterizing the dielectric relaxation phenomena and its dependence on mi-
neralogical composition, as well as the dependence of the relaxation parameters
on other physical variables, such as temperature [Saint-Amant and Strang-
way 1970].

Although the two research areas may appear rather diverse since they
involve consideration of different physical processes, they are actually very
closely related through the general theory of linear relaxation response [Shuey
and Johnson 1973]. This close relationship is demonstrated by the result that
the most promising mathematical model currently being used to describe the
bulk electrochemical polarization of mineralized rocks [Madden and Cant-
well 1967, Pelton et al. 1973] was originally introduced by researchers con-
cerned solely with dielectric relaxation [Cole and Cole 1941].

While progress has been made in acquiring accurate complex resistivity and
dielectric data over a larger frequency range, less has been accomplished regard-
ing the analysis of these spectra. Fraser et al. [1964] categorized conductivity
spectra by the terms “concave-up” and “concave-down” and Zonge and Wynn
[1975] make the distinction between type A, B, and C response based on the
slope of a Cole—Cole plot. Both methods are capable of indicating very
gross features in the data; however, in order to characterize subtle changes in
complex resistivity spectra with variable grain size or sulfide concentration
[Grisseman 1971] or to describe variations in dielectric data due to increasing
temperature [Saint-Amant and Strangway 1970], it is essential to develop a
guantitative rather than a qualitative description of spectra. This requires
adoption of some mathematical model and a method for determining mode!
parameters from spectral data.

The purpose of this paper is

— to summarize briefly the essential requirements of relaxation models for
complex resistivity and dielectric behavior,

— to examine closely the behavior in the frequency and time domains of
various models which have been suggested for electrical relaxation in rocks,

—to investigate the differences and interrelationships between these
models,

— to describe a ridge regression inversion technique for determining the
optimum mathematical model fitting various complex resistivity and dielectric
data, and

— to illustrate some applications of the inversion scheme, including selec-
tion of an appropriate model, quantitative evaluation of various spectra and
transformation between the frequency domain and the time domain.

2. Complex resistivity and complex dielectric constant

For low current density (J< 10~2A/m2) and constant temperature, press-
ure and composition, it is observed that the relationship between current den-
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sity, J, and electric field, E in rocks is linear. This allows the relation between
E and J to be expressed by a constant of proportionality. If the rock sample is
large enough to be considered homogeneous, the constant is usually considered
to be independent of position. In the general case the constant is a tensor
guantity, but for many practical measurements, rock materials are approxi-
mated as isotropic and the constant reduces to a scalar.

We now make the distinction between “conduction current”, f ., carried by
charges which are free to move distances larger than the order of atomic
dimensions and “displacement current”, Jj, which involves reorientation of
bound charge over distances which are of the order of angstroms [Furier and
Ward 1970]. Maxwell’s second equation may be written

V XA = f .+ 1)

where
(2)

is the displacement current. Resistivity, p, is now defined by the linear relation
between conduction current density and electric field,

E=pf 3)

The resistivity can be considered entirely real only if the relation between
J, and E is completely independent of time. However, it is possible to describe
much more general, time-dependent relationships between J, and E considering
p to be a complex function of frequency. We note that if E is related to Jc by
any linear operator with time-invariant parameters (e.g. integrodififerential
operator with constant coefficients) then when Jcis of the form e"d, E is of the
form /(cu)el. In other words, complex exponential functions are eigenfunctions
of linear time-invariant operators and the complex constant of proportionality,
/(tu), is the eigenvalue for the particular frequency, o, being considered [Papou-
lis 1962 p. 84]. Thus resistivity may be considered a complex function of
frequency describing the eigenvalues at all frequencies for the linear operator
relationship between and E. Conversely, if the relationship between Jcand
E is unknown, we may attemp to measure p(@>) over the frequency range of
interest and thereby deduce the relationship.

In a similar manner we can consider complex permittivity, e(cu), as describ-
ing the linear operator relation between electric field, E dielectric displacement

A
D(co) = e(0)E() (4)

or alternatively, we may divide ..., by a constant value, €0, the permittivity of
free space, and examine K(co) = e(cu)/eQ, the complex dielectric constant.
The relationship between displacement current density, Jh and electric

field, E is now obtained by differentiating D(t) with respect to time, resulting in
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JA«j) = icoe(w)E(co) ®)

for e*" time dependence. And we have, in general, for Maxwell's second equa-
tion in the frequency domain

= [VYpUj) +i(ot:{o))\E(ot) ©6)
where
Ji) = V XH(co) @)

is the total current density.

Since all conventional electrical measurements are limited to monitoring
directly or indirectly JTand E, there is some ambiguity in dividing the real and
imaginary parts of [V/p(w) + iwe(aj)\ between real and imaginary resistivity and
between real and imaginary permittivity. As has been demonstrated by some
researchers, it is possible to completely omit out-of-phase or imaginary resis-
tivity and to attribute the phase lag between J4co) and E(to) in mineralized rocks
at low frequency as entirely due to the permittivity. If this is done, the dielectric
constant must be considered larger than 108 to produce phase angles of 10
milliradians in 100 fim material at 10 : Hz. Physically, this requires that charge
be separated by distances of the order of centimeters rather than of the order
of angstroms. We believe that charge which is able to travel such large distances
is more appropriately labelled “free” as opposed to “bound”, and that the phe-
nomena which give rise to such polarization behavior are more correctly called
complex resistivity phenomena rather than complex dielectric phenomena. In
this regard we are in full agreement with Furter and wara [1970] that the
interpretation of rock electrical properties in terms of abnormally large dielec-
tric constants is both unnecessary and undesirable.

By making the distinction between free and bound charge and by limiting
bound charge to displacements of the order of angstroms, we effectively restrict
the magnitude of the dielectric constant to values approximately between 10
and 80. Thus if we are interested solely in measuring the electrochemical
polarization of wet, mineralized rocks we may usually ignore the effect of
displacement currents if the frequency range is limited to less than 104 or 1Cb
Hz. For example, the error in phase due to a dielectric constant of 35 for a rock
resistivity of 100 fim is approximately 20 milliradians at 105 Hz and only
2milliradians at 104 Hz. For lower resistivities the error is proportionally lower.
If processes involving only displacement currents are of interest, we attempt to
decrease the effect of conduction currents by carrying out measurements on
thoroughly dry rocks at high frequencies, so that the error term, Vicep(e), in
the measurement of e(w) is minimized. Alternatively, if it is not possible to
reduce these errors to insignificantly low levels, both p(oj) and @) may be
included in the forward model. We can then attempt to determine parameters
for both of the functions through simultaneous inversion.
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3. Linear system theory

Time invariance

In order to give meaning to the terms “complex resistivity” and “complex
permittivity"” we have assumed that the electrical properties of rocks may be
described by parameters which remain constant over the measurement time
scale. This condition of time invariance poses restrictions on the form of the
linear operator relation between input, F(t), and output, c(t). For the models
we will be considering the relation can be described by

q(D.)G(t) = F(1) (8)

where b, denotes differentiation with respect to time and q(x) is a rational or
transcendental expression with constant coefficients.

Transfer function
If the Laplace transform is applied to (8), and F(0) =0, the result is
AH{s)g(s) = /) ©)

where s is the transform variable.
The term,

Ks) = — (10)

is the transfer function and relates the transform of F(t) to the transform ofc(t).
We will define the Fourier transform by

00

fw) = J_F(t)e~iu dt. 11
B (11)

Then if we are dealing with causal inputs and with linear, time-invariant,
causal systems, the transfer function in the Fourier transform or frequency
domain is simply h(co) where i is substituted for s.

Causality

The condition of causality requires that the output G (t) always be zero for
t<0 if the input F(t) is zero for ?<0. Thus the impulse response, H(t) = G (t),
when F(t) = 6(t), must be zero for /<0. In general, the output, G(/), of a linear,
time-invariant system is obtained by convolving the input, F(t), with the Green's
function or impulse response of the system,
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G()= $ F(t—thH(t) dtL (12)

However, for causal inputs and causal systems, since F(t) =0 and Ht) =0 for
/<0 the convolution integral reduces to

G{t) = s F (t-/)#(*,) dtx. (13)
0

Causality also places restrictions on /;(0>), the transfer function or spectrum of
H(Y),

h(w) = _O%)H(t)e~'\m dt. (14)

Since H{t) =0 for t<0, the real and imaginary parts of h(w) must be Hilbert
transform pairs [Bracewell 1965, p. 272]. This requirement actually provides
an independent check on the quality of field and laboratory measurements. If
the real and imaginary parts are not Hilbert transform pairs, either the measure-
ment system is defective or the current density is so large that non-linear effects
are created and linear system theory can no longer be applied.

Closely related to the idea of causality is another constraint which we will
loosely call “no time delay”. By invoking causality we only prevent the impulse
response from *“occurring” before /= 0; we say nothing about how long it may
be delayed after t=0. A delay could be introduced physically by a finite
propagation time or artificially by lack of synchronization between receiver and
transmitter clocks; however both these effects might be treated more appro-
priately as measurement difficulties and thus be excluded from transfer func-
tions which attempt to mode! electrical properties.

Stability

An additional common property of most physical systems is that of stabil-
ity. This requires that the output be bounded if the input is bounded. We find
that this condition applies to all rock electrical measurements. If, for example,
the input is a current step-function, the measured electric field cannot rise to
infinity; it must be limited to some finite value at large times. This requirement
is equivalent to the absolute integrability of the impulse response [Papoutis

1962, p. 5]
S Itf(O1 dt < @ (15)

Simple transfer functions which do not satisfy this requirement are ones which
have singularities at the origin. A resistivity transfer function having (ia>)~
behavior (0<c” 1) near @&=0 will have an impulse response which behaves as
F 1for large time. The integral given in (15) diverges, and we note that the step
function response is indeed unbounded as t->00 (it tends to infinity as t°).
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If we wish to require similarly that the output be bounded at i=0 (for a
bounded input), we must also rule out singularities in the transfer function at
to= 00. An example would be a conductivity transfer function which has (ioff
behavior (0<c<l) as w~*co. The step function response for this transfer
function behaves as r cfor small t and is consequently unbounded as t->0.

Since conductivity is the reciprocal of resistivity, this suggests that both
resistivity and conductivity transfer functions should have finite, non-zero
asymptotes at high and low frequency. These requirements are necessary to
prevent unbounded response to simple step-function current or voltage excita-
tion.

Relaxation

We can put further constraints on the behavior of the transfer function
between its low and high frequency asymptotes by noting that rocks are passive
elements which exhibit only relaxation behavior in response to electrical stimuli.
By “passive” we mean that rocks do not generate their own output, and by
“relaxation behavior” we observe that the lowest resonance frequency is around
1013 Hz—far above the frequency range of interest in geophysical explora-
tion.

A thorough mathematical description of relaxation has been given by
Shuey and Johnson [1973]. Their postulate of “pure relaxation” restricts all the
singularities of relaxation transfer functions to lie only on the positive imaginary
axis of the complex frequency plane (for our definition of the Fourier trans-
form). They further make the distinction between resistivity and conductivity
relaxation, where the former describes the voltage response to a current input
and the latter describes the current response to a voltage input. These two
relaxation transfer functions are quite different in form. We note that if

h(ca) = Ih(co) le'd(u) (16)

where \h(w)\ is the amplitude and @®(co) is the phase, then the amplitude of the
resistivity transfer function for mineralized rocks is a decreasing function of
frequency, whereas the amplitude of the conductivity transfer function is an
increasing function of frequency. Since we observe that \p{co)\ and £(co) are
both decreasing functions of frequency we will attempt to deal exclusively with
relaxation models which produce this type of amplitude behavior (Figure 1).

One way of specifying such a relaxation model is to require that the
distribution function, i.e. the inverse Laplace transform of the impulse response,
be entirely positive. With this final requirement we are assured that |/?(a>) will
be a monotonically decreasing non-negative function of frequency and that H(t)
will be a monotonically decreasing non-negative function of time for t> 0. Since
the step-function response, U(t), is obtained by integrating H(t),

o =B84 d (17)
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it must be a monotonically increasing function. The negative step-function
response,

V() = 1- (), (18)

is then monotonically decreasing and we are consistent in relating this type of
relaxation model only to those processes which produce “decay” behavior.

Fig. 1. Typical relaxation transfer function
I. abra. Jellegzetes relaxacios atviteli figgvény

Puc. 1 XapakTepHas (yHKUMS PENakCULMOHHOM nepeaaun

4. Equivalent circuits

A linear, time-invariant system may be concisely described by its transfer
function, h(co), impulse response,, H(t), negative step-function response, \(t),
or linear operator, q(D,), since all are uniquely interrelated. An alternative,
popular method of describing these systems is by means of an equivalent circuit.
The circuit representation may provide additional insight into the physical
processes taking place. However, such descriptions are inherently non-unique:
we may choose either series or parallel combinations of components which
result in the same transfer function. This ambiguity is clearly illustrated by
Figure 2. The three equivalent circuits appear distinctly different, yet all these
have the same mathematical expression for the impedance transfer function:
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1

h(e) =R 1 m 1 1+ (ifi) (19)
From complete spectral measurements of the impedance of the equivalent
circuit we can determine only four parameters, R, m, r, and c, whereas the
equivalent circuit given in Figure 2/c has five variables: RO, Rx, R2 X and ¢
(circuits 2la and 2/6 are merely specific examples of 2/c for R2=co or RO=co).
Thus, in this simple example we are faced with the fundamental ambiguity of

a system of four equations with five unknowns.

