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A NEW ISOSTATIC MODEL OF THE EARTH
Konstantin F. TYAPKIN*

The proposed new model, called geoisostatic model, based on the assumption that the weights
of the Earth’s sectors being cut off by similar spatial angles, should be equal. The differences between
geoid and corresponding spheroid may serve as a criterion of the Earth’s equilibrium. Based on this
assumption the equilibrium can be quantitatively investigated using gravity anomalies.

d: isostasy, geoid, spheroid, gravity anomalies

1. Introduction

The theory of the equilibrium state of the Earth, isostasy, originated from
geophysical investigations in the middle of the 19th century. It was established
that the form of the Earth approximates the equilibrium figure a rotating liquid.
The spheroid, or theoretical geoid, slightly differs from the sphere and is
characterized by flattening a= 1/298 depending on the angular velocity and the
law of mass distribution in the interior part of the Earth [Leibenson 1955].

The theory of isostasy and the history of its development being widely
known, we confine ourselves to the essential notions necessary for further
explanations.

a) Even at the beginning of its development, practical considerations
required that the isostasy theory consider the Earth's crust equilibrium instead
of that of the Earth as a planet. Such an approach has been observed up till now
though, “the Earth’s crust” has been substituted by “lithosphere”. By isostatic
state we understand a state such that the Earth's crust is placed over the
substrate as if it had “swum” over the latter obeying Archimedes law [Lustick
1957]. The natural consequence of such a supposition is the equality of pressure
upon some surface in the substrate called the compensation surface.

b) The gravitational method was and remains fundamental but not unique
in isostatic investigations of the Earth’s crust. In the development of the isostasy
concept various models were proposed [Airy, Pratt, Bowie, Vening-Meinesz,
etc]. The distinguishing feature of all these models is that the surface relief served
as the only indicator both of mass distribution in the Earth’s crust and of the
state of its equilibrium in particular. Consequently, all conclusions concerning
the isostasy of the continents based on those schemes would correspond only
to the influence of equilibrium of the masses above the geoid level.

Dnepropetrovsk Mining Institute, Department of Geophysics, POB 14, Dnepropetrovsk USSR
Manuscript received: 2 August, 1983



4 K. Tyapkin

Golyizdra [1972] developed the concept of isostasy of plane areas in which
the above-mentioned schemes of the Earth’s crust equilibrium were also taken
as a basis but, along with topographic masses, the heterogeneities in the upper
part of the Earth’scrust revealed using geological and geophysical methods were
taken as the indicators of the equilibrium state of the lithosphere. The author
showed that under the conditions of plane relief of the Ukrainian shield if
surface heterogeneities are available and the amplitude variations of the gravita-
tional field are within a hundred milligals, the Earth’s crust state in general
approaches isostasy.

c) Since all current isostatic models are based on the interrelation between
the relief changes, the heterogeneities in the upper parts of the Earth’s crust and
the distribution of the compensational masses in the lithosphere, the question
was often raised concerning the dependence between isostasy and tectonics [see,
€.0. Vening-Meinesz 1940; A rtemyev and Artyushkov, 1967]

Though the interrelation between mass redistribution in the lithosphere
and tectonics seems to be the closest the concrete role of isostatic forces in the
formation of tectonic structures has not yet been established. It is quite remark-
able that recent crustal movements registered in different regions are oriented
both in the direction of equilibrium as determined by the above-mentioned
models as well as in the opposite direction. The distinct dependence may be
observed only in the direct relation between the imbalance manifestations and
the recent tectonic activities in different regions.

d) The isostasy concept assumes that the rotational regime of the Earth
(angular velocity and position of axis of rotation) is constant as is the corres-
ponding figure of equilibrium.2

2. Geoisostasy

Isostatic compensation models used for equilibrium studies of the Earth’s
crust in the initial period of the isostasy concept were accepted because at that
time most geologists thought that the Earth’s crust “was floating” over magma.
Modern concepts of the Earth’s structure show that such models are incomplete
because they deal only with the upper part of the planet and neglect the
remainder. An attempt to substitute the role of magmatic substrate by a hypoth-
etical asthenosphere layer does not improve the situation.

Here it appears more constructive to introduce a new model of the equili-
brium state of the Earth as a planet; we will name this “geoisostasy”. Such a
model should correspond to a state of the Earth which the latter would take if
all the substrate were liquid without being mixed. This would allow Earth to
be characterized by a system of equipotential surfaces which are similar to
spheroids in whose formation the whole of the Earth would have taken part
including the hydrosphere the atmosphere and even the associated physical
fields. Obviously the special role of spheroid coinciding with the geoid must be
emphasized. As mentioned above the latter is characterized by flattening
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a= 1/298. Flattening of internal spheroids decreases gradually towards the

centre of the Earth.
It is pointed out that even though it is not absolutely essential to introduce

in geoisostasy, in its general sense being equivalent to Pascal’s law, equal weights
of the Earth’s sectors cut off by the similar spatial angles (Fig.la) may be taken
as one of the equilibrium conditions. It can be expressed as

AQ Og; a(ng(r)r2dr = const, @

where a (r) is the density distribution function g (r) the acceleration due to
gravity at points of the sector at a distance r from the centre of the Earth.
Expression (1) may be given as

(Ri Re ® A
AQ <jo(Ng(nr2dr+ Jo(Ng(rnr2dr+ J a(r)g(r)r2dr> = const, 2
(.0 Ri Re )

where /?, is the externalradius of theEarth’s quasi-liquid core; Re the mean
radius of the geoid in the sector observed.

Fig. 1 Determination of geoisostasy model
1 abra. A geoizosztazia modelljének meghatarozasa

Puc. |. OnpegeneHne Mofienn reomsocTasmm

Using geoisostasy, this condition may be simplified by neglecting the first
and third members on the left-hand side of equation (2)

R
AQ Je o(r)g(r)r2dr = const (3)
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The first member of equation (2) may be ignored if we assume a quasi-
liquid core: “In the case of fluid Earth the equipotential surfaces are at the same
time the surfaces of equal pressures” [Mikhaitov 1938]. The third member of
equation (2) can be neglected because of its negligible value compared with the
second member. It is of essential value only when studying the atmospheric
phenomena.

Condition (3) is necessary but not sufficient to support geoisostasy.

The second geoisostasy condition makes a provision for the range of
densities in the interior parts of the Earth within which the potential values
would correspond to those of the level surfaces calculated in assuming that the
shells of the rotating Earth are liquid. Therefore, the divergences of the actual
level surfaces from the theoretical ones would serve as a criterion for the Earth’s
equilibrium at each of those points. For practical purposes it would be more
convenient to estimate the Earth’s equilibrium for the points of its outer shell
(geoid). As a criterion for the Earth’s equilibrium we take the differences in
heights (C) between the geoid and the corresponding spheroid

C= Rg-Rs, @)

where Rgrepresents the radius of the geoid; Rsthe radius of the spheroid in the
Earth’s sector to be studied. In the case of equilibrium:

c=o. )

This definition is both acceptable and convenient for measuring the degree
of geoid decline from its equilibrium state and can determined directly from
gravity data according to the well-known Stokes’ formula [G rushinsky 1963]

1 1m
C(FO, Vo’ Ao) YR .. Ag(R, 9 X)F(<F)ds, (6)
©)

where R, @ Xare the spherical coordinates of a variable point over the surface
of the Earth taken as a sphere of radius R; RO, g0, X0 the spherical coordinates

of the point under investigation; Ag(R, fp X) gravity anomalies; y the mean value
of normal gravity over the surface of the Earth; dj an element of the Earth’s

surface;
o q N N =
F(K) = cosec— 6 sin ?+ 1—3cos F In (smé——— Lsin" 5 —bcos *

Stokes’ function and the angle are determined from the equation

cos 4* = sin (psin O+ cos (pcos (ocos (X- 20) (8)
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Thus, to attain geoisostasy it is necessary to put into effect two conditions
determined by expressions (3) and (5). It is pointed out that even though it is
not absolutely essential to introduce the term “geoisostasy” since isostasy also
describes the model of the Earth’s equilibrium proposed by us in practice
isostasy has previously been taken to be the model of hydrostatic balance of the
Earth’s crust (lithosphere) according to Archimedes and to Pascal’s law.

3. Geoisostasy and tectonics

From the above-introduced model of geoisostasy it follows that all sorts
of redistributions of masses are closely associated with changes in the equili-
brium state of the Earth. To establish this interdependence we must turn to the
rotation hypothesis of the tectonic structure formation in the Earth’s crust
which gave rise to the following scheme [Tyapkin 1977]:

a) an interaction of the Earth and its surroundings changes in the rotation-
al regime and in particular leads to variations in the spatial position of the Earth
relative to its axis of rotation;

b) the equilibrium state changes to imbalance, and stresses appear to
restore equilibrium corresponding to the new rotational regime of the Earth;

c) being influenced by the stresses, redistribution of masses occurs which
leads to minimizing those stresses. In turn, mass redistribution results in tectonic
formations accompanied by certain geological processes in the upper layers of
the Earth usually called the tectonosphere.