Fig. 2. Three different equivalent circuits giving the same Cole—Cole relaxation response

2. abra. Harom kilénb6z6 ekvivalens aramkor, amely ugyanazt a Cole—Cole relaxacids valaszt
adja

Puc. 2. Tpu pasnnyHbie 3KBUBASIEHTHbIE CXEMbI, JalOLLMe OAMHAKOBbIA PENaKCULUMOHHBIA OTBET
Tuna Kon—Kon
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Unless we specify the type of input and output, there is even further
ambiguity in the choice of components for an equivalent circuit having a specific
mathematical expression for the transfer function. For example, we may choose
to discuss only equivalent circuits which have current as input, voltage as output
and complex impedance as the transfer function. The models then closely
simulate IP phenomena where the input is conduction current density, ¥,.(c0),
the output is electric field, Ea>), and the transfer function is complex resistivity,
p(@>). In order to obtain the desired type of relaxational behavior with this input
and output we are restricted to using resistances and capacitance-type elements.
Using inductances and resistances produces conductivity-type relaxation, and
using both capacitances and inductances as well as resistances provides two
energy storage mechanisms, which in turn results in some form of resonant
behavior: either underdamped, critically-damped or overdamped. All of these
types of resonance arise from transfer functions which have singularities off the
positive imaginary axis of the complex plane.

Alternatively, we may choose to consider equivalent circuits which more
closely approximate dielectric behavior. Since the input in this case is electric
field, E@@>), the output is displacement, D(a3, and the transfer function is
complex permittivity, r(co), it is more common to postulate equivalent circuits
which have voltage as input, charge density as output, and complex capacitance
as the transfer function [Daniet 1967]. If we again restrict our choice of
components to only resistances and capacitances the result is an equivalent
circuit whose transfer function (complex capacitance), has poles only on the
positive imaginary axis, and whose amplitude is a monotonically decreasing
function of frequency. It turns out, however, that the roles of capacitance and
resistance are exactly reversed. When considering impedance, i.e. complex
resistance, a circuit composed of only a single resistance is frequency-
independent and the impulse response is a delta function. Addition of at least
one capacitance is required for frequency-dependent behavior. Exactly the
converse is true when considering complex capacitance. It is necessary to add
a resistance to the single capacitance in order to simulate a “lossy dielectric” and
thus create frequency-dependent behavior.

With these considerations in mind we will later discuss only the first type
of equivalent circuit model for relaxation: that which has current for the input,
voltage for the output and complex impedance for the transfer function. The
mathematical models we develop in this manner will be equally applicable to
both complex resistivity and complex permittivity since both are relaxation
transfer functions whose amplitude is a monotonically decreasing function of
frequency. Once the expression for the transfer function is obtained using
standard circuit impedance analysis techniques, we may if desired, obtain the
conventional “complex permittivity” equivalent circuit for dielectric behavior
by replacing all resistors with capacitors and all capacitors with resistors.
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5. Relaxation models

All the mathematical models which meet our requirements of causality,
stability, and relaxation share three main features concerning the amplitude of
the transfer function. As illustrated by Figure 1 there is a low frequency
asymptote, a dispersive region and a high frequency asymptote. The dispersive
region can be considered as centered around a typical frequency or, alternative-
ly, the step function response can be related to a particular time or time
constant, r. From the scaling property of Fourier transforms we know that a
dispersion which occurs at low frequencies is characterized by a large time

constant.
The asymptotic behavior of the amplitude can be described by two addi-

tional parameters. If the low frequency asymptote has the value R then the high
frequency asymptote must have the value R(1—m), where 0<mb5= I, since the
amplitude is a monotonically decreasing non-negative function. This dimen-
sionless quantity, m, determines the discontinuity at the origin for the time
domain response. It is readily shown from the initial and final value theorems
for Laplace transforms [Wait 1958, Hallof 1963] that for a negative step
function,

m = VJVp, (20)

where V, is the output at t=0+ and Vpis the output at /=0 ". Seigel [1959], in
discussing the IP relaxation, gave the name "chargeability” to this fundamental
parameter, and Keller and Frischknecht [1966] stress its importance in the
description of induced polarization behavior.

Cole— Cole family of models

There are several quite different mathematical models which have been
proposed to describe resistivity and dielectric spectra. We have attempted in
Figure 3 to place these models in three major groups. Probably the most
important group, and one we will discuss first, is the Cole—Cole family of
models.

Cole—Cole model

The relaxation model having a transfer function with the form:

1
h{fw) = R 1—m 1— 21
(W) 1+ (kut)v _ (21)
was originally proposed by Cole and Cole [1941] to describe empirically the
spectra of various observed dielectric data. In order to present their data Cole
and Cole chose to represent the real and imaginary parts of the measured
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Fig. 3. Relationships between the different relaxation models
3. dbra. Osszefiiggések a kiilénbdz6 relaxacios modellek kozott

Puc. 3. COOTHOLLEHNS Pa3HbIX PenakcalOHHbIX MOAeneli

transfer function at each frequency, by points in the complex plane. Such plots
now bear their name and are extensively used to display dielectric data [D aniel
1967, Hinr etal. 1969]. The same method of presentation has been used by
Katsube [1975] and Zonge and Wynn [1975] to display complex resistivity
data. With this method of presentation a Cole—Cole relaxation appears as
circular arc with its center either on or below the real axis of the complex plane
(Figure 4).

An alternative method of presentation which we have tended to adopt in
this paper, is to plot the amplitude and phase of the transfer function versus
frequency on a double logarithmic scale. This type of plot strongly dilferentiates
relaxations with small time constants from those with larger time constants. In
addition, the asymptotic slopes of the phase lag provide very useful information
on the type of relaxation and the frequency dependence of the relaxation. In this
type of plot a Cole—Cole relaxation appears as a symmetrical phase angle
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peak whose negative and positive asymptotic slopes are both exactly equal to
the frequency dependence, c, given in (21). The frequency at which the phase
angle peak occurs

fp = 2zl —m)[2’ (22)

is inversely proportional to the time constant, «. Thus if the time constant is
large the peak occurs at low frequency. Several phase angle plots of the
Cole—Cole model for c=0.25, r = 1/2n and various values of the chargeability,

Fig. 4. Cole—Cole plots of three common relaxation models
4. dbra. Harom altalanosan hasznalt relaxaciés modell Cole—Cole diagramja

Puc. 4. Anarpamma Kon- Kon Tpex o6wenpMmeHseMbiX pPenakCMUMOHHbIX Mogenei
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m, are shown in Figure 5. Increasing chargeability increases the phase angle. In
the limit where m—21.0, the phase angle levels off to an asymptote of cq/2.
Almost all measured materials, however, have a chargeability less than 1.0 so
that the phase angle plot shows at least one prominent peak.

The amplitude of the transfer function for the Cole—Cole model, when
plotted on a double logarithmic scale, also exhibits symmetry, but in this case
the symmetry is odd instead of even. Where the phase angle reaches a maximum,
the amplitude has its maximum negative slope. At high frequency the amplitude
has an asymptote of R(I—m), whereas at low frequency the asymptote is
simply R. In contrast, the phase angle depends only on m, r and ¢, and is
completely independent of R.

Fig. 5. Phase angle curves for a typical Cole Cole model
5. abra. Egy jellegzetes Cole -Cole modell fazisgorbéi

Puc. 5. ®a3oBas xapakTepucTuka Tunuyeckoir mogenn Kon- Kon

Although the Cole—Cole model was originally developed to aid in the
analysis of dielectric phenomena, it has been found that complex resistivity
measurements of mineralized rock in the laboratory [Madden and Cantwell
1967] and in-situ [Pelton et al. 1977] closely conform to this relaxation model.
Attempts to simulate electrical conduction in small sections of mineralized rock
result in equivalent circuits which tend to resemble those in Figure 2 and,
indeed, all of these circuits have Cole—Cole relaxation behavior.
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Time domain behavior of the Cole— Cole model

Although perhaps most research into the complex resistivity of mineralized
rocks is now being done in the frequency domain, much of the earlier research
focussed on the IP decay, or measurements in the time domain. Since the IP
decay was found to be slower than exponential [wait 1959, Kenter and
Frischknecht 1966] several different mathematical formulations have been
advanced to describe this decay, culminating in quite complex decay formulas
appearing in the Russian literature [Komarov 1965]. Induced polarization
measurements can be made in the time domain, but in order to determine
accurately the true relaxational behavior, measurements must be closely spaced
immediately after the start of the decay and must extend to large times. If
measurements over several decades are desired, this necessitates a variable
sampling rate. There are also additional computational difficulties introduced
by a finite, instead of an infinite, charging time and by the finite time window
required for each reading.

Measurements in the frequency domain, on the other hand, can be made
reasonably easily over the eight decade range from 10“3Hz to 1045 Hz, and, as
long as each measurement is made under steady state conditions, there are no
comparable computational difficulties in the data analysis. Many such measure-
ments have been made in the frequency domain and indicate that the Cole
Cole model often fits complex resistivity data very well. The question remains,
however, what is the form of the Cole—Cole model in the time domain?

Assuming for the moment that R = 1.0, m= 1.0, and r = 1.0, the Cole—Cole
transfer function is |

h(m) =, (ko)

Since h(u>) is the Fourier transform of the impulse response, /;(/), we will attempt
an inverse Fourier transformation of

(23)

h(co) + (I(Lyh@) = 1 (24)
This can be accomplished easily only if c= 10, in which case
H(t) + D] mH(t) = S(t) (25)

is the transformed equation. We have used <) to denote the delta function and
D] to denote the operation of taking the first derivative with respect to time.
It is now trivial to solve this differential equation for the natural response or
impulse response of the system,

H(t) =e-* (26)
However, for the Cole—Cole model in general, we have 0<c”I, thus the
differential equation is

H(,) +Df H(t) = 0(t) (27)
where D\ denotes the operation of taking a fractional derivative.
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Although fractional derivatives are perhaps novel to the geophysical litera-
ture, they have a long history. Some of the more prominent investigators were
Leibniz [1695], Euler [1730], Lagrange [1772], Laplace [1812], Fourier [1822],
Abel [1823], Liouville [1832], De Morgan [1842], Riemann [1847], Heaviside
[1892], Bromwich [1919], Erdélyi [1939], Courant [1961], and Oldham and
Spanier [1974]. The last reference is a complete book on the subject of fractional
derivatives and integrals, and it documents all the earlier references as well as
many others which we will not attempt to include here.

The only property of the operator, Dh which we require in this paper, is

that I jk-C
DRI TA)” TOHRS) N2l

where I"(x) is the gamma function and cis any real number, positive or negative
(although we only use Occ”l). Using this property and knowledge of the
behavior of 1/41 + X) we can immediately write down the solution to (27)

A Jyi+ 1= 1+nc

= 29
m I (o) (29)
The behavior of 1/41 +x) is important, in that we must know where its first
zero occurs. As shown in Figure 6 this first zero occurs at x= —I, and is
responsible for the fact that the first derivative of a constant is zero. That is,
£ et° = Q, (30)
when ¢= 1 In general, the derivative of a constant is
re
Dt mt° (31)
Al -c)
and, as shown in Figure 6, the result is equal to zero only when c is a positive
integer.
We now readily see that
® (- D"Hr I+x ® (- )"+l 1+
(32)
= I(nc) W=l r(nc)

In other words the operator maps each term into the next lower term
(neglecting a sign change) except for the lowest term which becomes zero since
1/00) = 0. Also, from (32) we see that (29) is the solution (within a multiplica-
tive constant) of the homogeneous equation

H(t) + D\ mH(t) = 0 (33)

and is therefore the natural response or impulse response of the system.
To obtain the step function response we merely integrate each term in (29)
Uy =1 A dx= . Y (34)
® = OA(A) ~ h\ L 1+nc)
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Puc. 6. ®yHkums 1/41 + x)

and subtract from 1.0 to obtain the step function decay

& (- Iiftrc
= = |
vo = 1-u = I ¥ 1S )
We pause for a moment to inspect (35) and note that for c= 1.0
a (- lytn
V(t) = Eqﬁ’i oy = ? (36)

since A1 +n) = n\ The other special case for which the series corresponds to
commonly known functions, is c=0.5; then

o (- \ftra
VO = 27 +ni2)
where erfc x denotes the complementary error function [Abramowitz and
Stegun 1972, p. 297]

The series in (35) is rapidly convergent for small t, but convergence is very
poor for c<1.0 and t>2n. An approximate solution in this region for the
particular case ¢c=0.25 has been obtained by Madden and Cantwell [1967]
but the derivation is approximate, lengthy, and limited to that particular case.

elerfc t}2 (37)
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To obtain a general solution, we start again at the beginning and examine the
Laplace transform form of (23),

Ks) =4, et 3)

For large /, frequency, and therefore sA is small; therefore we might consider
expanding (38) as follows.
h(s) = 1—sc+sz—\&+. .. (39)

We cannot perform the inverse Laplace transform on this series conveniently
so we divide by s to obtain the transform of the step function response

Ws) = E_(E_i_): §~1—s‘~1+sZ2~1—s3J~1+ . .. (40)
Now since
, f
L s = KTy (41)

we might believe that, if an inverse Laplace transform for (40) exists, it is
given by

~ 7 rz r*
u{t)
U -c) + Al—2¢) A1-3A +"'"
42
=l A 1-—c) (42)
and therefore,
o (- Dl rc

— 43
VO = L) tince) “3)

This series does indeed converge for t>2n and we have used it along with
(35) to construct the Cole—Cole decay curves for ¢=0.125, ¢=0.25, and
c= 0.5 shown in Figure 7. The impulse response, H(t), for t>2n may be derived
simply by taking just the first derivative of (42)

“ (1
Ho = DO = )

If we now return to the general expression for the Cole—Cole model
(21) where we have not specified R= 1.0, m= 10, and r= 1.0, we can use the
scaling property of the Fourier transform and our earlier considerations of
discontinuities produced by m, to write down the general time domain forms
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Fig. 7. Cole—Cole step function decay
curves

7. dbra. Id6tartomanybeli Cole Cole
lecsengési gorbék

Puc. 7. Kpusble 3atyxaHua Kon--Kon
BO BPEMEHHOM fmanasoHe

ue (45)
O Tl o
(-OM-J - "
6/(0 = n 11 ME (46)
®(D 47
Vo = Rm 7 (14 0) (47)
for 0 < /T~ 2n, and
m ® (‘l DM_ 1
A0 =N - X (48)
rm=: [ —mc)
6/(0 =R 1- £ 49
( mE, 1 -w) (49)
G) nc
A0 = nu | F(\~nc) (50)

for tjx> 2n.
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For very large t, only the first term containing t is important and the step
function response asymptotes to

t\-c
U@t ~ R 1—m (51)
A1 -c)i
When m= 1.0, r= 1/2n and c—1/4, (51) becomes
ue ~ R 1-- o, (52)
which compares with the
i-1/4
Ut ~R 1. (53)
1.78.

obtained by Madden and Cantwell [1967] after several approximations.

An important point to note, however, is that this asymptotic behavior is
not reached until t/Tis very large. The approximation for the ¢= 1/4 decay,

54

V() 0114 (34)

is not within 25% until t> 100r. Also important is the fact that thechargeability,

m, is never exactly equal to 1.0 as assumed in the approximation by Madden

and Cantwell [1967]. For natural earth materials, and for typical field IP
measurements, m is usually substantially less than 1.0.

The final, and perhaps most important point, is that the IP step function
response is extremely long and drawn out. In-situ studies of mineralized rocks
[Perton et al. 1976] indicate that the response closely approximates a Cole—
Cole relaxation with c—1/4 and r ranging from microseconds to hundreds of
seconds. It is apparent from Figure 7 that for t <z/2 the IP response reaches less
than 1/2 its true step function value. Thus the typical 2 second switching times
used in conventional time domain IP measurements may result in decay curves
which bear little resemblance to the true step function decay, particularly for
rocks which have a long time constant. The effects of switching may be readily
calculated by adding and subtracting the step function responses due to the
positive and negative steps comprising the waveform. For an infinite series of
steps, convergence can be hastened by averaging the result due to a positive
starting step with that of a negative starting step.

The prominent deviations from the true step function decay response
(calculated from a Cole—Cole model with c¢=0.5) caused by the sequential
switching or 50% duty cycle used in conventional time domain IP measurements
are illustrated in Figure 8/a. Not only is the shape of decay curve distorted, but
the observed chargeability,
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Fig. 8. Warburg model decay curves corrected for
a) sequential switching; b) alternate switching

8. dbra. A Warburg-modell lecsengési gorbéi
a) a szokasos GP jelalakra korrigalva; b) pélusvaltasos jelalakra korrigalva

Puc. 8. KpuBble 3aTyxaHus mofenn Bap6ypr
a) Ana o6blKkHOBEHHOW (opmbl curHana Bl nocne ncnpaenexus; b) Ans dopmbl curHana
C NepeMeHOI nontca nocie ucnpasneHuns

V
‘s = 11 (observed), (55)
*P

is much less than the true chargeability of the material, particularly when the
ratio of the time constant to the pulse length is large (Figure 9).

This reduction in the observed chargeability, although still appreciable, is
substantially less for alternate switching or 100% duty cycle (Figure 8/b) as
opposed to sequential switching. Also, since the switching is from positive
directly to negative instead of positive to off, the primary voltage \Wpis twice as
large. As a result, the observed secondary voltage can be four times as large for
alternate switching as for sequential switching. This combined with the fact that
twice as many waveforms are measured in the same time period, presents a
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Fig. 9. Decrease in observed chargeability as a function of time constant
9. dbra. A mérhet6 tolthet6ség csokkenése az id6alland6 fiiggvényében

Pia-. 9. Y6biBaHWe 13MepseMoli 3apsAMMOCTY B 3aBUCUMOCTM OT MOCTOSIHHOIW BpeMeHu

persuasive argument for using a 100% duty cycle. The main reason for use of
a 50% duty cycle in the past, is that it is difficult to control precisely the
transmitter waveform, thus measurements while the transmitter was always on
(100% duty cycle) were often more inaccurate due to this additional source of

noise.

Cole— Davidson model

The next member of the Cole—Cole family of models which we will
discuss was proposed by Davidson and Core [1951] after a study of the
dielectric properties of glycerine. They found that the imaginary versus real plot
of K(oj) was not circular, but skewed as shown in Figure 4, and that the complex
dielectric constant more closely fitted the model.

1

h(mj=R —m (1+ 10T (56)

where 0<a” 1
A special case of this same relaxation model was discussed by Van Voorhis
et al. [1973] in their analysis of in-situ complex resistivity data obtained over

porphyry copper mineralization. When the chargeability, m, is equal to 1.0, (56)
takes the form,
R

= (14 iony &7

which they have called the Drake model.



Interpretation of complex resistivity and dielectric data 319

Time domain behavior of the Cole—Davidson model

Several difficulties become more obvious if the Drake model is used to
describe IP behavior in the time domain. Since m = 1.0, it suggests that there is
no discontinuity in the IP decay and that V,= Vp. This does not agree with most
time domain observations of the IP phenomena [Keller and Frischknecht
1966, Komarov 1965, Sauck and Sumner 1967].

In addition, the low frequency and high frequency phase angle asymptotic
slopes (on a double logarithmic plot) are + 1and —a, respectively. Thus we
might expect that the Cole—Davidson decay will have behavior similar to
that of a Cole—Cole model with frequency dependence c=a for small t and
c= 1.0 for large t. In other words, we might expect the Cole—Davidson de-
cay to be approximately that of a negative exponential for large times. Again,
this prediction is not in agreement with the majority of the time domain
observations.

To solve for the behavior of the Cole—Davidson model in the time do-
main we assume for the moment that /?=1.0, m=1.0 and r=1.0; then the
Laplace transform form of the transfer function given in (56) is

1
@+x)d

and the inverse Laplace transform or impulse response of the system obtained
from tables [Korn and Korn 1968, p. 917] is

m :fr[b»' (59)

We now integrate to find that the step function response

h(s) = (58)

V@a 1)
Lia)
is expressed quite simply in terms of the incomplete gamma function, y(a, t).

This expression may be evaluated from tables of the chi-square probability
function, P(x21), since

uo = ) V-res1dk (60)

= 6,
Ad) (6.)
[Abramowitz and Stegun 1972, p. 914] or we can use the series expansion for
y(a, t) [Abramowitz and Stegun 1972, p. 262—263] to obtain
fatn

Uft) = e- X Ma+n+ 1 (62)

n=0
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and, for large t,
C 1,« 1K D@-2)

u® ~ 1- ra) / 0 (63)
From (62) we see that t
a
FO~1 v (64)
as t—=0 and from (63) we see that
F(0 P (65)
A a)

is dominated by negative exponential behavior as t->00. Thus we were quite
correct in our original expectation that for small t the Cole—Davidson decay
would be similar to that of a Cole—Cole decay with frequency dependence,
a, and that for large t the decay would be similar to that of a Cole—Cole
model with c= 1.0 (i.e. a negative exponential decay).

As a final note we may discard our original assumption that R~ 10,
m= 1.0, and z—1.0, to obtain the general time domain forms for A(/), U(t) and
V(t). This merely involves substitution of t/z for t, incorporation of appropriate
discontinuities introduced by the chargeability, and multiplication by /?, after
the same procedure used to obtain the general time domain forms for the
Cole—Cole model.

Relationships within the Cole— Cole family

The reason that we have grouped the Cole—Cole and Cole- Davidson

models together into one family is that there is one general model,
1
he> =R 1—m\ 1 (1+ (icoz)® (66)

which includes both of the above as a special case. For lack of a better name,
we call this model the generalized Cole—Cole relaxation. The model is asym-
metric when displayed on a Cole—Cole plot or when presented as amplitude
and phase on a double logarithmic frequency plot. Since the low and high
frequency phase angle asymptotic slopes are +c and ~ac, respectively, we
expect that for large t the step function decay for this model will be similar to
that of a Cole—Cole model with frequency dependence, c, and that for small
t the decay will be similar to that of a Cole—Cole model with frequency
dependence, ac.

We may determine expressions for the time domain response of the
generalized Cole—Cole model (when R=10, m= 10, and z= 1.0) by apply-
ing the binomial expansion to

h(s) = (1 +s¢ " (67)
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for small 5 (large t), and to

h(s) = s~al +.i“)-0 (68)
for large s (small t). The resulting decay expressions are
® -1)'T(a+n)ta
V(t) = i - | (-1 )T(a+n)taan) (69)

~00a)a1l+n)[ 1+ ca+ )

for small t, and
© (- Hn+aa+wn)lr

A = Lynan 1+ WA 1- o) 70)

for large t.
As illustrated in Figure 3, the generalized Cole—Cole model becomes

the Cole—Davidson model when c=1 and becomes the Cole—Cole model
when a= 1 We have already mentioned that the Drake model is the special case
of the Cole Davidson model when w=I. In addition, we have singled out
three special cases of the Cole—Cole model. The case, c=0.25, we have cal-
led the Madden—Cantwell model after the investigations of M adden and
Cantwell [1967]. The case c= 0.5 we have called the Warburg model after the
(to)“12 behavior of the Warburg impedance. And finally, the case c¢=1.0
corresponds to the common Debye dielectric relaxation. The Debye model
further reduces to the relaxation of a simple two-component RC circuit ifm= 1
Likewise, the Drake model reduces to the RC circuit if a=I. The ultimate
simplification comes about as the time constant, r, of the RC circuit goes to zero.
The transfer function, /r(co), is then just a simple constant, R.

darum family of models

Another, quite different approach, was used by G 1arum [1960] to obtain
a general model which results in Cole—Cole and Cole—Davidson relaxa-
tions as special cases. The defect diffusion model he proposed results in a
distribution function,
kz

AR = Zikr—by @k —b-+ 1) (7D

Since the distribution function A(k) is just the inverse Laplace transform
of the impulse response [Shuey an Johnson 1973], we need to transform (71)
once to get H(t) and then once again to get h(s). Finally, we substitute ico for
Xand allow for arbitrary R and m to obtain the frequency domain response

(b+icoz)'’2+b

f(co) = R 1-m\ 1 .
(b + /eor)12+b +icoz/ _

(72)
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We now see that for b=0 (72) becomes the Cole—Cole model with
c=05 and that for b=1 (72) becomes the Cole—Davidson model with
6=0.5.

The same comparison may be made by first obtaining A(k) for the
Cole—Cole and Cole—Davidson models. To accomplish this we could in-
verse Laplace transform h(s) to obtain H(t) and then attempt to inverse Laplace
transform H(t) to obtain A(k). However, the series forms we obtained for the
Cole—Cole and Cole—Davidson impulse responses are not particularly
simple expressions to inverse transform. An alternative method for obtaining
A(k) from h(to) is described by Shuey and Jonhnson [1973]. For our definition
of the Fourier transform (Shuey and Johnson use the less common + i trans-
form), A(k) is given by

AK) = = IM[A(FC)]. (73)

In other words, we simply substitute —k for ito in h(w) and take I/n times
the imaginary part. Proceeding in this manner, we obtain

1.

- sin
A(K) e -

mR  (KT)~c+ 2 cos nc + (KT)C
for the Cole—Cole model, and
1
. -“sin na

AK) _ n (75)

mR  (kr—Di

for the Cole—Davidson model.