Thus the essential tectonic forces are those which tend to bring our planet
to an equilibrium state, i.e. the geoisostatic forces.

Figure 2 shows scheme of a geoid with homogeneous upper layer formed
by the reorientation of the Earth relative to its axis of rotation which towers
over the concentric spheroid. The character of stresses associated with this
process and the process of their relaxation were discussed earlier [Tyapkin 1977,
Tyapkin 1981]. In the given case, we would just like to compare the deviations
between geoid and corresponding spheroid, having obtained from the rotation
hypothesis of the structure formation and those calculated by Zhongolovich
[1952] from gravity data {Fig. 3)

Analysis of Figs. 2 and 3 leads to a number of important conclusions, viz.

a) the scheme of geoid undulation caused by the Earth’s reorientation
relative to the axis of its rotation regionally almost completely agrees with that
calculated from gravity data.

b) the good agreement between the two pictures may be considered as one
of the key factors in determining the laws of tectonic deformations of the Earth’s
ellipsoid [Tyapkin 1981];

c) lack of correlation between geoid undulation and distribution of con-
tinents and oceans (Fig. 3) demonstrates that the topographic masses cannot
be adopted as the decisive factor in reaching geoisostasy.

Let us now turn to the processes aiming to bring the Earth into equilibrium.
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r

Fig. 2. Scheme of geoid’s deviations from the spheroid according to the rotation hypothesis of
structure formation
1— geoid; 2 — spheroid

2. dbra. A geoidnak a szferoidtol valo eltérései a rotacios szerkezetképz6dési hipotézis szerint
1 — geoid; 2 — szferoid
Puc. 2. Cxema OTK/OHEeHWIA reomga oT cheponga no rumnoTese BUXPEBOro 06pa3oBaHus

CTPYKTYp
1— reong; 2 — ctepong,

On the ground of the variational principle of minimum action, Klushin [1963]
showed that within sufficiently large sectors the local changes of the Earth’s
radius should be accompanied by vertical density redistributions.

Density redistribution inside the Earth’s sector cut off by spatial spherical
angles AQ is regulated by the law of conservation of momentum i.e. by its
kinetic energy of rotation. It is a fourth degree function of the distance between
the masses and the centre of the planet. Thus, it is of essential importance for
geospheres at a distance from the centre of more than 0.8 of the Earth’s radius.
Almost half the kinetic energy and the momentum determined by masses
concentrated at depths from 0 to 700-900 km, i.e. at the interval corresponding
to the tectonosphere. All these considerations make it clear that the geological
development of the upper layers of the Earth must have been directed towards
making the regions with £<0 “heavier” and the regions with £>0 “lighter”.
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Fig. 3. Scheme of geoid undulation calculated from gravity data [Zhongolovich 1952]
3. dbra. A gravitacids adatokbdl szamitott geoid undulaciék [Zhongolovich, 1952]

Puc. 3. Cxema OHAynsAuMiA reomfa, pacCuUMTaHHbIX MO FPaBUMETPUYECKUM AaHHbIM
[>)KoHronosuy, 1952]

What are the most probable physical and geological processes taking part in
setting up geoisostasy? The loading of geoid fragments may be achieved by the
following processes: the uplift of the Earth’s crust blocks; glaciation; filling up
the lowered parts of geoids with water; “saturation” of the upper parts of the
Earth's crust by more dense basaltoids and ultrabasites (formation of dykes);
formation of plateau basalts; upward displacement of the Moho discontinuity
as a result of basalt-eclogit type phase transition.

The unloading of geoid fragments takes place by means of: subsidence of
the Earth’s crust; denudation of the Earth’s crust or melting of the ice accu-
mulated in previous epoch of glaciation; filling of the upper parts of the Earth’s
crust with lighter magmatic formations of acidic composition; downward dis-
placement of the Moho discontinuity as a result of basalt-eclogit type phase
transition.

Without proceeding with this enumeration, it remains to note that all the
masses capable of displacement including the subsurface waters and atmo-
sphere, take part in the restoration of the disturbed equilibrium. And though
their contribution to the balancing processes is small, they are of importance
in investigating nature and the laws governing those phenomena.
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EGY UJ 1ZOSZTATIKUS FOLD-MODELL

K F. TYAPKIN

Ajavasolt (j modell a geoizosztatikus modell azon a feltételezésen alapul, hogy az egyenl6
térszoget elfoglald Fold-szektorok egyenld sulytak. A Fold egyensulyat jellemzd kritériumnak a
geoid és a megfelel6 szferoid kozotti eltérést tekinthetjik. Ezen feltevés alapjan az egyensuly
kvantitativ vizsgalata a gravitaciés anomaliak segitségével végezhetd.

HOBAA MOJE/Ib TEON30CTA3NN

K ®. TanknH

CTaBMTCSH BOMPOC O HEMPABOMEPHOCTW WCMO/b30BaHWUS TPaAULMOHHLIX MoAeneld nsoctasuu
3eMHOI Kopbl (nUTocepbl) B CBA3M C TEM, UTO B HUX UCKYCCTBEHHO 060C0O6M15S€TCA 3Ta YacTb 3eMu
OT BCe/i OCTa/NbHOW MNaHEThI.

MpepnaraeTcs HOBasi MOfe/lb FeOM30CTas3NM, B OCHOBE KOTOPOM NIEXUT BbINOIHEHUE YCIOBHS:
paBHbIA BeC CEKTOPOB 3eM/M, Bbipe3aHHbIX OAMHAKOBBIMW LeHTPaNbHbIMU TENECHbIMW YriamMu.
KpuTeprem ypaBHOBELLEHHOCTM 3eM/M B K&XAOW TOUYKE MOTYT CNY>XUTb OTK/OHEHWUs reouja oT
COOTBETCTBYHOLLEro emy chepomga. OgHUM U3 AOCTOMHCTB TaKOro Nojaxofa sBMsSieTCS BO3MOX-
HOCTb KOMIMYeCTBEHHON OLIEHKV PaBHOBECHOTO COCTOSIHWS OTAE/bHbIX Y4acTKOB 3eM/n MO rpaBuTa-
LIMOHHOMY MOI0.
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INTERPRETATION OF COMPLEX RESISTIVITY
AND DIELECTRIC DATA
PART I

W. H. PELTONL1 W. R. SILL2, B. D. SMITH3

WCc have attempted to distinguish clearly between complex resistivity phenomena and complex
dielectric behavior, based on the concept of conduction current and displacement current. As a
result it is possible to use ridge regression inversion to solve simultaneously for parameters describ-
ing the contribution of each phenomenon to observed spectra. In a similar manner it is possiblé to
carry out limited identification of other important processes such as membrane polarization, double
layer capacitance, and inductive electromagnetic coupling.

Perhaps the most important single use of inversion in rock properties analysis, however, is to
reduce spectral curves to a few numbers, so that changes in spectra with important physical variables
such as temperature, mineral composition, concentration and grain size, may be characterized and
described accurately.

An outgrowth of our examination of simple relaxation models in all three domains (frequency,
time and distribution function), is the capability to transform broadband measurements made in
one domain to any other domain or to another type of measurement made in the same domain:
for example, amplitude to phase. This is accomplished by using ridge regression inversion to fit a
sum of simple relaxation models to the observed data. The determined parameters, and the known
analytical form of the models in all other domains can then be used to construct any desired
representation of the observed data.

d-complex resistivity, dielectric behavior, ridge regression, membrane polarization, double layer capac-
itance

7. Ridge regression inversion

We have spent the first part of this paper considering various proposed
models for relaxation. What we will now discuss, is an inversion method which
can be used to fit automatically the various proposed relaxation models to
observed data. In addition to fitting the data, the inversion program provides
1) goodness-of-fit information (which can be used to help select the most
appropriate model), 2) quantitative estimates of model parameters (so that the
essential features of the relaxation may be plotted against other physical vari-
ables such as temperature, composition, grain size and concentration) and 3)
information on the importance of each data point regarding the resolution of
the total model or of individual parameters (necessary for efficient data collec-
tion and experiment design).

1Phoenix Geophysics Limited, Willowdale, Ontario, Canada
2 Department of Geology and Geophysics, University of Utah, Salt Lake City, Utah, USA
3 U.S. Geological Survey, Denver. Colorado, USA

Manuscript received: 10 November, 1983
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The algorithm

The algorithm which we have used in order to obtain estimates of model
parameters, p, from observed complex resistivity or dielectric data, vy, is

Ap = (ATA + Al)~IATAY (88)

where A is the matrix containing derivatives of every data point with respect
to every parameter,

A.=t L (89)
1 dpj 0

AT is the transpose of A, 1 is the identity matrix, and A is a small positive
constant which gives stability to the inversion.