Again we see that specifying b=0 in (71) results in a Cole—Cole model
with ¢=0.5, and that choosing b= 1 results in a Cole—Davidson model with
a=0.5. This relationship among the distribution functions for the Cole—
Cole, Cole—Davidson and darum models is perhaps more clearly illus-
trated in Figure 10, where we have plotted the various A(k)/mR on a double
logarithmic scale. In this plot the Cole—Cole distribution is symmetric about
its center at k = I/1. Since a single Debye relaxation (corresponding to e~'/rdecay
in the time domain) would be represented on this plot by a delta function at
K=1/1, we see that an alternate way of envisioning the Cole—Cole model is
as a continuous distribution of Debye relaxations with varying time constants
centered (on a logarithmic plot) at k = 2/1. Thus the parameter, t, which we have
constantly used in referring to the Cole—Cole model takes on additional
significance. It refers to the main relaxation time, when the Cole—Cole
model is considered as a sum of Debye relaxations.

Similarly, we note that A(k) is directly proportional to the chargeability
parameter, m. Varying the magnitude of m does not change the shape of A(k)
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(on a double logarithmic scale) it merely shifts the curve up or down, appro-
priately increasing or decreasing the contribution from all Debye components
in unison. Thus we see that there was good reason for the original choice of m
as a fundamental parameter describing the magnitude of the IP effect [Seigel
1959, Ketter and Frischknecht 1966].

Fig. 10. Plots of the distribution
function, A(k). for the Glarum model

10. dbra. A Glarum-modell 4(A)
eloszlasfliggvénye

Puc. 10. ®yHKLMA pacnpefeneHus
AA) pns mogenn napym

The third parameter, c, of the Cole—Cole distribution, also plays an
important role; it varies the width of the symmetric distribution. Low values of
c characterize a very broad distribution, whereas high values characterize a
sharp, peaked distribution. In the limit c—1, the distribution is a delta function.

The Cole—Davidson distribution function is not symmetric. It has a
singularity at k = I/T and is zero for k < Ur. For large k (high frequency or short
time) A(k) has the same asymptotic behavior as that of the Cole—Cole
model, ,

AKk) n*mna
mR (kr)a
when c=a. This provides one additional route for arriving at our earlier
conclusion that the time domain behavior for the Cole—Cole and Cole—Da-
vidson models was the same for small t. Also, since A{K) is zero for k < UT we

might expect Debye (or negative exponential) behavior in the time domain for
large t, as again, we previously found.

(76)
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The distribution function for the Glarum model, as we have seen in Fi-
gure 10, interpolates between that of a Cole—Cole distribution with ¢=0.5
and a Cole—Davidson distribution with a=0.5. Since A(K) is zero for kr<b,
one way of viewing a Glarum distribution with b< 1, is as basically a Cole
Cole distribution which lacks relaxations having decay times longer than Th
When b= 1 the Glarum distribution is exactly the same as that of a Cole—
Davidson distribution with a=0.5. However, we can also have b>1 As b
increases in magnitude the distribution becomes more sharply peaked and
eventually tends to that of a Debye (delta function) distribution with a single
relaxation time of 1/6.

Actually, this latter transition, between the Cole—Davidson distribution
with 4=0.5 and the Debye distribution (a= 1.0) was the feature of the mode!
of most interest to G 1arum [1960]. As long as one ignores both the extreme high
frequency and low frequency behavior, it is possible to vary b so that the Glarum
model behaves as an approximate Cole—Davidson model with arbitrary

h2

However, this relationship is exact only for b—1and b$>1

If we truly wish to have the Cole—Davidson model with arbitrary a as
a special case of a more general model, we must modify (71) so that the
distribution function becomes

AK) mGin 71C
mR (kr~6)[L+(1 —h)(kr) 1+ 2(Ar)* cos nc)\
Then, indeed, we see that (78) is equal to (74) when b= 0, and equal to (75) when
b= 1 The h{@) for this generalized Glarum model is simply
(b+ feur) + b

(78)

h@) = =M= o)1+ (o+ ian)2j (79)
and the impulse response (when R=10, m= 1.0, and r= 1.0) is
® H1J- e
H(t 1-6) X 80
® r T4® rne) . (®0)

Zonge family of models

The last group of relaxation models which we will attempt to discuss arises
quite naturally from considering the impedance of transmission lines or infinite
series of electrical components. One attempt to simulate the IP relaxation with
a long series of resistors and capacitors is described by Doran [1967]. Another
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approach by Bracewer1 [1965] demonstrates that analysis of the impedance of
an infinite resistive—capacitive line (Figure 11(a) results in the diffusion
equation and consequent Warburg impedance behavior.

o— VAN wyVVNAMNW VANW VA

® . TfFTTT "

r r r r r
0-yV V-j= YYO>-|-AYYY— | W Vy-nsy-

TR TNy

0<N<1

®

Fig. 11. Resistive capacitive lines which produce
a) Warburg impedance response; b) Zonge model response

11. &bra. R C vonalak
a) Warburg impedancianak megfelel§ valaszfiiggvénnyel; b) Zonge modellnek megfelelé
valaszfiiggvénnyel

Puc. 11. Jiunmm R C, KoTOpble fatOT OTBET, COOTBETCTBYHOLLNIA
a) umnegaHcy Bapbypr; b) mogenn 3oHr

The main relaxation model we will discuss here, however, arises from the
impedance analysis by Zonge [1972] of the transmission line shown in Figure
11(b. The impedance he obtains for this line has the form.

i =R 1-m M A (81)
where o
R = //(0).
. 1
In [+N°
and

0

In an attempt to simulate the IP behavior of mineralized rocks he suggests that
the capacitances in Figure 11/b be replaced by Warburg elements with im-

pedance.
Z(@>) = (icoX)-"\ (82)
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The resulting transfer function for 0</»< 1 has low and high frequency
phase angle asymptotic slopes (on a double logarithmic plot) of /2 and - 14
respectively.

If we allow the elements to have arbitrary frequency dependence, c, then
the expression for the impedance becomes

tanh (;cvr)' 3

hio) = R 1
(10 - (iojzy2 J_

(84)

where

r= (85)

A main characteristic of this general model is that the phase angle curves,
on a double logarithmic frequency plot, are asymmetric and that the high
frequency asymptotic slope is always —1/2 times the low frequency asymptotic

slope.
In the time domain we would expect the generalized Zonge model to behave

as a Cole—Cole model with frequency dependence, c, for large t, and as a
Cole—Cole model with frequency dependence, c,/2 for small t. The actual
time domain expression for the generalized Zonge model (when R = 1.0, m= 1.0,

and r=1.0) may be obtained from
tanh sc
ues) = (85)

by using the series expansion for the hyperbolic tangent [Abramowitz and
Stegun 1972, p. 85], and inverse transforming term by term. We obtain, for

small t,
[/(,)=» 22/(22—DB2aT A'x
»1 T +2n)41-2(n- I)c)’
where Bkis the k'h Bernoulli number [Abramowitz and Stegun 1972, p. 810].

(87)

6. Discussion of the forward problem

We now conclude our consideration of the forward problem formulation
for electrical relaxation in rocks. We have perhaps accomplished the first three
of the five main objectives of this paper, namely 1) to summarize the essential
features of mathematical models which may be considered appropriate for
complex resistivity and dielectric relaxation, 2) to examine both the frequency
domain and time domain behavior of various proposed models, and 3) to
investigate the relationships between the models. The list of relaxation models
we have considered is by no means exhaustive, but we have dealt with many of
the proposed models which have relatively simple behavior in the frequency and
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time domains. In addition, we have generalized three of the models so that they
have flexibility to describe a wide range of relaxational behavior.

As shown in Figure 3 all three generalized models are related to the simple
Cole—Cole model, and may be distinguished from the Cole—Cole model
only by asymmetry in the phase angle peak. As we will attempt to show in the
second part of this paper, it is difficult enough, even with measurements over
eight decades of frequency, to determine confidently the fundamental par-
ameters characterizing the location, width and magnitude of the peak, let alone
any additional parameters describing slight asymmetry in the peak. These slight
differences are difficult to detect mainly because many observed spectra have
additional relaxations occurring at higher or lower frequency which obscure at
least one of the phase angle asymptotes. As a result, it is usually not feasible
to resolve models much more complex than the Cole—Cole model, and thus
the Cole—Cole model, by default, is very often used to describe complex
resistivity and dielectric data.

For ease of reference in the latter part of this paper, we have summarized
and numbered in Table 1 the relaxation models that we have discussed. As well
as providing the formula for h(@>) in the table we have also given the phase angle
asymptotic slopes. When compared with those of the appropriate Cole-
Cole model these slopes predict the asymptotic time domain behavior of the
models. More accurate comparison of time domain data with theoretical relax-
ation models requires consideration of the transmitter switching history and
compensation for effects introduced by the finite time window used in sampling
the receiver voltage.
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Table /
SIMPLE RELAXATION MODELS LOG @
ASYMPTOTIC
_ SLOPES
NO NAME
I”(L!) W20 co-o00
Simple Resistance
L |
RC Circuit .
1 fion_
Drake .
I+i
1
Debye I-m
| + 1A
Warburg R I~m\ I 1/2 12
I + (/coT),/2N
Madden I
Cantwell I-m\ | + (Joov) 1a 1a
tanh(icor)
Zonge 1 1- = 12 -1/4
g (icon)/4
Generalized | tanh(i'coT)"'2
-mll- -C/2
Zonge (lwr)"2 /
1
Cole Cole 1-n 1
1+ (ICOT)
. 1
Cole Davidson I m(1
(I + [coT)"
1 Generalized I
Cole -Cole (1+ (3o T /3
>+ Icot)' 2+
Il Glarum l—m 1— ©* cor) 2+ T
N+ /coT) 2+ b+ /coT/d
i b+iwxf+b
;, Generalized m 1- (
Glarum (b + fcot)L+ (5+ fcoT)2

/. tablazat. Egyszer( relaxaciés modellek

Ta6nmua 1. MpocTble penakcauyuMoHHble Moaenu
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KOMPLEX ELLENALLAS- ES DIELEKTROMOS ADATOK
ERTELMEZESE — |. RESZ

W. H. PELTON. W. R. SILL. B. D. SMITH

A dielektromos spektrumok és a komplex ellenallas spektrumok kozétt szoros kapcsolatot
teremt az altalanos relaxacios elmélet. A gerjesztett polarizacié vagy a dielektromos jelenség
leirasara javasolt sok egyszer( modellt harom relaxacids ,,csaladba™ lehet osztani. A legaltalano-
sabb relaxacios modellek kozil néhanynak megvizsgaltuk a viselkedését a frekvencia, id6 és eloszla-
si fliggvény tartomanyban.

A modellek csoportokba rendezésének és a kiilonb6z6 modellek kozti dsszefliggések vizsgala-
tanak eredményeképp harom altalanositott kifejezéshez jutottunk, amelyek a relaxacios viselkedés
igen széles tartomanyat irjak le. Gyakran azonban nem lehet az altalanosabb modell valamennyi
paraméterét meghatarozni a mért adatokbol. Leghasznalhatébbnak az egyszer(i Cole—Cole mo-
dellt talaltuk, amely egy szimmetrikus csucsot ad, ha a fazis logaritmusat abrazoljuk a frekvencia
logaritmusanak fliggvényében, vagy pedig egy szimmetrikus ,,pupot"”, ha az atviteli fliggvény valds
részét abrazoljuk a képzetes rész fliggvényében.

MHTEPMNPETAUNA JAHHBIX O KOMTIJJTEKCHbBIX CMNMEKTPAX
COMPOTUMBNEHNA N OANSINTEKTPUYHECKNX CMNEKTPAX
UACTb |

B. I MEATOH. B. P. CW/, b. 4. CMUT

Teopus 06Lieil penakcauuy Co3faeT TECHYIO CBS3b MeXAy AMSNEKTPUUECKMMU CreKTpamm
1 KOMMMEKCHbIMI CMEKTpaMy COMpoTMBAEHUS. MHOro NpoCTbIX Mogeneid, npeanaraembix Ans
OMNMCaHUs BbI3BAHHON NONAPU3ALMM UMK AMINEKTPUUECKOTO SBNEHMS, MOTYT GbiTb pasfeneHbl Ha
TPU «cemeiicTBa» penakcauun. M3 Ham6onee o6LMX MOAeneii penakcauuu noseaeHme HeKOTOPbIX
GbINIO M3yYeHO B Anana3oHax 4acToTbl, BPEMEHW U QYHKLMW pacnpedeneHus.

B pe3ynbTaTe OpraHu3auuy Mogeneit B rpynnax W U3yuyeHWst OTHOLLEHWIA MexXay pasHbIMU
MOZENAMU 6biIN MOMYyYeHbl TP 0GOGLLEHHBIX BbIPAXEHMUs!, KOTOPble OMWCHLIBAIOT OUYeHb LLMPOKMIA
[nanasoH penakcaluyoHHOro noeejeHus. Mo 3aMepeHHbIM aHHbIM, 0HAKO, YacTo He/b3s onpeje-
NATL BCe NapameTpbl oblleii Mogenu. Camoi MmonesHoit Hawnack npoctas mogens Kon-Kon,
KoTopasi [aeT CUMMMETPUYHbIA MUK, ecnu norapudm (asbl M306paxkaeTcsl B 3aBUCUMOCTU OT
norapugmMa 4acToTbl, UM CUMMETPUUHBIX «TOPBUK», €CAIM UCTUHHAS YacTb (DYHKUMM Nepefaun
1306paXKaeTcs B 3aBUCMMOCTM OT MHUMOIA YacTw.
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POSSIBILITIES OF THE FOCUSED-FIELD SURFACE
GEOELECTRIC METHOD

Pal EGERSZEGI*

The paper investigates the possible applications of the focused-field method. It is shown that,
with some restrictions, the method can be used for the detection of tectonic disturbances from the
surface, for a more accurate determination of the specific resistivity of the basement and for
obtaining almost distortion-free sounding curves in geologically disturbed areas. In mines the
focused-field method should be utilized with appropriate modifications.

d: gcoeleetric methods, mining geophysics, resistivity measurements

l. Introduction

In 1962 the Geophysical Department of the Technical University of Heavy
Industry and the Hungarian Oil and Gas Trust filed a patent on the application
of the focused current well logging technique on the surface and in mines. The
theoretical foundations of the method were reported by Csokas [1963], the
possible fields of application by the present author [1965, 1967. 1980, 1982]. This
article, based on the results of the investigations to date, gives a summarized
evaluation of the application of the method on the surface and in mines.

2. Focused-current sounding

The focused-field method is based on the principle of the Laterolog 7" of
borehole geophysics; that is, it applies a focusing electric circuit besides the
measuring circuit to ensure that the measuring current should propagate per-
pendicularly to the surface down to a depth depending on the electrode spread.
The penetration depth of the geoelectric method is thus increased. In the
focusing circuit the current strength is adjusted by means of the “guard”
electrodes M and M, placed in the close vicinity of the current electrode AQ in
the centre of the spread. The strength of the focusing current should be changed
until the potential difference between electrodes M, M' becomes zero. The
focusing current is introduced symmetrically will, respect to electrode AOat two
or more sides. As an example. Fig. 1shows an arrangement with four focusing
electrodes.

®Trademark of Schlumberger Lid
* Borsod Coal Mines. Miskolc, Kazinczy utca i9. 11-352'. Hnngaiy
Manuscript received: June 6, 1983
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Pig. /. Electrode arrangement with four focusing electrodes (A,. A2 1,, ,44)
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The execution of the measurement requires special instrumentation. The
focusing- and measuring currents, which have identical signal form, frequency
and phase, are provided by two low-frequency current generators.

The measuring unit contains, besides the measuring amplifiers, a control
amplifier which can reduce to practically nil the voltage difference across the
electrode pair MM" by adjusting the focusing current.

During measurements the symmetry should always be ensured, that is, the
contact resistances of the 2 or 4 electrodes should be equal. This can be achieved
by the proper driving in of the electrodes and by changing a resistance connected
in series.

Either the measurements are performed with short-circuited guard elec-
trodes M, M' when we determine a single specific resistivity with a given
adjustment of the focusing current, or we separately set in four directions the
zero potential difference between the guard electrodes M, M" and obtain four
values for the focusing current and four corresponding values for the specific
resistivity. In the latter case, the determination of the proper values of the
focusing current and of the specific resistivity should be carried out as described
in Section 4.

If in focused-current sounding the guard electrodes M and M' are short-
circuited, the measuring current "beam" perpendicular to the surface will ap-
parently be symmetric. In reality, this “beam” will no longer be symmetric if
there occurs any lateral resistivity change within a circle of radius 2A0A. Indeed,
in this case we had to use in each direction focused currents of different strengths
in order to provide the zero potential difference between the guard electrodes.
Instead of this we apply only an average focusing field strength because of the
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short-circuited guard electrodes, i.e. the measuring "current beam” is left asym-

metric.
Upon inspecting the equation of apparent specific resistivity

N = C\UAU+ r,HUASU+ U AM)\, (1)

where U is the potential at measuring electrode M due to the respective current
electrode, /7, the focused current ratio in the inhomogeneous half-space (the
quotient of the strength of the focusing current and of the measuring current),
Rx the specific resistivity of the upper layer and C is a constant, we find that
the value of the measured specific resistivity strongly depends on the value of

The value rjhcomputed for homogeneous half-space, and the effect of the
resistivity contrasts on tjn strongly depend on the so-called spread quotient («)

AOA
AQ0O

where O denotes the midpoint between the guard electrodes. With increasing
values of n, tlhincreases, and similarly increases the critical depth for which the
density of the measuring current becomes negligibly small, i.e. "penetration”
increases. At the same time, the change of the measuring current density with
depth has a relative extremum, this results in a maximum in the tj, function for
a focused-current sounding and, consequently, the sounding curve becomes
more complex. As an example, we present two sounding curves with two
focusing electrodes, fot the two-layer case; for k = 1.0 and k = —0.98, respective-
ly

(Fig. 2). (Here K E'2+ 2\1 where Rx, R2 are the resistivities of the upper
and lower layers, respectively.)

Processing of the measured data can be done in two ways. In the computa-

tion of the apparent specific resistivity

uaqm
R,=K o (2)
the value of K is

— either computed from rhreferring to the homogeneous half-space; in this case
we get a curve (R@ that is highly sensitive to any changes;

- or it is computed from //, corresponding to the inhomogeneous half-space,
which results in a nicely smoothed but less sensitive R, curve; in its inter-
pretation the curve should be taken into consideration (Fig. 3.).

Figure 4 shows a field a sounding curve computed by the second method.

For the sake of comparison the curve measured by the gradient arrangement

is also plotted.
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rig. 2. Theoretical sounding curves for two focusing electrodes

2. abra. Kélterel6s elméleti szondazasi gorbék
Puc. 2. TeopeTuyeckune KpuBble 30HAMPOBAHWS C ABYMS (HOKYCUPYHOLMMU enekTponamu

Fig. 3. Dependence of focused-field curves on the method of computation of configurational
factor K. (Research Report of the Geophysical Dept, of the University of Heavy Industries,
Miskolc, Hungary)

3. abra. Terel6 aramu gorbék lefutdsa a K konfiguracios faktor szamitasatdl fliggéen (NME
Geofizikai Tanszék, Miskolc kutatasi jelentése)

Puc. 3. 3aBMCUMOCTb (hOPMbl KPMBbIX (DOKYCHPOBAHHOIO NOMsA OT Crnocoba BblUMCIEHWS
thakTopa KoHdurypauyumn J1'(Mo oTyeTy 06 mccnegosaHnax Kadeapbl reotmnsnku TeXHUYECKOro
YHUBEpPCUTETA MO TSHXKEN0 MPOMbIWAEHHOCTH, . Muwkonu, BHP)
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Fig. 4. A recorded 4-focusing-electrode sounding curve. (Research Report of the Geophysical
Dept, of the University of Heavy Industries, Miskolc, Hungary)

4. dbra. Terepen mért 4-terel6s szondazasi gorbe (NME Geofizikai Tanszék, Miskolc kutatasi
jelentése)

Puc. 4. 3apeructpmpoBaHHas B MOMEBbIX YCMOBMAX KPMBas 30HAMPOBAHUSA C YETbIPbMS
thokycmpyrowmmn anektpogammu (Mo otyety 06 nccnegoBaHmsx Kadeapbl reodmsnkm
TexHNYECKOro YHMBEPCUTETA MO TSHXKENON NPOMbILWAEHHOCTK, T. Muwkony, BHP)

In the focused-field sounding method three basic points should be kept in
mind for the proper selection of the spread quotient and of the number of
electrodes:

— “penetration” should be maximum;
— interpretation of the sounding curves should be as simple as possible;
— the effect of the lateral resisitivity changes should be minimized.

3. Study of “penetration”

In the study of “penetration” we have made use of the results of Roy and

Apparao [1971] and Szaraniec [1971]. Roy and Apparao defined the “depth
of penetration” as that particular depth wherefrom a thin horizontal layer exerts
a maximal effect on the signal measured at the surface. Szaraniec [1971]
introduced the concept of “effective spread length”: in the two-layered case with
a resistivity contrast k= + 1.0 or k-—- 1.0 this can be expressed as the ratio of
the depth of the layer boundary to the spread length, taken at the intersection
of the tangent to the steep part of the curve with the straight line RJIRX= 1

For some widely used arrangements (Fig. 5) these quantities are compiled
in Table I and II.

From the point of view of penetration, the arrangement with four focusing
electrodes of great spread quotient is advantageous. At the same time, if we
study the behaviour of the sounding curves, the arrangement with two focusing
electrodes and of spread quotient n=2.22 seems to be the most appropriate
[Egerszegi 1980]. In this latter arrangement for positive resistivity contrasts the
“penetration” is four times as much as for the gradient arrangement, while the
shape of the curves is the same as in a gradient arrangement.



P. Egerszegi

336

£d O

S=83
700 ossBOB w

03

[EYTICRN



.. .focusedfield surface geoelectric method 337

A M N B WENNER

0 (0] (0] 0

A 0 B GRADIENT

A '\6 B N POTENTIAL

o}

Ai M Az B N MODIFIED UNIPOLE
o 0 o]

Ai OLA®° Oz Az B M %o 2-FOCUSING-ELECTRODE
0 I 0 | e}
Fig. 5. Electrode arrangements 5. dbra. Elektrdda-elrendezések Puc. 5. YCTaHOBKM 3N1eKTPOAOB

In the case of a positive resistivity contrast the focused-current sounding
has a further advantage over the gradient arrangement: it yields a fair resolution
even for contrasts as high as R2jR] > 100; that is, it differentiates between the
different high resistivity basement formations [Egerszegi 1980].

All the advantages listed in favour of the focused-current sounding also
apply to the potential arrangement: it has a great “penetration” and a high
resolution power for large positive resistivity contrasts.

4. Study of the “lateral effect”

As already mentioned, the focused-field sounding method is very sensitive
to the lateral resistivity changes within a circle of radius 2 AAO[Egerszegi 1965].
This effect can most easily be demonstrated by a 4-focusing-electrode arrange-
ment if we do not short-circuit the guard electrodes and separately satisfy the
condition AU=0 in the different directions. In the case of a lateral effect, the
condition AU=0 is satisfied for different /7, values in different directions, as
illustrated in Fig. 6 for the arrangement shown in Fig. 7.

During the computations we changed the value of the spread quotient n,
the distance d of the centre of the spread from the boundary of contrast k= 0.9,
and the value of tp; that is, the angle made by the direction through the guard
electrodes and the normal of the contrast boundary (Fig. 7).

The general relationship reads as

fi(n, n) +kpf2(n, n',p,<p)

/3(2, N') +kpfd(n, n',p, 1

where p = AQA/d, the functionsf xandf 3 refer to the homogeneous half-space,
fi(n, n)

- 13(n, «')

while the functionsf 2 andf 4 are the changes due to the inhomogeneity. Func-
tions/2 and/4 assume both positive and negative values with changing o The

(3)

(4)
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equation implies that this change has the greater amplitude, the greater the value
of k. The curves of Fig. 6 however, imply that the amplitude also increases with
increasing values ofp and n. These considerations show, similarly to above, that
in order to reduce the lateral effect one should use an arrangement of small
spread quotient (n=2.22) in the case of focused-current measurements. Distor-
tions due to the lateral effect cannot be checked unless an arrangement of four
focusing electrodes is used.

Fig. 6. Variation of 7, as function of the vertical layer boundary and of the relative position of
the guard electrode pair (p = AOA/d)

6. abra. njj valtozasa a vertikalis réteghatar és a figyelGelektroda-par egymashoz képesti
helyzetének fiiggvényében (p = AOA/d)

Puc. 6. /3meHeHWe Ig, B 3aBUCMMOCTU OT BEPTUKANLHOTO pasfjena v B3aMHOT0 MO0XEeHWs
napbl HabngaTenbHbIX 31eKTpogoB (p = AOA/d)
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A

Fig. 7. Relative position of vertical layer boundary with respect to the 4-focusing-electrode spread
7. abra. Vertikalis réteghatar helyzete a négyterel@s teritéshez viszonyitva

Puc. 7. MonoxeHve BePTUKANLHOrO pasaena no OTHOLLUEHWIO K YCTaHOBKE C YeTbipbMS
(hOKYCMPYIOLMMI 31EKTPOAAMM

Figure 8 presents a field example for the determination of ¥, and Rafor the
separate setting of the zero potential difference between the guard electrodes in
the four directions. The determination is based on an observation drawn from
Fig. 6, viz. the 1j value free from lateral effects should be read off around the
midpoint between the maximum and the minimum.

In conclusion, it can be stated that for the focused-field surface sounding
a 2-focusing arrangement of spread quotient n=2.22 should be used, with
occasional measurements with a 4-focusing arrangement for checking purposes.