When A is exactly equal to zero, (88) is the Newton-Raphson algorithm
which is very fast, but which may diverge if ATAis nearly singular. Thus in order
to facilitate convergence in spite of a poor initial guess or poorly-determined
parameters, we slightly modify A1A before inversion [Levenberg 1944, Foster
1961, M arquardt 1963]. Since ATA is symmetric and non-negative definite, the
addition of Ato its diagonal elements ensures that none of the eigenvalues of
the modified matrix will be zero, and therefore the matrix will not be singular.
In the limit, as A becomes very large, the algorithm approaches the gradient
method, which always converges but which is very slow. In order to maintain
stable yet fast convergence, A must usually be changed at each new iteration
during the inversion. Computer algorithms which accomplish this are known
as ridge regression methods.

The general inversion program used in this research on rock properties
evolved from earlier work by smitn [1975] and was later modified to incorporate
ridge regression and simultaneous inversion of multiple data sets [Pe1ton et al.
1974, Perton et al. 1976]. Since formulation is in terms of discrete parameters,
the inversion program is ideally suited to problems which are naturally posed
in terms of discrete parameters (such as simple relaxation models); however
reasonable success has also been achieved in using the program to determine
continuous functionals such as resistivity versus depth [Ruo et al. 1977, Petrick
et al. 1977]. The main factor influencing effective use of the inversion technique
is appropriate parameterization of the problem.

Parameterization
Perhaps the most fundamental consideration regarding parameterization

is: will the parameters determined by the inversion produce the desired informa-
tion from the data? For example, if we wish to find the chargeability of a rock
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sample from amplitude and phase measurements of the complex resistivity, then
we should formulate amplitude and phase in terms of chargeability, and not in
terms of other related parameters, such as resistances in an equivalent circuit.

Another important consideration is to exclude solutions which are physi-
cally meaningless. Since negative resistivity has no meaning, it is expedient to
use log R instead of R as the parameter specifying the resistivity at zero
frequency. As a result, negative resistivities cannot in any way be included in
an estimate of the parameter confidence interval for R.

The third important consideration concerns linearization of the problem.
All of the relaxation models which we have discussed, except for the simple
resistance, have observables such as amplitude and phase which are non-linear
functions of the model parameters. However, our ridge regression algorithm
utilizes only the first derivative of the data with respect to the parameters. Thus
it makes the implicit assumption that the relation between each observable and
every model parameter is approximately linear. How good this assumption is
will affect the speed of the convergence and the accuracy of estimates for the
uncertainty in the determination of each parameter. We will attempt to illustrate
later with an example, how different parameterization can result in extremely
poor and extremely good linear approximations for the true behavior of the
observable.

Data error and weighting

For the inversion algorithm given by (88) we have tacitly assumed that no
weighting of the data was required since all the data were equally influenced by
noise. For the simultaneous inversion of multiple data sets or inversion of data
containing a few bad points, this assumption is no longer valid and we must first
multiply the unweighted derivative matrix, B, and unweighted data difference
vector, Ag, by a weight matrix, W, in order to obtain satisfactory results;

A=WB (90)
and
Ay =WAg (91)

If the error in each measurement is independent of the error in the other
measurements, as is usually assumed, then W reduces to a diagonal matrix with
entries which are inversely proportional to the standard deviation of each data
point;

Wu= Q (92)

We could possibly estimate a, by making a large number of repeat measure-
ments at each point, however this would be rather time-consuming. It is much
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simpler to assign relative weights to the data and then later obtain an estimate
for the data error from the reduced chi-square statistic,

T on-m (93)

where n is the number of data points and m is the number of parameters. As
discussed by Bevington [1969],  will be the best estimate for the data variance

at those data points associated with weights of 1.0 if the relative weights were
indeed correct, the theoretical model was appropriate, and the errors were
normally distributed.

Obviously the easiest relative weights to assign are weights which all have
the same value for each data set. It is thus expedient to choose as observables
those quantities which have roughly constant measurement error at all frequen-
cies. This is one main consideration behind our choice of log amplitude as a
common observable. For measurement of both complex resistivity and complex
permittivity, the error in amplitude is very often a relatively constant percentage
of the amplitude value. Thus if we chose amplitude and not log amplitude as
the observable we would be required to specify weights which are inversely
proportional to the magnitude of each measurement. Choice of log amplitude
as the observable is possible, because amplitude can never be negative, and is
desirable in that it eliminates this weight requirement.

Although easy specification of weights is certainly one consideration in the
total problem formulation involving choice of both parameters and observables,
we must also remain aware that the selection of observables will affect the
linearization of the problem just as much as the selection of parameters. In our
later example of linearization we change both parameters and observables in
order to illustrate good and bad linear approximations.

Our emphasis so far in problem formulation has been on the choice of
parameters (either relaxation parameters or equivalent circuit parameters) and
on the proper choice of observables: either real and imaginary, amplitude and
phase or amplitude and loss tangent, or perhaps logarithmic instead of linear,
or possibly reciprocal as opposed to normal (conductivity instead of resistivity).
All these different formulations are possible after we have decided on a specific
relaxation model. The question remains: how do we choose this model in the
first place? The most straightforward approach would be to base our model on
the physical processes taking place; however, we may be attempting to deter-
mine the dominant process influencing our data out of several possible mechan-
isms. In such cases it is sometimes useful to employ the reduced chi-square as
a goodness-of-fit criterion. We note that since the reduced chi-square is obtained
by dividing the square error AylAy by n—m, the smallest reduced chi-square
will be obtained by the model which provides the best fit with the fewest
parameters. This is commensurate with the philosophy that if we do not know
exactly the physical process, the best model is the simplest model which still fits

the data.
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Information density

Ifwe wish to find out which data points are contributing the most informa-
tion toward the determination of our model, one method would be to examine
the A matrix. Large positive or negative values will indicate which data points
are important in determining each of the various parameters. For an estimate
of which data points are important in the resolution of the total model, however,
it is often convenient to examine the information density matrix given by

S=AH 94
where
H= AR "47 (95)

is the generalized inverse. We find that S is a symmetric, diagonally dominant
matrix with dimensions n ¢n. Thus an approximate idea of which data points
are the most important may be obtained from examination of the diagonal
elements of S. This also provides a useful check on our original choice of weights
for the problem. For example, if we expect that two different data sets should
be providing roughly equal information, but find that the diagonal elements of
S are an order of magnitude smaller for one data set than for the other, our
choice of weights may be seriously in error.

Parameter statistics

Once we have reached convergence and obtained a set of parameters which
provide the best least-squares fit to our data, the next most important require-
ment is to obtain some idea of the uncertainty in the parameters. If our problem
is very poorly posed we may find that ATA still remains singular even at
convergence. In such cases it is necessary to maintain a non-zero value of 4
merely to eliminate the zero eigenvalues and thus permit inversion of the matrix.
A very approximate idea of which parameters have high uncertainty may then
obtained by examining the diagonal elements of the resolution matrix,

R=HA (96)
where H is now given by
H = (ATA+ 41)_1A7 97

Those diagonal elements of R which are significantly less than 1.0 indicate
parameters which are very poorly resolved [Angoran 1975].

Usually, however, it is more desirable to deal with models which are not
overly complex and to acquire sufficient data to determine adequately the model
parameters. In such cases ATA will not be singular at convergence and the
resulting resolution matrix, with Aset equal to zero, will be very nearly equal
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to the identity matrix (within numerical roundoff). For these well-posed, over-
determined problems a more accurate estimate of the uncertainty in each
parameter may be obtained by examining the parameter covariance matrix,

given by
cov (p) = x; (ATA) 1 (98)

The best estimate of variance for each parameter may be simply obtained from
the diagonal elements of cov (p). We may also obtain, by appropriate nor-
malization of cov (), the parameter correlation coefficients,

cor Pij = covPI (99)
(COVp;i ®cov ij)z

Correlation coefficients near 1.0 indicate that only the difference of two param-
eters is well-resolved, whereas correlation coefficients near - 1.0 indicate that
only their sum is well-resolved. If the inversion is carried out with respect to log
parameters (as we have done in the remainder of this paper), correlation
coefficients of + 1.0and —1.0 indicate that only the quotient or product of two
parameters is well-determined.

8. Applications

There are a large number of areas where inversion can be very usefully
applied in the analysis of complex resistivity and dielectric data. It will not be
possible to cover all of these areas in this paper, or even to discuss in rigorous
detail all the relevant statistical information for the few examples that we have
chosen. Our approach, instead, will be to focus on small segments of the
interpretation of a fairly broad range of data. In this way we may perhaps
indicate the variety of rock property problems that can be attacked with
inversion and the usefulness of the technique.

Model selection

Our first application of inversion to analyzing the electrical properties of
rocks will concern selection of the simplest relaxation model fitting given
complex resistivity or dielectric data.

Bingham Granite Stock. Shown in Figure 12a normalized amplitude data from
laboratory measurements of the complex resistivity of a mineralized sample of
the Bingham stock. The data were kindly provided by Netson [1975]. We have
attempted to fit five models of the Cole—Cole family to the data. The model
which provides the lowest value of the reduced chi-square, shown in Figure 12b,
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is No. 5, which corresponds to the Madden—Cantwell relaxation model
(Table 1in Part one). It is evident that increasing the complexity of the model
to the Cole—Cole relaxation (No. 8) and to the generalized Cole—Cole relax-
ation (No. 10), does not appreciably improve the data fit. The only result is to
increase the number of model parameters, thus decreasing the degrees of free-
dom, n—m, and consequently increasing the reduced chi-square. From this
simple analysis we might conclude that out of the five models considered, the
Madden—Cantwell model is the most appropriate model for the data.

Kk IO K K K3 12 3 4 s
FREQUENCY (H2) NO OF PARAMETERS
@ (b)

Fig. 12. (a) Inversion of g(co)| obtained from laboratory measurements of a sample of the
Bingham granite stock. The circles represent the observed data; the solid line represents the
best-fitting relaxation model (No. 5)

(b) Goodness-of-fit values for the five relaxation models which were used to fit the data in (a)

12. abra. (a) A Bingham granittémzsbdi vett mintan végzett laboratériumi mérések |p(cu)|-janak
inverzidja. A korok jelentik a mért adatokat, a folytonos vonal jelenti a legjobban illeszked6
relaxaciéos modellt (5. szamu)

(b) Ot, az (a) abra adataihoz illesztett relaxacios modell illesztés-josagi értéke

Puc. 12. a) NHBepcua Ip(tu)|, nonyy4eHHOro no nabopatopHbIM M3MepeHMAM o6pasLa
rpaHUTOBOro Maccuea BUHIaM. Kpykamu 0603HaueHbl M3MEPEHHbIE aHHbIe, CMAOLIHAS TUHUS
1306paxKaeT penakcauMoHHY MOAeNb, 06ecneynBatoLLy0 Hauny4llyo annpokcumauymio (Ne 5).
b) 3HaueHue LOBPOTHI annpoKCUMaLUK NATU PenakcalMoHHbIX MOAEeNel, NCNob30BaHHbIX A/

annpoKcUMauun K JaHHbIM puc. a.

A further comparison of the data and the best-fitting Madden—Cantwell
model, shown as the solid curve in Figure 12a, tends to confirm our conclusion.
There is no obvious bias; any difference between the model and the data appears
to be random measurement error. This brings us to the subject of a recent
controversy [Nelson and Van Voorhis 1977; Zonge and Wynn 1977] We do
not plan to take sides in this controversy; however, we do wish to illustrate how
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inversion might be used to evaluate the accuracy of rock electrical measure-
ments. The value for the reduced chi-square obtained for model No. 5in Figure
12b was 1.42 « 10-6. Since the theoretical model adequately fits the data without
apparent bias, we might assume that this value provides a reasonable estimate
for the true variance of the data. Our resulting conclusion is that the amplitude
measurements, shown plotted on a double logarithmic scale in Figure 12a
(vertical exaggeration 10 : 1), were made with an average accuracy of 0.27% over
the four and one-half decades of frequency. In contrast, the total frequency
effect over this range was 14%.

Lunar Rock 73,275-8 105 °C We continue with the subject of model selection
by examining the phase angle data from measurement of the dielectric constant
of a lunar rock shown in Figure 13a. We again attempted to fit several members
of the Cole—Cole family of models to the data. In this case, the outcome, shown
in Figure 13b, was rather different. The model which provided the lowest value
of the reduced chi-square was the most complex of the series. The results suggest
that the phase data is significantly non-symmetric and consequently is not
well-fitted by the simple Cole—Cole model or by special cases of this model.

LUNAR  ROCK (7B275-8/105° C)

(a) (b)

Fig. 13. () Inversion of phase data obtained from measurement of the dielectric constant of
lunar rock 73 275-8 at 105 °C. The circles represent the observed data; the solid line represents
the best-fitting relaxation model (no. 10)

(b) Goodness-of-fit values for the five relaxation models which were used to fit the data in (a)

13. abra. (a) A 73 275—8 holdk&zeten. 105 °C-on végzett dielektromos allandé mérések fazis
adatainak inverzidja. A korok jelentik a mért értékeket, a folytonos vonal jelenti a legjobban
illeszkedd relaxacios modellt (10. szamu)

(b) Ot, az (a) abra adataihoz illesztett relaxacios modell illesztés-j6sagi értéke

Puc. 13. a) NHBepcus (ha30BbiX AaHHbIX MO U3MEPEHUAM AWUINEKTPUYECKOWA NOCTOAHHONM,
nposefeHHbIM npn 105 °C xa nyHHol nopofge 73275—8. KpyXXKn 03Ha4yatoT U3MepPeHHble
3HauYeHus, a CNoWHasa NMHNUSA — penakcaunoHHY0 MOofeNb, 06ecnevnBatoLLyto HannyuLlyo
annpokcmmaumto (Ne 10).

b) 3HaueHve fo6POTHI anMpoKcUMaLMn NATU penakcauvoHHbIX MOAeNiei, NCNob30BaHHbIX A8
annpokcuMaLmnn K faHHbIM puc. a.
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Iron Mountain 5 Our next example illustrating choice of an appropriate relax-
ation model concerns in-situ complex resistivity data from an open pit magnetite
mine near lron Springs, Utah. Both amplitude and phase data were obtained
and were inverted simultaneously to produce the resulting best-fitting Cole—
Cole model shown in Figure 14. Also shown in the figure are the estimated
parameter standard deviations. Since our problem formulation involved log
parameters as well as log data, the estimated parameter standard deviations are
precisely displayed as percentages.

Fig. 14. Inversion of in-situ complex resistivity data obtained over massive powdery magnetite
mineralization near Iron Springs, Utah. The observed data are represented by circles and
squares; the solid lines indicate the best-fitting Cole—Cole complex resistivity model

14. abra. Iron Springs (Utah) kdzelében 1év6 massziv, porszerli magnetit ércesedésen kapott in
situ komplex ellenallas adatok inverzidja. A mért adatokat korok és négyszogek jelzik, a
folytonos vonalak a legjobban illeszkedé Cole—Cole komplex ellenallas modellt jelentik

Puc. 14. MHBepcus AaHHbIX KOMMNEKCHOTO COMPOTUBAEHUS, MONYUYEHHbLIX B YCNOBUAX
€CTeCTBEHHOr0 3a/eraHnsl Ha MacCMBHOM, MOPOLIKOO6PA3HOM OpyAeHEHUN B6AN3N AWpPOH
Cnpunre, VoTax. Vi3MepeHHble aHHbIe NOKa3aHbl KPYXKaMu 11 YeTbIpexyrofbHuKamm, a

CN/OWHbIE IMHWAKM 03HAYAOT KOMMJEKCHY0 Mogenb Tuna Kon-Kon conpoTueneHus,

o6ecneunBaioLLyto HaunydLyo anmnpoKCMMaLmio.

We mentioned previously that appropriate problem formulation requires
consideration of several factors, not the least of which is the requirement that
the resulting problem be adequately linear. We will now attempt to illustrate
with the Iron Mountain 5 model and data, how two different problem formula-
tions can lead to two vastly different linear approximations.



o (mitliradians)

20 Pelton— Sill—Smith

Fig. 15. Two different approximations
for phase as a function of time
constant

15. &bra. A féazis — id6allandd
fuggvény két kilonb6z6 kozelitése

Puc. 15. 1Be pasHble annpokcumauum
(hYHKLUMM (ha3a-nocTOAHHAA BPEMEHM

T (seconds)

Shown in Figure 15 are three curves passing through the phase angle
measurement made at 17.8 Hz. The curve labelled “A” corresponds to a prob-
lem formulation involving linear phase (not logarithmic) and linear parameters.
Thus each of the columns of the derivative matrix will be composed of simple
first order derivatives of phase with respect to each of the model parameters:
R, m, r, and c. If we select r as our parameter of interest, the single element of
the derivative matrix, corresponding to the T parameter and the 17.8 Hz fre-
guency measurement, attempts to predict the behavior of phase as a function
of « by the formula,

W = do+ tj, (100)

where @0 is 48.2 milliradians, z0 is 5.74 « 10'5 seconds, and the derivative is
425.9 milliradians per second. As shown in Figure 15this formula is a very poor
approximation to the actual curve for <Rr) except in the region immediately
surrounding t—Zq.

A much better approximation of the true ®(1) behavior can be made if we
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formulate the problem in terms of log @ and log r. Since the appropriate element
of the derivative matrix is 0.51, the approximation for ®(T) on a double logarith-
mic scale becomes simply a straight line through (@0, r0) with slope 0.51. This
approximation (the “B” curve in Figure 15) is very good over a five decade range
of r, and thus suggests that this formulation will result in rapid convergence
from a poor initial guess, and accurate prediction of the parameter confidence
interval.