5. Focused-field profiling

It is quite another situation if we are concerned with the detection of the
lateral step-like resistivity change (due to a fault). In this case, the condition /1
t/=0 should be set in at least 4 directions, or we could also use two 4-focusing
arrangements rotated by 45° with respect to each other. The spread quotient
should also be increased, an optimal choice being n=5. In this case we can also
obtain a negative X value for ¢?=180° which makes the localization of the
maximum and minimum more reliable. tj(<p) increases from +0 to + 00, then
further, from - co to - O;that is, the negative /7 of small absolute modulus will
yield the maximum. The exact tracing of the maximum and minimum is very
important since this provides the direction of the normal erected to the vertical
layer boundary of positive resistivity contrast.
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Fig. 8. Variation of //, and Ril as functions of the position of the guard electrodes (field example)
8. 4bra. 1jj és 1, véltozasa a figyelSelektrodak helyzetének fiiggvényében (terepi példa)

Pue. 8. N3meHeHwns /I, n J1, B 3aBUCUMOCTM OT MONOXEHWS1 HAGNIOAATENbHbLIX 3/IEKTPOAOB
(Nnpumep nonesoi paboThbl)

The sensitivity to asymmetry of the focused-current arrangement can be
utilized by separately setting the condition /1(7=0 in each direction [Egerszegi
1982], as is usually done in focused-current profiling. This accentuates the effect
of lateral resistivity changes. In the case of a 2-focusing-electrode arrangement,
if the spread direction is perpendicular to the vertical layer boundary, two values
should be distinguished. rjnrefers to the case where, approaching the resistivity
contrast the straight line normal to the boundary and the line across the guard
electrodes form an angle of 180° tjO to the case when this angle is 0°.

The variation of fjn in the case of focused-current profiling is shown in
Fig. 9. The curves were computed for different spread quotients and spread
lengths. The left-hand-side of the figure is linearly scaled in order to plot the
negative values, the right-hand-side is logarithmic so that values less than one
can more clearly be seen.

Figure 9 illustrates that in certain cases, due to the large asymmetry, the
value of// can also be negative and it tends to zero from the negative side.
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Fig. 9. Variation ol' >/, along the protile (A=0.9)
9. dbra.  szclvénymcenti valtozasa (k = 0,9)

Puc. 9. ViameHeHKe ifi no npounto (a-=0.9)

6. Application of “compensating circuit method” in mines

In the focused-current arrangement for positive resistivity contrasts
and if we do not take into account the distant electrodes- we get a relatively
large “penetration” as compared with spread length. This seems ideal for in-
mine applications where there is a quite small surface available for measure-
ments but the electrodes B, BO and A/can be placed far apart along the drifts.
With a 2-focusing-electrode arrangement there is no obstacle to planting the
electrodes in the drifts  the only problem is that a bidirectional focusing is not
sufficient for measuring the whole field. On the other hand, a 4-focusing arr-
angement can be realized only in a restricted manner which is certainly not
satisfactory in spite of the relatively large "penetration”.
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In mines it is advisable to substitute the focused-current arrangement by
the so-called compensating circuit technique [Egerszegi 1979]. This is applic-
able in the first place in coal seams where the effect of the embedding layers can
be reduced by focusing the measuring current or by compensating for the
potential change due to the surrounding layers in order to get more unam-
biguous and accurate results. This solution utilizes the favourable properties of
the potential and focused-current arrangements by means of variable spread
quotients so that the compensating current strength cannot be adjusted by
means of guard electrodes but some other procedure should be applied. The
electrode arrangement is shown in Fig. 10. During sounding the compensating
electrodes A and the measuring electrode M are moving such a way that the
ratio I/AOM is kept constant.

*_A A

[ETEYETREIN -]

A A

Fig. 10. Electrode arrangement with compensating circuit
10. abra. Kompenzalé aramkoros elektroda-elrendezés

Puc. 10. PacnonoxeHue aneKTpogoB C KOMMEHCUPYIOLLE CXeMOi

The measuring current /0 causes a potential

UMi = UMhF U MA ; (5)

at electrode M, where UM is the potential that would be measured over an
infinitely thick layer of specific resistivity R2. The task of the compensating
circuit is to produce a potential at electrode M having the same magnitude but
the opposite sign as that of UNa-

UK = ~ UM\
27A gM. ©)
where
2A0M A
n=—— and y=—
h 10

and h is the thickness of the coal seam [Egerszegi 1979]. /, is the strength of
the current introduced from the side of specific resistivity R through current

electrodes Ax and A2.
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where the indices 1, 2 and 3 refer to the overlying layer, to the coal seam and
to the underlying layer, respectively. By means of Egs. (5) and (6) we can
establish a relationship between k and UM for known values of the resistivities
/?,, R2, R3and for a given value of u (see Fig. 11 for the case Rx=R3=9R2,
n = 1/3). By means of this relationship we can set the compensating current
strength to this initial value of u. For other nvaluesy can be computed by means
of Eq. (6) (Fig. 12), and we have to set this computed value during the
measurement. For actual measurements, focused-current instruments have to
be developed.

Fig. I1t. Potential VMi as function of resistivity contrast (k)
M. dbra. UM potencial az ellenallas-kontraszt (k) fliggvényében

Puc. 11. MoTeHuman VM. B 3aBUCMMOCTM OT KOHTpacTa CONpoTMBNEHWIA (K)

Fig. 12. Compensating/measuring current ratio (y) as function of spread length (1)
12. dbra. Kompenzal6- és mér6aram hanyados (r) a teritési tavolsag (») fiiggvényében

Puc. 12. OTHOLIEHNE KOMMEHCUPYIOLLEr0 Y N3MEPUTENIbHOTO TOKOB (I) B 3aBUCUMOCTM OT
paccTaHOBKM 3/1EKTPOA0B (M)
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7. Conclusions

It can be concluded that the focused-field method should be applied mainly

in special cases.

In geoelectric measurements such a case is encountered if, for a positive
resistivity contrast, a very large “penetration depth” is necessary compared with
spread length or we have to determine the specific resistivity of the high resistivi-
ty basement. It is advisable to carry out the geoelectric sounding by a 4-focus-
ing-current arrangement if the sounding curves indicate distortions due to
lateral resistivity changes. In such cases the disturbing effects should be deter-

mined and eliminated.
In geoelectric profiling the high sensitivity of the method to asymmetry is

advantageous for the detection of eventual faults. When measuring in mines the
results should be made more accurate and unambiguous by the compensating
circuit technique specially tailored to the surfaces available for measurements.
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A FELSZiNI TERELOARAMOS MODSZER LEHETOSEGEI
EGERSZEGI PAL

A tanulmany a két aramkor alkalmazadsanak lehetdségeit vizsgalva megallapitja, hogy a
madszer korlatozottan alkalmazhat6 tektonikai zavarok felszini kimutatasara, az alaphegység faj-
lagos ellenallasanak pontosabb meghatarozasara, valamint nagyon zavart teriileten kozel zavar-
mentes szondazasi gorbe felvételére. Banyaban csak maédositott formaban alkalmazhato a két
aramkoros eljaras.

BO3MO>XHOCTW HASEMHOIO METOJA
POKYCNPOBAHHOIO MOMA

M. ArepCern

B pe3ynbTaTe PacCMOTPEHUs BO3MOXHOCTE/ MeTofa (hOKYCUPOBAaHHOTO Mons B pa6oTe
0TMEYaeTCs, UYTO JaHHbIA METOA MOXET B OrpaHuM4YeHHOW Mepe MPUMEHATbCA ANS BbIABNEHUSA
TEKTOHMYECKUX HApYLUEHW C AHEBHOW MOBEPXHOCTW, 60Mee TOUHOrO OMNpefeneHus yaenbHoro
COMPOTMBNEHNSA (YHAAMEHT], a TaKXKe AN 3anucK NoYTH CBOBOAHOI OT NOMeX KPUBOM B LLIYMHbIX
paitioHax. B waxtax MeTof (hOKYCUPOBAaHHOIO MOMS MOXET HaikTV NMpUMeHeHNe TONbKO B BUAOMW3-

MeHEHHO hopwme.



GEOPHYSICAL TRANSACTIONS 1983
Vol. 29. No. 4. pp. 345-361

TIME DOMAIN IP EQUIPMENT AND METHOD FOR SOURCE
DISCRIMINATION

Jozsef CSORGEI, Andras ERKEL, Laszlé VERO*

New results in IP have been presented mostly in the frequency domain with a short comment
on the time domain. Data processing and interpretation problems of time domain laboratory and
field measurements performed by a broad-band digital tape recorder are discussed here. A brief
technical description of the equipment is given, followed by the data processing method based on
the Marquardt algorithm. Decay curves measured in a very wide time interval are approximated
by the sum of exponential terms. Distributions of amplitudes and time constants for laboratory and
field measurements are presented. Measurements performed on rock samples and on geologically
controlled sources serve as a basis for interpretation. The method may also permit removal of EM

coupling.

d: IP method, time domain, curve shape analysis

1. Introduction

In recent years it has become quite obvious to geophysicists working on
the time domain IP that the shape of decay curves could yield information on
different physical and material parameters of mineralization or, in other words:
different types of sources (sulphide or graphite) produce different decay curves.
It is obviously unsatisfactory to compare the curves and declare that “this is
similar to that, the other is different”. Moreover a qualitative comparison is by
no means simple. It is made difficult by the fact that decay curves have no
characteristic points, like minima or maxima. Attempts have been made to
transform these characterless curves into easily comparable secondary curves
by mathematical methods. One of these methods is the differentiation of the
decay curves [Komarov et al. 1979]. It has been demonstrated by laboratory
measurements that the derivatives have a maximum and that the maximum can
be found at different moments for different rocks (see Fig. 1). The rock samples
were chosen in such a way that they could be characterized by only one type
of mineralization, e.g. disseminated. Because of this the application of the
method under field conditions is not so effective because ore bodies are mainly
of mixed type, consequently the derivative of the measured curves (P) may have
two or more rather uncertain maxima. The measurement itself is cumbersome,
the decay curves need to be recorded over a very long period of time and the
derivatives, measured or calculated, are very noisy.

There are two different ways for decay curve shape analysis:

I. A theoretical physical—chemical model ought to be found so that the

* E6tvos Lorand Geophysical Institute of Hungary, POB 35, Budapest, H—1440
Paper read at the 43rd Meeting of the European Association of Exploration Geophysicists, Venice,

May 1981
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very complex induced polarization phenomena can be described completely and
so that the values of parameters of the theoretical model can be determined from
field data. In this case parameters have a direct physical meaning.

ii. The other possibility is to describe mathematically the shape of decay curves
by a certain number of parameters having no physical meaning.

The first of these seems to be more attractive, promising a direct solution
for the main task, i.e. source discrimination. Wong's theoretical work do
establish a good physical—chemical model for IP [wong 1979]. It contains,
however, a number of parameters. Wong's model and other models using
slightly different approaches can be reduced to the Cole—Cole impedance
formulation, widely used in the interpretation of complex resistivity data [Pe1-
ton et al. 1978]. The computation of the decay curves on the basis of the Cole
—Cole model runs into difficulties. The inverse problem, i.e. the determination
of the Cole—Cole parameters from time domain IP data is an even more
complicated task. Although it is possible to relate the Cole—Cole parameters
theoretically to physical properties of rocks, this procedure needs an empirical

basis too.
P tv.]

—_

KOO0 t [si

Fig. 1. Time derivatives of decay curves (P) measured on rock samples
1— loose rocks; 2 — barren crystalline rocks; 3 — rocks with fine dissemination of sulphide,
graphite and other electrically conductive minerals; 4  disseminated sulphide ore; 5 — massive
ore, veins

I. dbra. K6zetmintakon mért lecsengési gorbék id6 szerinti derivaltjai (P)
1— laza kézet; 2 kristalyos kézetek, ércmentes; 3 — k&zetek finoman hintett szulfidokkal,
grafittal vagy mas elektromosan jol vezet§ asvanyokkal; 4  hintett szulfidos érc; 5 — massziv
érc, érctelérek

Pue. 1 Mpown3BoaHble 3aMepeHHbIX Ha 06pa3liax MopoA KPWBbIX 3aTyXaHus no BpemeHu (P)
1 — pbIXnas nopoaa; 2 — KpUCTanIMueckne nopoAbl 6e3 pyapl; 3 — nopoasl ¢ Menko
BKpanieHHbIMU Cynb(uaamMu, rpaguToM UnuM ApYruMun 3NeKTPUUECKN XOPOLLIO MPOBOAALLAMM
MUHepanamu; 4 — BKpan/ieHHas Cynb(uaHas pyaa; 5 — pyaHoe Teno, Xunbl

Because of the above features, our choice is the second of the two, viz. the
pure, as much as possible simple mathematical representation of measured time
domain IP data and the experimental determination of the dependence of
mathematical parameters on mineralization types.
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Mathematically speaking, decay curves are monotonically decreasing func-
tions to be approximated by polynomial or exponential terms, among others.
Returning to the well-known formula of w ait [1959] we suppose that measured
apparent polarizability values (P,) can be described by using the expression

o. - Uo+ I)ZI Wexp (- ilr,) @

where w0 is a constant
WL T, are the exponential parameters
tis the time after current turn-off
N is the number of exponential terms.

(gur)aim is to get the so-called dynamic parameters (common name for wo,
w and r,).

Recently, computer programs based on the Marquardt algorithm have
successfully been applied to solve different inversion problems. We have had
good results in using the method for obtaining dynamic parameters. The only
problem is the need for a relatively large computer memory if many data are
used. But we have to use very many data, because we are working in a very wide
time interval and more than 10 data/decade are necessary for good approxima-
tion. If we have 100—150 data and we are looking for 5—6 exponential
terms, that is, 11—13 parameters, a computer of about 60 kbyte memory
needs to be used (e.g. HP 9845).