Tyrone 1 Our last example of simple model selection and fitting involves in-situ
complex resistivity data from the Tyrone porphyry copper deposit near Silver
City, New Mexico. Two main dispersions are very evident in the phase angle
data shown in Figure 16. In order to fit the data we chose a transfer function
formed by the multiplication of two Cole—Cole models.

Fig. 16. Inversion of in situ complex resistivity data obtained over the Tyrone porphyry copper
deposit

16. abra. A Tyrone porfiros rézérc el6fordulason kapott in situ komplex ellenallas adatok
inverzidja

Puc. 16. ViHBEpCHS KOMMEKCHBIX JaHHbIX COMPOTUBMEHNSA, MOMYUEHHbIX B YCNOBUSAX
eCTECTBEHHOr0 3aneraHus Ha MeCTOPOX/AeHUN MOP(HUPOPOAHOW MeaHOW pyabl TaiipoH.
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During the inversion process we encountered difficulty at the lower fre-
quencies. Although the phase angle measurements in this region describe a
smooth curve, and thus appear relatively accurate, there is only a slight sugges-
tion of what the low frequency phase behavior might be. This slight character
in the curve is actually below the noise level of the phase angle measurements
made at higher frequencies. As a result, when an attempt was made to fit the
log @ data without using weights, the inversion routine treated the slight bend
in the curve at low frequencies as noise, and produced a poor data fit with
resulting high parameter standard deviations.

In order to produce a more acceptable fit to the data, we effectively
introduced our own bias into the inversion through our selection of relative
weights. Use of larger weights at the lower frequencies forced a more precise
fit to the data in this region and substantially reduced the estimated uncertainty
in the parameters describing the low frequency phase angle peak. The actual
credibility of these new small parameter standard deviations is, however, direct-
ly dependent on our assumption that the low frequency measurements have a
substantially lower noise level than those at higher frequencies. The estimated
uncertainty in the parameters, r2 and c2, describing the high frequency disper-
sion were left relatively unchanged by the new weights.

Identification of physical processes

Often the ultimate goal of our attempts to fit relaxation models to complex

resistivity and dielectric data is really to try to determine, and then characterize,
the poorly-understood physical processes taking place.
Pyrite electrode—electrolyte interface In our first example we will try to examine
the basic mechanism responsible for the complex resistivity behavior of mi-
neralized rocks. Shown in Figure 17 is an equivalent circuit which is quite often
used to model the resistive, capacitive, and diffusive behavior of the semicon-
ductor—electrolyte interface [Ward and Fraser 1967]. Also shown in Figure
17 are values of the circuit components obtained from inversion of amplitude
and phase measurements made on pyrite electrodes over seven decades of
frequency [Kiein and Perton 1976]. In Figure 18 we show the observed am-
plitude and phase data, and the theoretical curves obtained from inversion. The
agreement is excellent. This suggests that the simple circuit in Figure 17 ade-
quately describes the impedance of the pyrite-electrolyte interface, and that we
thus may evaluate the relative importance of the different conduction processes
by more closely examining the values of the circuit components. One conclusion
is that, for pyrite electrode data shown in Figure 18, the reaction resistance is
an extremely minor component of the total electrode impedance. It is essentially
undetectable relative to the other components of the equivalent circuit. Another
conclusion is that the double layer capacitance is also quite small (a few
microfarads per square centimeter) and therefore does not provide appreciable
conduction across the interface at frequencies much below 1kHz.
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EQUIVALENT CIRCUIT FOR
ELECTRODE-ELECTROLYTE INTERFACE

DOUBLE LAYER
CAPACITANCE

Rshant = 324 x K> *W .
ASOLN = 125 + 0.9"e
00

311 X |Iffy 217/,

r react

TXPLZ

0.52 « 217/
PYKC2 [ ; 756 xw0 Na.CT/.

cr = 0.875 i 0.8"/.

Fig. 17. Equivalent circuit for an electrode—electrolyte interface plus parameters obtained from
the inversion of the spectra shown in Figure 18.

17. abra. Egy elektréda - elektrolit hatarfeliilet ekvivalens aramkore és a 18. abran mutatott

Puc. 17. 9KBMBaNEHTHAs 3N1EKTPUYECKas CXeMa pasfena aN1eKTPOA-3NeKTPONNUT U NapameTpsbl,
NoMy4YeHHble MO MHBEPCUM MOKa3aHHbIX Ha pUC. 18 CreKTpoB

By allowing the exponents of the Warburg element and the double layer
capacitance to vary we were able to model effectively non-ideal components;
however, we found that the exponent oy was very close to that of the ideal
Warburg (c = 0.5) and that the exponent c2 was quite close to that of ideal
capacitive behavior (c = 10).

The higher frequency depedence of the capacitive behavior of the interface
is strikingly displayed in Figure 18 by the steep high frequency asymptotic slope
of the phase curve.

Scott— West Artificial Rocks We devoted considerable discussion in the first
part of this paper toward attempting to define and separate complex resistivity
and complex dielectric phenomena. We will now illustrate with an example how
inversion might be used to achieve this separation. The data shown in Figure
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Fig. 18. Amplitude and phase spectra obtained from measurement of the impedance of two
pyrite electrodes

18. dbra. Két pirit elektrdda impedanciajanak mérésébdl kapott amplitidé és fazis spektrum

Puc. 18. CnekTp amMnauTya U (a3, NonyyeHHblii No U3MEpPEeHNo MMNefaHca ABYX NUPUTOBbLIX
3NeKTPOOB.

19 and Figure 20 were obtained from complex resistivity measurements of
artificial rock samples prepared by Scott and w est [1965] from cement, quartz
and pyrite. Due to the high pressures applied during preparation, the samples
have very low porosity and consequently, very high resistivity. Thus for at least
the highest frequencies, we might expect a substantial decrease in the measured
complex resistivity, due to dielectric conduction phenomena.

Sample 124B contains no pyrite mineralization and exhibits relatively
simple spectra. By casual comparison of the theoretical phase angle curves in
Figure 5with the results shown in Figure 19, it appears that a single Cole—Cole
resistivity dispersion might adequately fit the data. This was attempted; however
it was found that the theoretical high frequency phase angle curve was very
definitely lower than the observed data. Another possible model, which gave a
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Fig. 19. Inversion of complex
resistivity spectra obtained
from measurement of
Scott-West sample 124B (no

pyrite)

19. &bra. A 124B Scott -West
mintan (pirit nélkali) végzett
mérésekbdl kapott komplex
ellenallas spektrumok
inverzioja

Puc. 19. ViHBepcus
KOMM/EKCHBIX CMeKTPOB
CONPOTUBNEHUSA, MONYUYEHHbIX
no M3MepeHUsM Ha [ByX
obpasuax 124B CKoOTT -YacT
(6e3 nnpuTa)

Fig. 20. Inversion of complex
resistivity spectra obtained
from measurement of
Scott-West sample 94B
(containing 2% pyrite)

20. &bra. A 94B Scott West
mintan (2% pirit tartalom)
végzett mérésekbdl kapott
komplex ellenallas spektrumok
inverzioja

Puc. 20. VHBepcus
KOMMNMIEKCHBbIX CMNEeKTPOB
CONPOTUBAEHNS, MONYYEHHBIX
no M3MepeHUsM Ha obpasue
946 CKOTT -YacT (c
cofepxXaHmem nuputa 2%).
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better fit to the data, included a constant resistivity with a single Cole—Cole
dielectric dispersion. However, this model requires an unreasonably high value
of the dielectric constant at the lower frequencies (in the range of several
thousand). The third model which we tried gave the best fit to the data and is
shown in Figure 19. We have assumed a single Cole—Cole resistivity dispersion
and an entirely real dielectric constant (which was subsequently determined to
be 45).

Our conclusion from this exercise is that the major physical process taking
place is a complex resistivity relaxation, although dielectric conduction does
become important at the highest frequencies. Since there was no metallic min-
eralization in the sample, wc cannot attribute the Cole—Cole resistivity disper-
sion to metallic electrode polarization.

Shown in Figure 20 are the results from measurements of the complex
resistivity of sample 94B which contained 2% pyrite. In addition to the
presumed dielectric and membrane polarization behavior at high frequency, we
also have a prominent low frequency dispersion apparently caused by the pyrite.
The time constant of this relaxation is much longer than the time constants
obtained for pyrite mineralization in other artificial rocks [G risseman 1971, Sin1
and Dew itt 1976]. This is most likely due to the abnormally high D.C. resistiv-
ity of the Scott-West samples (notice the equations for the time constant in
Figure 2; 1 is strongly dependent on the D.C. resistivity for each of the three
equivalent circuits).

As a final note on these artificial rocks we have plotted in Figure 21 the
diagonal terms of the information density matrix corresponding to the data
from sample 94B. Our formulation of the problem was in terms of log phase,

Fig. 21. Diagonal of information
density matrix obtained from
inversion of Scott-West sample
94B

21. abra. A 94B Scott—West

informacid slriségi matrix atloja

Pac. 21. inaroHanb Matpuubl
NAOTHOCTM NO MH(OPMaLUK,
Nosly4YeHHOW M3 UHBEPCUM
o6pasya 946 CKoTT—YacT.

log amplitude and log parameters. However, since we did not specify different
relative weights between the phase and amplitude data sets, by default we made
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the assumption that the percentage error in the phase measurements was rough-
ly equal to the percentage error in the amplitude measurements. Since this
assumption is really quite debatable, it was useful to check the information
density matrix and confirm that the values for the two data sets were at least
not different by several orders of magnitude. We note that the information
density is quite low for those amplitude data which are flat and featureless, but
that the values strongly increase at the higher frequencies where the amplitude
exhibits strong curvature and the phase becomes flat and featureless. The two
data sets thus tend to complement each other in providing useful information
over the total frequency range.

Roosevelt KGRA We have noted what appears to be very pronounced effects
due to membrane polarization in the Scott-West rocks. Lest the reader obtain
the impression that these effects occur only under unusual circumstances in
artificial rocks, we present in Figures 22 and 23 results obtained from complex
resistivity measurements of drill cores from the Roosevelt Hot Springs geother-
mal area [Tripp 1976].

Fig. 22. Inversion of
complex resistivity data
obtained from
measurement of a
clay-altered drill core
sample from Roosevelt
Hot Springs KGRA

22. &bra. A Roosevelt Hot
Springs KGRA-b6! kapott
agyagos bontasu
magmintan végzett mérések
komplex ellenallas
adatainak inverzidja

¢ (milliradians)

Puc. 22. NHBepcus faHHbIX
KOMMJ/IEKCHOT 0
COMpPOTUB/IEHUS,
NOMYYeHHbIX N0
N3MEPEHNAM Ha TMHUCTOW
pasHOBUAHOCTN KEpHOBOTO
o6pasya ot PysBenbT XoT
CnpuHrc KI'PA
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Fig. 23. Inversion of complex resistivity data obtained from measurement of a drill core sample
having very minor clay alteration but noticeable iron staining, suggesting pyrite mineralization

23. abra. Olyan magmintan végzett komplex ellendllas mérések inverzidja, amelyben csak
nagyon kicsi volt az agyagos bontas, de szemmel lathat6é volt a vasas elszinez6dés, ami pirites
ércesedésre utal

Puc. 23. VHBepcus n3MepeHuii KOMMNEKCHOTO COMPOTMBEHNUS Ha KEPHOBOM 06Gpasle C BecbMa
HU3KUM TAIMHACTBIM Pa3foXKeHMEM, HO C OUYEBM/HbLIM XKeNe3HbIM 3arpasHeHWeM, YTo yKasbiBaeT
Ha MUPUTOBOE OPYAEHEHME.

The phase angle results shown in Figure 22 correlate with a very highly
altered section of the drill log where the rock was 58% kaolinite. The cation
exchange capacity per unit pore volume (Qt) is large and the sample exhibits a
prominent complex resistivity dispersion at the higher frequencies, in spite of
the fact that no metallic-conducting minerals were observed present. In order
to fit the data we have assumed that conduction through the clays acts in parallel
with the normal ionic conduction through pore passages in the rock. The result
is an equivalent circuit representation which is the same as that shown earlier
in Figure 2a. Although the circuit is known to produce Cole—Cole relaxational
behavior we have inverted for the components of the equivalent circuit rather
than the Cole—Cole model parameters.
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These circuit components may be more readily compared with those fitting
the data for the second drill core sample shown in Figure 23, where we have
considered a more complex equivalent circuit than that giving rise to a single
Cole—Caole relaxation. This second sample exhibited little clay alteration but
showed prominent iron staining, suggesting the presence of pyrite. In order to
fit the two indicated dispersions in the phase angle spectra we have utilized the
equivalent circuit shown in Figure 24, which has two frequency-dependent
paths. In total, there are three parallel current paths, by which we have attempt-
ed to simulate three conduction mechanisms: conduction through the normal
unblocked rock pores, through clay blocked pores and through pyrite blocked
pores. Since the phase angle data shows no indication of rolling over at high
frequency, we are unable to determine any value for Rz; the other parameters,
however, are all reasonably well determined. The relatively low values of the
two frequency dependences (c, and c2 in Figure 23) suggests diffusion phenom-
ena rather than capacitive or inductive behavior.2

Fig. 24. Equivalent circuit for rocks containing both pyrite mineralization and clay alteration
24. abra. Pirites ércesedést és agyagos elvaltozast is mutatd kbzetek ekvivalens aramkdre

Puc. 24. OKBMBaNeHTHasa 3MEKTPUYECKAs CXeMa Mopof, MOKa3biBaOLWMX KaK NUPUTOBOE
opyaeHeHune, Tak U TNMMHUCTOE U3MEHEHME.
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Inductive coupling recognition The last topic under this general discussion of
recognition of physical processes, we will only briefly mention since it has been
discussed elsewhere [Pelton et al. 1978]. But basically, inductive coupling
response is perhaps the easiest process to indentify in complex resistivity ob-
servations. We have noted that metallic electrode polarization and membrane
polarization both result from diffusion phenomena, thus the only hope of
distinguishing between the two rests on perhaps indentifying statistically signifi-
cant differences in the time constant and chargeability (field experience and our
limited laboratory measurements suggest that membrane polarization has a
relatively short time constant). There are similar difficulties in distinguishing
between dielectric effects and ionic conduction processes in resistive laboratory
samples. Dielectric conduction in the Scott-West rocks was manifasted by only
a slight increase in phase at the very highest frequencies.

The effects produced by inductive electromagnetic coupling on complex
resistivity data are by comparison relatively easy to detect. All solutions for
inductive coupling so far [Millet 1967, Hohmann 1973], indicate that the
frequency dependence for coupling response is very close to 1.0. This is consis-
tent with the observation that many EM problems can be cast in terms of an
induction number which involves frequency to the first power. In contrast, the
frequency dependence of the complex resistivity response arising from natural
earth materials is very low, typically about 0.25. Thus inductive coupling effects
should be readily recognizable by a prominent increase (or decrease, depending
on whether the coupling is positive or negative) in the slope of the phase angle
response on a double logarithmic plot.

Quantitative evaluation of spectra

Our analysis thus far has been mainly concerned with identification of

models and physical processes. However, perhaps the most immediate, useful
application of our inversion routine will be in the quantitative evaluation of
spectra.
Lunar Rock 73275-8 27 °C In Figure 25 we show complex dielectric data
obtained from measurement of the same lunar rock for which data was presen-
ted earlier in Figure 13. This latter data set was acquired with the rock tem-
perature held constant at 27 °C instead of 105° C. Again we have fitted a
generalized Cole—Cole model to the data so that the new parameter values may
be usefully compared with the previous parameter values obtained at 105 °C.
If we had several sets of data at intermediate temperatures it would be possible
to identify and trace relatively subtle variations in the relaxation parameters
with temperature. This may be useful in regard to two objectives: first, to
provide desired engineering information on the dielectric constant as a con-
tinuous function of temperature, and second, to use the known variation with
temperature to identify more accurately the physical processes responsible for
the dielectric behavior.
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FREQUENCY (Hz)

Fig. 25. Inversion of phase angle data from measurements of the complex dielectric constant of
lunar rock 73 275-8 at 27 °C

25. abra. A 73 275—8 holdk&zeten, 27 °C-on végzett dielektromos allandé mérések fazisszdg
adatainak inverzidja

Puc. 25. VHBepcua gaHHbIX O (Pa3oBOM yrie No M3MEPeHUAM AnanekTpuuyeckoi npu 27 °L| Ha
NYHHOI nopopge 73275—8.

Grisseman data Another area where engineering information is badly needed is
the complex resistivity measurement of mineralized rocks. Although accurate
IP measurements have been made for more than twenty years, we still have very
little precise, reliable data on the variation in IP response due to mineral
concentration and grain size.

Shown in Figure 26 is an example of some of the data which has been
collected. The plot shown is of real conductivity normalized by the real conduc-
tivity at 104 Hz. The data were acquired by G risseman [1971] during a study
of artificial rocks composed of cement, quartz and pyrite in varying concentra-
tions and grain sizes. In order to interpret the results, we assumed a Cole—Cole
model for the complex resistivity, then took the logarithm of Re[l/Z(w)] as our
observable. The fit to the data, shown in Figure 26, is remarkably good. The
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average data error is only 0.36%, yet the conductivity varies by 300% over the
four decades of frequency. Since the data error is very low, the parameters for
the Cole—Cole resistivity relaxation are very precisely determined, as indicated
by the small standard deviations shown in the figure.