2. The equipment

The equipment used in field and laboratory measurements is a four-channel
digital tape recorder. Only certain technical data are mentioned in order to make
distinction between the well-known instruments and our equipment.

— The sampling time series is quasi-logarithmic

= 2%(1 + 0.1/)/00 @)

where tlj is the sampling time of serial number kj
K is an integer, can be set between 0 and 13, to determine the length
of the current-on and current-off intervals
j is an integer between 0 and 9
/@ is the first sampling time (128 ms).

— The ohmic portion of the primary voltage is bucked out by a D/A
converter, therefore the remaining part can be measured in the same dynamic
range as the secondary voltage.

— The dynamic range of the main 12-bit A/D converter is set automatically
according to the signal level by means of binary gain setting

e, = 2*-* pV/bit ©)
ands=1,2,... 6.
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—The number of measured decay curves of opposite sign is always greater
than 3 (on average 8—10).

3. Data processing method

Processing of measured data takes place in two steps. The first step is a
weighted averaging

v 1 y uzj-'-w ij+ ui;’
kj
M —2 m=2 4

where UK is the weighted mean value of the voltage at ty
M is the total number of the recorded impulses
m is serial number of impulses, 2* m M —1, impulse m—1 and
m+ 1 have the same, impulse m the opposite polarity.

The next step is the determination of the dynamic parameters. These
parameters can be determined by several methods. Probably the most simple
of these is to compare the decay curves with precalculated “master curves”
[Hatverson et al. 1981]. The limits are the same as experienced in the similar
interpretation of vertical electric soundings. Another method which is quite
often applied is the so-called factoring. The advantage of the method is the small
memory requirement easily met by programmable calculators. Its main draw-
back is the necessity for interactivity and subjective decisions. We ourselves used
this method for several years [Erker, 1979]. There is, however, a further
deficiency, viz. the constant which is generally present in the data cannot be
determined in such a way. The processing of the decay curves of about 100 data
was very time-consuming even though only a part of data was used simul-
taneously (samples of constant sampling rate) and there was no proof whether
the approximation was the best possible or not. In possession of computers of
larger memory we have turned to the computation of dynamic parameters by
means of the Marquardt algorithm [Marquardt 1963]. Our computer program
itself is the modified version of W. E. Ball’s Fortran program translated to
Enhanced Basic of Hewlett-Packard.

The main program has different input possibilities depending on the type
of tasks. We first needed to check the parameters obtained by the interactive
method. To do this we had a fairly good initial guess and expected only small
changes of parameters. We then processed about 20 curves by the new program,
in most cases there was in fact only a small difference between the parameter
sets (less than 10%), and the number of parameters remained the same. The
main task is, however, the processing of new, unprocessed data. In this case, of
course, we had no'initial guess and we practically did not limit the possible
intervals for dynamic parameters. After performing several experiments it was
found that there was no need for initial guesses, only the number of parameters
was to be determined (up to 21). Initial guesses for amplitudes and time
constants were calculated from the first sample, the sampling interval and

(4)
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number of terms (only for curves without EM coupling), since the Marquardt
algorithm provides a rapid convergence even in case of a poor initial guess. The
sum of the squared differences between measured and calculated values (®)
decreased by orders of magnitude during the first iterations, the parameters
changed significantly too. After that both the sum and parameters changed only
slightly as shown in Fig. 2. During the processing of decay curves disturbed by
EM coupling or noise the demand came up to limit the interval of allowed
changes. Without these limitations the parameters reached unreal values, time
constants became much longer than the sampling interval, amplitudes became
greater by orders of magnitude than the measured values. Such parameters are
considered as unreal because of mathematical and not physical reasons; more-
over the parameters did not show the same trend of change as mentioned before.
wiv.l T4 o

Fig. 2. Change of dynamic parameters (tv,, r,) and & during the iteration process
2. dbra. A dinamikus paraméterek (w, n) és @ valtozasa az iteracios folyamat soran

Puc. 2. /13MeHeHWe AMHaMUYeCKMX napameTpos (V- r) n ® B UTepaLMoHHOM npoLiecce

Almost every parameter changed significantly in every iteration on the one
hand, ® remained unchanged on the other hand. To approximate measured
values closer than the measuring error has no practical meaning. An obvious
choice would be to calculate the scattering or standard deviation of samples
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belonging to the same moment, to average them in order to get a limit and stop
the program if the averaged difference between measured and calculated values
falls within this limit. We carried out some experiments on noisy curves and the
method worked well, but not on curves with strong EM coupling. The process-
ing of such curves requires the direct limitation of parameters; later we shall
return to this problem.

We are in the middle of experiments concerning every step of data process-
ing. For the time being stacking, digital filtering and computation of exponential
parameters are carried out separately, with the possibility of software changes,
but for our final aim—a microprocessor controlled system—a complete and
many times checked processing system is needed.

bit

Fig. 3. Decay curves measured with long current bipole (gradient array). Apparent resistivity is
about 50 iim along the profile

3. dbra. Hossz( aramdipdllal mért lecsengési gorbék (gradiens elrendezés). A latszolagos
ellenallas 50 fim koril van a szelvény mentén

Puc. 3. KpuBble 3aTyxaHue, U3MepeHHble C ANMHHUM TOKOBbIM iMnonem (rpagueHTHas
YCTaHOBKa). Kaxyllieecs conpoTueneHne cocTasnseT oK. 50 £IM no NPOQUI0
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4. Proper choice of the number of exponential terms

First we would like to demonstrate what kind of approximation can be
made if the signal-to-noise ratio is similar to that shown in Fig. 3. We have
found that the already mentioned difference between measured and calculated
values (SH) can best be used to characterize the approximation. It could be
characterized by one number too, namely by ®, but the distribution of 6 yields
very important information. Therefore the final printout of computer process-
ing—besides the dynamic parameters, of course—contains the plot of 6 and
®. Two printouts are shown in Fig. 4/a and b. The very systematic, almost sine
wave pattern of 6k (in logarithmic time scale) is surprising. In connection with
this phenomenon the basic question concerning the decision on the number of
terms necessary for the best approximation, will be discussed.

As in many other cases we have to make a compromise. Obviously the
greater the number of components the better the approximation. But our aim
is to use a minimum number of components. A possible solution is to start with

Fig. 4. Final printout of data processing
Dynamic parameters
4. dbra. Az adatfeldolgozas végeredménye
Dinamikus paraméterek

Puc. 4. OKOHYaTenbHbI pe3ynbTaT 06paboTKU MaTepuanos
[Ju1HamMmnyeckre napameTpbi

a) n'o= 0.06% o = 0-52%
n', **0.48% r,= -526.3 s »y = 2.18% r,= -344.8 s
its =0.48% r, = 83.3 s ® =810 »2= 1.67% 7= 50.0 s 480
»3=0.37% 13= 1351 s "3 = 1-42% T3= 7.81 s
»4=0.29% T4 = 2.60 s »4 = 1-31% r4= 1.614 s
»'5= 0.34% r5= — 0.035 s »5 = 1.56% rs= 0.165 s
5 5
1 ~ = 202", Y W = 8.66%,

0’ 1=0
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only one exponential component, then to increase the number of components
(N in equation 1) step by step and in the meantime to follow with attention the
change of @ and the distribution of K. So far as ® can be decreased significantly
by increasing N this procedure is worth being continued and finally the dif-
ferences must show a randomly scattered pattern (taking into consideration the
smoothing effect of the digital filtering, i.e. weighted averaging). In the course
of increasing N the distribution of 6§ many times displayed a pattern similar
to that shown in Fig. 4/b It is certain it was not noise. The reason was that we
did not allow enough components, but used just one less—and this bears
emphasizing. The use of more components is unnecessary. This is shown in
Fig. 5. Three components are not enough because of systematic error; four
components offer the best solution; the use of TV=6 is excessive giving an
approximation which is by no means better. We have found a fairly good test
for deciding the optimum number of exponential terms.

For fully automatic data processing it is easier to formulate the process in
the opposite way, i.e. to start with maximum of N and to decrease it step by

Fig. 5. Distributions of akj and the normalized amplitude—time constant diagrams for
approximations by different numbers of components

5. &bra. 6kj eloszlasa és a normalt amplitidé—id&allandé diagramok kiillénb6z6 szamu
komponenssel valé kozelités esetén

Puc. 5. PacnpegeneHue fK. U guarpaMmbl HOPMUPOBaHHAsA amMNAUTYa—MNOCTOSIHHAS BPEMEHM
npy annpoKcUMaLMn Pas3nYHbLIM KOJIMYECTBOM COCTABASIOLMX
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step. If @ increases by less than 10% (or 5% or 1%) during the successive
iterations one or more components could be deleted

a) the term having a time constant shorter than t00/5,

b) terms with time constants whose ratio is less than 1.6 can be drawn
together (the limit depends on the accuracy of the equipment)

c) the term having a time constant longer than 10 times the sampling
interval (its amplitude is added to the constant).

The iteration process is carried on using the reduced ¥, ® and the distribu-
tion of Sij should be checked again to decide whether the reduction of N was
correct or not. The criteria are the same: the trend of ® and the pattern of 5k.

5. Basis of interpretation

It is well-known that Zonge and Hughes [1981] have divided the Cole—
Cole diagrams into three basic groups A, B and C, representing decreasing,
horizontal and increasing types. We have arranged a similar grouping of am-
plitude—time constant distributions. Having a non-physical model it is ob-
vious that amplitudes and time constants have no direct physical meaning. The
distribution of amplitudes, however, is different for different sources. As the sum
of W, i.e. the exponential amplitudes normalized to the primary signal—the
apparent polarizability with O second delay time—sometimes yields no in-
formation, in the final plotting of results w;, values are normalized once more
to the amplitude belonging to the shortest time constant as shown in Fig. 6 (this

Fig. 6. Normalized amplitude—time
constant diagrams obtained using short
and long charging pulses (laboratory
measurements)

6. abra. HosszU és rovid gerjesztéssel
kapott normalt amplitidé—id6éallandé
diagramok (laboratériumi mérések)

Puc. 6. uarpamMmMmbl HOpMUpOBaHHas
aMnInTyAa—mOCTOSAHHAA BPEMEHM,
NoJlyYeHHble C JONTUM W KOPOTKUM
B036YXAeHNeM (nabopaTopHble
n3mMepeHus)
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all holds true only for EM coupling free curves or if the EM coupling term is
neglected). These normalized amplitude—time constant diagrams in double
logarithmic scale serve as a basis for interpretation.

Diagrams belonging to different ore types or geologic models could be
found empirically only, by a number of experiments being carried out and the
results being used in a statistical way.

6. Measurements on rock samples

Before going into detail about applying this method it might be useful to
explain briefly the kinds of exploration tasks that we are seeking to solve by IP
in Hungary. In our country the base metal occurences are linked mainly with
young, hydrothermaliy altered Miocene—Eocene andesites and are charac-
terized by large horizontal extent and low, uneconomical grade, at least in the
depth interval of IP measurement. Within the basically pyrite mineralizations
there are zones of higher grade copper-polymetallic ores, in other words we have
porphyry copper deposits of poor quality. A small amount of higher grade ores
can be found at the edges of the volcanic body, if the country rock was limestone
or dolomite (skarn), but we have no massive ore. With regard to texture and
grain size there are very fine grained disseminations, veinlets and stringers
(stockwork). The highest grade ores (about 15—20%) are of veinlet type, the
thickness of the fissure fillings is 3—10 mm. Therefore we have to study the
decay curves of the ore types mentioned before (in our domestic work we have
rarely encountered a need for sulphide—graphite discrimination).

We have carried out very many laboratory measurements on cores. In
Fig. 6 amplitude—time constant diagrams of barren rock, disseminated and
veinlet type mineralizations are shown (andesite matrix with pyrite, magnetite
and chalcopyrite). Measurements were performed by short (58 s) and long
(960 s) charging pulses. For veinlet type mineralization the amplitudes increased
with increasing time constant and the trend was nearly the same for short and
long charging pulses, the place of maximum depends on the length of the
charging pulse. For disseminated mineralization there was no change in the
amplitudes if a short charging pulse was used, the trend was slightly decreasing
if long pulse was used. For barren rocks in both cases there is a rapid decrease
in amplitudes. It is worth mentioning thet the shape of diagrams was influenced
by the length of the charging pulse, but the basic trend remained the same for
a given texture type.

In Fig. 7the effect of anisotropy is shown. The direction of the current flow
with respect to the sample was changed during the measurements. For the
sample containing only disseminated mineralization (sample B) the amplitude
distribution showed no change; for samples with fissure filling (A) or oriented
stringers (C) both the shape and the values of amplitudes strongly depended
upon direction of current. In rock sample measurements, effects are always
exaggerated, e.g. apparent polarizability values are very high, the anisotropy is
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Fig. 7. Effect of anisotropy: dynamic parameters for very anisotropic (A), homogeneous (B) and
moderately anisotropic (C) rock samples as a function of the current's direction

7. abra. Az anizotrdépia hatdsa: nagyon anizotrop (A), homogén (B) és mérsékelten anizotrop
(C) k6zetmintdk dinamikus paraméterei az aram iranyanak fiiggvényében

Puc. 7. BnusHue aHM30TPONUU: AMHAMUYECKNE NapaMeTpbl CUNLHO aHU30TPOMHbLIX (A).
0AHOPOAHBIX (B) M yMepeHHO aHM30TPOMHbLIX (Q 06pasL|0B roOpHLIX NOPOA B 3aBUCUMOCTM OT
HanpasneHus Toka

very strong, the shapes of the diagrams are very different. In field measurements
we could not expect the same (because of the dilution factor) so it was mandat-
ory to carry out field measurements on geologically controlled sources too.