Fig. 26. Inversion of real conductivity data obtained by G risseman [1971] from measurement of
artificial rock sample 84B

26. abra. A 84B mesterséges kézetmintan G risseman [1971] altal végzett mérések valos
vezet6képesség adatainak inverzidja

Puc. 26. ViHBepcusi fAaHHbIX 06 WCTWHHLIM MPOBOAUMOCTM MO M3MepeHusm [pucmara (1971 r.)
Ha 06pasue MCKyCcCTBEHHONW nopogbl 84b

We were able to fit simple Cole—Cole models to all of the artificial rock
real conductivity data obtained by Grisseman. It was then possible to plot the
variation in Cole—Cole parameters with pyrite grain size and concentration.
Shown in Figure 27 is one such plot. The slope of 2.0 on the double logarithmic
plot indicates that the time constant is proportional to the square of the pyrite
grain size.

Once the Cole—Cole model parameters are obtained from inversion of a
data set, it is a simple matter to construct a theoretical curve for any desired
observable. For example, if we achieve a good fit to real resistivity data, we may
immediately calculate the imaginary resistivity curve by substituting the deter-
mined parameters into the analytical expression for the Cole—Cole transfer
function and taking the imaginary part. This is one reason why we only briefly
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mentioned, in the first part of this paper, the Hilbert transform relation between
the real and imaginary parts ofa causal transfer function. In theory, the relation
is simple, but in practice it is quite difficult to perform a Hilbert transform
numerically on noisy observed data and obtain meaningful results [Wiison

1977).

Fig. 27. Time constant versus pyrite grain size obtained from inversion of data gathered by
Collett [1959], G risseman [1971], and Dew itt and Sir1 [1976]

27. abra. Az id6allandé - pirit szemcseméret fliggvény a Corttett [1959], G risseman [1971],

Puc. 27. ®yHKUMA NOCTOSIHHAS BPEMEHU — pa3Mep 3epH NMpUTa MO UHBEPCUU [aHHBbIX,
nony4veHHbix Konetom (1959 r.) Mpucmanom (1971 r.), a Takxke [aButom n Cunnom (1976 r.)
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We will now use the Cole—Cole parameters obtained from the inversion
in Figure 26, and the Hilbert transform relations inherent in our causal relax-
ation model, to check Grisseman’s results. Shown is Figure 28 is a plot of the
tangent of the phase angle, determined from our Cole—Cole parameters, along
with actual observations of the tangent of the phase angle reported by G risse-
man [1971]. The two curves are in reasonable, but no perfect agreement. The
authors are here indebted to wWong [1977] for bringing to our attention the
correct logarithmic scale for Grisseman’s original data. Our first analysis gave
very poor agreement, indicating that the observations were not causal, and that
therefore tipie invariance or linearity were not maintained, or that there was
some problem with the measuring apparatus or data reduction.

Examples of measurements which obey the causality requirements almost
perfectly are shown in Figure 18 and 19. The solid curves for amplitude and
phase were calculated from the same model parameters.

Fig. 28. tan @ observed by G risseman [1971] compared with tan @ calculated from Cole -Cole
model parameters obtained in Figure 26.

28. abra. A Grisseman altal mért (1971) tan & értékek Osszehasonlitasa a 26. abran kapott
Cole—Cole modell paramétereib8l kapott tan @ értékekkel

Puc. 28. ConocTaBneHme 3HadeHuii tan ®. n3amepeHHbIx MpucmaHom (1971 r.) ¢ 3HaYeHUsIMU
tanil nonyyeHHbiMM no napametpam Mmogenu Kon-Kon Ha puc. 26.
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Time domain data All of our examples of interpretation of complex resistivity
and dielectric data have so far concerned measurements made only in the
frequency domain. We mentioned in the first part of this paper that frequency
domain measurements tend to be easier to make, and to interpret, than time
domain measurements, particularly when information is desired over several
decades of time or frequency.

However, to illustrate how similar complex resistivity and dielectric inter-
pretation might be carried out in the time domain we will discuss some decay
curves published by Madden and Cantwert [1967]. Shown in Figure 29 are
decay data from artificial rocks originally obtained by Corrett [1959] but
replotted by M adden and Cantwen [1967]. The dashed curve in the figure was
calculated by M adden and cantwen [1967] from their approximate derivation
of the IP decay, corrected for the 1second switching time used by Corrett
[1959]. Since the calculated curve fits only the data for smaller grain sizes,
Madden and Cantwell suggest that Collett’s data for the larger grains was
adversely affected by high current densities and the unusual pore geometry
created in artificial rocks. We would like to offer here a considerably different
interpretation for change in decay shape with increasing grain size, and at the
same time to illustrate the various steps required in the interpretation of time
domain data.

Fig. 29. Decay data obtained by Corirett [1959] from measurement of artificial rocks which
were replotted by M adden and Cantwern1 [1967], compared with theoretical curves

29. abra. corrett [1959] mesterséges k6zetmintdkon végzett méréseinek lecsengési adatai
amelyeket M adden €S Cantweltl [1967] rajzolt &  elméleti gorbékkel dsszehasonlitva

Puc. 29. JaHHble 3aTyxaHua no usmepeHunsm Koneta (1959 r.) Ha o6pasuax MCKYCCTBEHHbIX
nopoja — KoTopble 6binn nepedepyeHsl MaggeHom u KaHTeenom (1967 r.) -, B CONOCTaBAEHUM
C TEOPETUYECKUMW KPUBBIMU.
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In our analysis of Grisseman’s frequency domain data (Figure 26) we
obtained a very good fit to his real conductivity measurements using a Cole
—Cole complex resistivity model with frequency dependence very nearly equal
to 0.5. This value ranged between 0.45 and 0.55 for almost all of his data on
artificial rocks.

Good fits to Cole—Cole models with values of ¢ near 0.5 were also
observed for our measurements of the Scott-West artificial rocks (Figure 20)
and for other recent measurements of artificial rocks at our laboratory [Si11 and
DeWitt 1976]. It is thus our tentative conclusion that where a very restricted
range of grain sizes is involved, as in most artificial rocks, the relaxation
behavior closely follows that of a Cole—Cole model with the frequency depen-
dence approximately equal to 0.5 (our “Warburg” model in Table 1). For
natural mineralized rocks where the range of grain sizes is typically broader, the
dispersion is broader, and the value of the frequency dependence is typically
near 0.25, although it ranges from 0.5 to as low as 0.125 [Pelton et al. 1978].

Thus in order to interpret the time domain decay curves shown in Figure
29, where the grain size in each sample was rigidly controlled, we decided to
adopt the Warburg relaxation model. In the first part of this paper we derived
the exact negative step function response for this model and then corrected for
two common transmitter switching waveforms. The results, shown in Figures
8a, and 8b, were two sets of curves, whose decay shape depends on only one
variable, the ratio of the relaxation time constant to the transmitter pulse length.
We have displayed four of these theoretical decay curves as solid lines in Figure
29. Since the transmitter pulse length was 1second, they correspond to different
relaxation time constants ranging from 0.01 seconds to 10 seconds. It is now
apparent from Figure 29, that the strange, systematic change in decay shape,
noted by Madden and Cantwell [1967], can be very simply explained by an
increase in time constant as a function of grain size, without resorting to
nonlinear behavior or unusual pore geometry.

As an exercise, to compare the trends observed in Collett’s data, Grisse-
man’s data and data from DeWitt and Sit1 [1976], we plotted all three sets of
results in Figure 27. The similarity of trends is remarkable, considering that
absolutely no effort was made to create the same porosity in the different sets
of samples, or to use similar electrolyte concentrations.

Madden and Cantwell [1967] also published nine other decay curves for
natural mineralized rocks. We have plotted only two of these data sets in Figure
30 since the other seven decay curves fall between these two. The measurements
were made using sequential switching with a transmitter pulse length of 7
seconds. The solid lines shown in the figure are two of our theoretically cal-
culated curves based on a Warburg model and corrected for sequential switch-
ing. It is apparent that the two different curve shapes might possibly be ex-
plained by a factor of 10 difference in the time constant.

We would like to be more thorough here, and to use our ridge regression
inversion routine to solve in the time domain for all the Cole—Cole model
parameters, including the frequency dependence, c; rather than assuming a
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value of ¢ and then superimposing type curves to estimate the time constant.
This can certainly be easily accomplished, and would be desirable, if more and
better quality data in the time domain become available.

Fig. 30. Decay data obtained by Mwv>nr.r--;.nd C vivwbl1 [1967] from mea'urenv vt [natural
rocks, compared with theoretical curves

30. abra. MADDfcN €s Cantwell [1967] természetes kGzeteken végzett méréseib6l kapott
lecsengést adatok, elméleti gdrbékkel dsszehasonlitva

Puc. 30. [aHHble 3aTyxaHus no u3MmepeHmam MapggeHa n KaHTeena (1967 r.) Ha eCTeCTBEHHbIX
nopogax, B COMOCTaBNEHUN C TEOPETUYECKUMU KPUBLIMU.