7. Field measurements

In a Miocene volcanic mountain AB rectangle IP measurements were made
by conventional TD instruments, followed by the determination of dynamic
parameters for source discrimination on anomalies only. The interpretation of
decay curves measured over disseminated and veinlet type mineralizations is
shown in Fig. 8. Because the signal-to-noise ratio was favourable we calculated
the differential curves too. The apparent polarizabilities (PO5measured with 32
s long charging) are nearly constant along the profile (15 17%). The deriva-
tives of the decay curves measured with long charging pulses and the shape of
the amplitude- time constant distributions are very similar. The trends of
changes are the same as experienced in laboratory measurements, only the
absolute values are smaller.
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16
125
10
08

Fig. 8. Normalized amplitude—time
constant (1’/H’,) and derivative (Pk//PQ0)
curves for veinlet (92) and disseminated
(134) mineralizations obtained by different
charging pulses

8. abra. Normalt amplittd6—id6éallando
(w/n’,) és derivalt (Pkj/P00) diagramok
halés-eres (92) és hintett (134) ércesedés
esetén, kiilonbdz6 hosszlUsagu gerjesztésekkel

Puc. 8. imarpaMmbl HOPpMUPOBaHHas
aMnanTyaa- MOCTOsSIHHas BpeMeHn (Wjw, )
1 KpyBble npon3sogHbiX (PK/P,,0) ans
XNNbHOro (92)1 BKpanjeHHOro
opygaeHeHus (134) npu pasHbIX
NPOAO/IKUTENBHOCTAX BO36YXAEHUS

THT

In the measurements shown in Fig. 9 only the dynamic parameters could
be used for source discrimination, the derivative curves were very noisy and
characterless. The apparent polarizability is somewhat lower along the profile
(it was the ridge of an elongated IP anomaly). It is known from drillings that
the profile can be divided into two parts. On the eastern part the mineralization
consists of very finely disseminated pyrite only, on the western half the grain
size is somewhat coarser. The change of grain size reflects different mineral
composition: the bulk of ore minerals is pyrite, the chalcopyrite content is,
however, somewhat higher, but not of economic interest. The apparent pol-
arizabilities are different at the two halves of the profile, but when IP parameters
of the whole investigation area are known it is impossible to discriminate on the
basis of apparent polarizability alone.

TD measurements for source discrimination were carried out by using
short (31.1 s) and long (996 s) charging pulses. Of course, the measuring interval
was longer when the charging pulse was longer. Decay curves of shorter pulses
can be described by 3, the longer ones by 4—5 terms. If conditions were
favourable (high signal-to-noise ratio) the amplitude—time constant dia-
grams of different charging pulses have exactly the same shape, though time
constants are different (stations 98 and 116). In most cases the trend of the
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Fig. 9. Apparent polarizability and normalized amplitude—time constant diagrams along
a profile with slightly different mineralizations

9. abra. Latszolagos gerjeszthet6ség és normalt amplitidé—id6allandé diagramok olyan
szelvény mentén, ahol az ércesedés jellege kissé valtozik

Puc. 9. imarpammbl Kaxylleics nonspru3yeMocT 1 HOPMUPOBaHHAs aMNAUTY1a—MNOCTOAHHAsA
BpeMeHU Mo MPogu0 ¢ HeBO/bLUMM M3MEHEHWEM XapaKTepa OpyAeHeHws

diagrams for different charging times is similar (stations 92, 104, 156). About
10% of measurements yielded different diagrams for different charging times
(stations 106, 110), mainly because of poor signal-to-noise ratio.

From field measurements two conclusions can be drawn

1) the dynamic parameters do not depend on measurement parameters, but
by using long charging and measuring times more terms can be determined and
the shape of the diagrams becomes unambigous,

2) the normalized amplitude- time constant diagrams obviously differ
between the eastern and western parts of the profile; in the middle there is a
transition zone with characterless diagrams.

Otherwise the unambiguity of dynamic parameters was also checked on
these curves. By processing the same data set repeatedly, using different initial
guesses and allowing a different N we finally got nearly the same values as the
best approximation and the scattering of the parameters did not influence the
shape of the diagrams.

8. Removal of EM coupling

We have already mentioned the problem of EM coupling. In Fig. 3 a very
distorted decay curve can be seen, it is dominated over a relatively long interval
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by EM coupling (curve 1525). It is more reasonable to use an exponential term
to describe the EM coupling, its substantial difference being that EM coupling
has a negative sign (in most cases). Our program has an option for computing
negative amplitudes. We have processed decay curves measured along a profile
and the results were not the best (some decay curves are shown in Fig. 3). It
should be noted that the AB line of the gradient array was very long (3 km)
therefore the signal-to-noise ratio was very low and only the first part of the
decay curves could be used for further processing. Relatively short, noisy curves
with strong EM coupling are not the best for processing and the results reflected
the problems: some parameters reached unreal values. Following the changes
of parameters along the profile it appeared that (see Fig. 10)

a) moving off from the current electrode the absolute value of EM coupling
amplitude increases, whereas the time constant does not change,

b) amplitudes describing IP (w0 and ) reached unreal values at the same
distance from AB, their sum being almost the same (in other words parameters
became strongly correlated),

c) at the same distance r, became much longer than the sampling interval.

It was clear that because of the poor signal-to-noise ratio in the middle of
the array the indirect limitation of parameters discussed before cannot be used,
a direct method is needed, viz. the fixing of some parameters. We have used the
averaged parameters of those parts of the profile which provided acceptable
parameters for EM coupling and IP too. We allowed these parameters to
fluctuate within a narrow band only. The fixed parameters were the time
constants. The fixing of parameters resulted in an increase of the squared sum,
but since no other possibility is available we have to accept this. The results of
processing with fixed parameters reflect the changes of the depth of the polariz-
able rock masses covered by young sediments.

One measurement does not provide sufficient basis to draw general con-
clusions; there are, however, hopes of solving the EM coupling removal in TD.

Eig. 10. EM coupling removal (array is shown in Fig. 3). Prime denotes results obtained with
fixed parameters and the fixed parameters themselves. For simplicity u0 is not plotted

10. abra. Az FM csatolas eltavolitasa (az elrendezést a 3. abra mutatja). A vessz6 a rogzitett
paraméterekkel kapott eredményeket és magukat a rogzitett paramétereket jeloli. Az egyszer(iség
kedvéért u0-t nem &bréazoltuk

Puc. K). YcTpaHeHne OM cBs3u (yCTaHOBKa NokasaHa Ha puc. 3). 3ansTas nokasbiBaeT
pe3ynbTaThl, NOMyYeHHbIE C 3aIMKCMPOBAHHbLIMM MapaMeTpamu U camble 3aUKCUPOBaHHbIE
napameTpbl. [ NpoCcTOThbl 3HaueHne 10 He N306paKeEHO
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9. Conclusions

The examples shown are the first successful results of a new data acquisition
and processing system. The most important conclusions are as follows:

1) the data processing method is suitable to describe 80—130 samples
of decay curves by a limited (7—13) number of dynamic parameters with

sufficient accuracy,
2) sources of different texture really give rise to different dynamic para-
meter distributions and these distributions can be used for source discrimina-

tion,
3) solving of the EM coupling problem is possible,
4) further effort is needed to study the use of shorter charging times and

the similarities with other methods,
5) very many laboratory and field measurements should be carried out to

provide experimental data for interpretation purposes,
6) to increase production a microprocessor controlled data acquisition and

processing system should be built,
7) data processing should be completed with parameter correlation and

standard deviation computations.

Acknowledgement

One of the authors (L. V.) wishes to express his thanks to B. D. Smith of
the United States Geological Survey for encouragement and for suggesting

some useful modifications.
REFERENCES

Erkei. A, Simon P. and vVers L. 1979: Measurement and interpretation of the dynamic characteris-
tics of induced polarization decay curves. Geophysical Transactions, 25, 61- 72

Halverson M. O., Zinn W. G., McAtister E. O., E11is R. B and Y ates W. C. 1981: Assessment
of results of broad-band spectral IP field tests, in Advances in induced polarization and
complex resistivity. Edited by J. S. Sumner. The University of Arizona, Tucson, Arizona,
295—344

Komarov V. A, Mikhailov G. N., Khloponina L. S, loffe L. M. and Smirnov A. A. 1979:
Methodological guide for geoelectric system SVP 74. (in Russian) Lenuprizdat, Leningrad
32—33

Marquardt D. W. 1963: An algorithm for least-squares estimation of non-linear parameters. J.
Soc. Indust. Appl. Math. 1I, 431—441

Pelton W. H.. Ward S. H., Hallof P. G,, Sitt W. R. and Nelson P. H. 1978: Mineral
discrimination and removal of inductive coupling with multifrequency IP. Geophysics, 43, 3,
588-—609

W ait J. R. 1959: The variable frequency method, in Overvoltage research and geophysical applicati-
ons, edited by J. R. Wait, Pergamon Press, London, 29—49

Wong J. 1979: An electrochemical model of the induced polarization phenomenom in disseminated
sulfide ores. Geophysics, 44, 7, 1245— 1265

Zonge K. L. and Hughes L. J. 1981: The complex resistivity method, in Advances in induced
polarization and complex resistivity, edited by J. S. Sumner, The University of Arizona,
Tucson, Arizona, 163—208



Time domain IP equipment and method 361

IDOTARTOMANYBAN DOLGOZO BERENDEZES ES MODSZER
A GERJESZTETT POLARIZACIOS HATOK MINOSITESERE

CSORGEI JOZSEF, ERKEL ANDRAS, VERO LASZLO

A gerjesztett polarizacios modszerben Uj eredményeket féleg a frekvencia tartomanyban érnek
el és a publikaciokban csak roviden utalnak az id6 tartomanyra. Egy szélessavl digitalis magneto-
fonnal végzett idétartomanybeli, laboratériumi és terepi mérések adatfeldolgozasi és értelmezési
problémait targyaljuk. A berendezés rovid miszaki leirasat a Marquardt algoritmuson alapuld
adatfeldolgozas ismertetése koveti. A nagyon széles id6tartomanyban mért lecsengési gorbéket
exponencialis tagok dsszegével kozelitjuk. Az amplitddék és idéallandok laboratériumi és terepi
mérésekbdl kapott eloszlasat mutatjuk be. K&zetmintakon és féldtanilag jol ismert anomalidkon
végzett mérések szolgalnak az értelmezés alapjaul. A modszer az elektromagneses csatolas Kikiiszo-
bolését is lehetbvé teszi.

ATINMAPATYPA N METOANKA ANA PASTIMHEHNA MCTOYHUMKOB
BbI3BAHHOW MONAPU3ALMN B BPEMEHHOM AVAMA3OHE

M. YEPTEW, A. OPKEJ, /. BEPE

Mo meTogy Bl HOBble pe3ynbTaTbl JOCTUraKOTCS MPeXAe BCEro B YAaCTOTHOM AuanasoHe,
a OTHOCUTENbHO BPEMEHHOTO Anana3oHa B Ny6/MKaLMax AaTca TONbKO KOPOTKMe cCbiku. B pa-
60Te 06CcyaaoTca Npo6ieMbl 06paboOTKM M MHTEPNpPeTauMmn AaHHbIX N1ab0pPaTOPHbIX U NOMEBbLIX
N3MepeHWiA, NPOBeAEHHbIX MPU NOMOLLM LUIMPOKOMONOCHOrO LM(POBOro MarHUTO(OHa B BPEMEH-
HOM fAuana3oHe. KpaTKoMy onucaHuio annapatypbl CledyeT WU3NoXeHue npolefypbl 06paboTku
[aHHbIX, OCHOBaHHOIA Ha anropuTMe Mapkapga. KpuvBble 3aTyXaHusl, 3aMepeHHble B OUeHb LLIMPO-
KOM Auana3oHe BpeMeHU, annpoKCUMUPYHOTCS CYMMOIA 3KCMOHEHLMa/IbHbIX YneHoB. puBoguTcs
pacnpegeneHne aMnanTys U NOCTOSAHHbIX BPEMEHW, MOYYEHHbIX MO NabopaTOPHLIM W MOMEBbIM
13MepeHMaM. B OCHOBY MHTepnpeTauun nexar U3MepeHus, Npoun3BefeHHbIe Ha 06pasLax ropHbIX
nopoj W reofiorMyecky XopoLIo M3YYeHHbIX aHOManuax. MeTog Takke MO3BONSET YCTPaHUTb

INIEKTPOMarHUTHY CBA3b.
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