Transformation between domains

The final subject we will consider, involves numerical transformation from

one set of measurements to another; notably from the frequency domain to the
time domain. First, however, we will discuss transformation between the two
types of common measurements made in the frequency domain.
Phase versusfrequency effect If we were to assume a constant phase model for
complex resistivity (such as the Drake model when an > > 1), it would be very
easy to establish a universal relationship between frequency effect and phase.
The frequency effect measurement,

g(0l-1g(b)
FE lg(h) (100

can be considered as merely an attempt to specify the slope of |@(cu)| on a double
logarithmic plot, by taking the first backward difference. The true slope, for the
Drake model with parameters R. r and a, when on»| is simply
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FET = a decades/decade
= 100 ae%/decade (102)

fora« land e = 2.71828. .. The phase, @, is also readily given in terms of a

by
o= a-2 radians,

500an milliradians (103)
[Van Voorhis et al, 1973]. Thus we have the very simple relationship
® = awPFET (104)

where

s}
I

Sé milliradians

5.8 milliradians
0.33 degrees (105)

and PFEXrepresents percent frequency effect per decade.

We tested this theoretical relation by plotting ®0AHagainst PFEOOH z for
in-situ data obtained by Perton et al. [1977]. Each black dot in Figure 31 is
essentially free of measurement error since we first inverted the spectra, and then
used the theoretical relaxation model to calculate ®oH and PFEOL_|OHz Thus
the scatter in the diagram arises solely from the fact that the in-situ spectra were
not constant phase, and thus all calculated a were slightly different from 0.33
degrees.

To obtain an average value for a we conducted a simple linear regression
in double logarithmic space, and then converted the estimated percentage
standard deviation for a to a linear standard deviation. Shown in Figure 31,
along with our least-squares fit (solid line; a = 0.35+0.02 degrees) are dashed
lines corresponding to other relations obtained by Zonge [1972] and Scott
[1971]. Scott graphically derived several different values for a ranging from 0.30
degrees to 0.35 degrees to 0.43 degrees, whereas Zonge used a different theoreti-
cal approach than ours to obtain a value of a = 0.31 degrees.

The main purpose of this exercise was to illustrate that a reasonably
accurate linear relation between PFE and phase can be derived extremely easily
using the Drake model. Substantial differences from this theoretical relation
indicate that the phase is not constant. A few rapid calculations using PFE and
phase obtained from a Cole—Cole model reveal that large values of a corre-
spond with large time constants or decreasing phase with frequency, whereas
small values of a correspond with small time constants or increasing phase. The
scatter diagram of Figure 31 roughly indicates how much variation might be
expected in noise-free measurements of @over natural mineralization.
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Fig. 31. Phase angle versus PFE obtained from essentially noise-free in situ data
31. dbra. Fazisszog  PFE fliggvény lényegében zajmentes in situ adatok alapjan

Puc. 31. dyHKUMA (ha3oBbIA yronb PFE no faHHbIM, MOMyYeHHbIX B YCNOBUAX eCTECTBEHHOro
3a/1eraHunsa npakTuyeckn 6e3 Lyma.

Frequency domain—time domain conversion By now the reader is probably all
too well aware of our fascination with the Cole—Cole model. The reason for
this preoccupation is that the model is extremely general, to the extent that can
fit virtually any relaxation transfer function with either one or a combination
of several of these models. (Remember that the Debye model, which corre-
sponds to a delta function representation in the distribution domain, is just a
special case of the Cole—Cole model.) Yet in spite of this generality, the model
has a very simple mathematical form which is easily programmable in both the
frequency domain and the time domain.

We have already examined two sets of time domain data, and attempted
to fit a special case of the Cole—Cole model (c = 0.5) to the data. If we were
able to obtain, with confidence, all of the Cole—Cole model parameters through
analysis of the time domain data (obtaining m, for example, through measure-
ment of mdx, knowledge of the transmitter waveform, and use of Figure 9) we
could then simply calculate any observable in the frequency domain, such as
amplitude or phase, through the relation for h(co) given by (21).
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Similarly, we can use the parameters determined by inversion in the fre-
guency domain, to calculate the time domain response. This exercise has been
carried out with the parameters obtained from inversion of the Iron Mountain 5
in-situ data shown in Figure 14. The expressions (47) and (50) were pro-
grammed on an HP-67 pocket calculator and used to obtain the calculated step
function decay curve shown in Figure 32.

Fig. 32. Calculated IP decay curves for Iron Mountain 5 and Tyrone 1 in situ spectral data

32. dbra. Az Iron Mountain 5 és Tyrone 1in situ spektralis adatokbo6l szamitott GP lecsengési
gorbék

Puc. 32. KpuBble 3aTyxaHus BI1. pacumTaHHble N0 CNeKTPanbHbIM AaHHbIM APOH MOYHTUH 5
1 TalipoH |, NoNy4YeHHbIM B YCNOBUAX €CTECTBEHHOrO 3a/eraHus.

To illustrate transformation of more difficult spectra, we re-examined the
Tyrone lin-situ data shown in Figure 16. The frequency domain model which
was originally fitted to the data was not very satisfactory since it was a multi-
plication of two Cole—Cole models which, in turn, corresponds to convolution
of two Cole—Cole models in the time domain. Since convolution of two
functions over seven decades was beyond the capability of our pocket calculator
(or the University of Utah Univac 1108, for that matter) we decided to re-invert
the spectral data to the following model:

m 1—m

1T eue NG 1+ (1an2)CS (106)

gw) =R

The parameters, /?, m, xg, and oq previously produced a good fit to the low
frequency phase angle peak, so they were held constant. The new model par-
ameters, r2 and c2 were determined to be
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r2= 1.70- 10-8 + 14.8%, (107)

and
c2 = 0.360+2.4%, (108)

and the resulting new “addition model” curve was found to be virtually identical
to the old “multiplication model” curve shown as a solid line in Figure 16.
However, since addition in the frequency domain corresponds to addition in the
time domain (because the Fourier transform is linear) it was consequently a
simple matter to add together two Cole—Cole decay curves to produce the
“double decay” curve for (106) shown again in Figure 32.

We have plotted the decay for Tyrone 1over fourteen decades of time, in
order to illustrate its asymptotic behavior. However, this behavior is not really
well known since we only have seven decades of frequency information
(10-1 <a>< 106). Thus the decay could be a little faster or slower for
101<t< 10-6.

Also, both the decays assume an infinitely long charging time. If the
transmitter pulse length is not very long compared to r 12 the decay curves must
be corrected for the effects of switching by adding the appropriate series of
positive and negative step function responses.

The point we are trying to make in this section, is that transformation
between the frequency domain and the time domain can be carried out relatively
esasily using inversion and sums of Cole—Cole models (or of any other relax-
ation models, such as the Cole—Davidson model, which have easily program-
mable response in both domains).

Partly because the time domain decay is so long and drawn out (Tyrone 1
takes roughly 10 decades to decay one decade), and partly because 107 point
Fast Fourier Transforms are not readily available, it is not possible to transform
broad-band data between the time and frequency domains directly, by using the
FFT. A 1024 point FFT, for example, corresponds to less than three decades
of information. An alternative, innovative method of transformation is de-
scribed by wirson [1977]. He first transforms to a logarithmic frequency scale
then finds that the Hilbert transform and decay spectra relations become
algebraic rather than integral equations. His method is advantageous in that
transformation is not dependent on any particular relaxation model; however,
extrapolating functions are required at high and low frequencies, and the
transformation is adversely affected by noise in the observed spectra. In con-
trast, our method is model dependent, but has the advantage that no extrapolat-
ing functions are required at high and low frequency, since the asymptotic
behavior of h{ce) is automatically specified. In addition, the transformation is
relatively immune to noise in the observed spectra. Although some noise does
persist through to the time domain (in the form of parameter uncertainties)
much of the measurement error is very effectively filtered out at the start,
through the least squares fit to the data provided by the inversion.
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9. Discussion and summary

This concludes our attempt at treating a reasonably broad subject: the
analysis of complex resistivity and dielectric data. By our original choice of this
topic we were almost predestined to commit a cardinal sin: the production of
a research paper which is longer than the average reader’s time and patience.
However, the alternative was to produce several smaller, self-contained papers
on special topics such as the forward problem, guantitative evaluation of spectra
and transformation between the different domains. This would result in an
unfortunate lack of integration and unnecessary redundancy.

In the single paper which we have written instead, we have attempted to
summarize briefly the essential requirements of relaxation models for complex
resistivity and dielectric behavior. This led to a consideration of the behavior
in the frequency domain and in the time domain of many of the simple relax-
ation models which have been proposed. The true time domain behavior of
virtually all of these relaxation models (all except the Debye model) we have had
to derive for the first time. An asymptotic solution for the Cole—Cole decay
was obtained by Madden and Cantwet1 [1967] for very long times and an
asymptotic solution for the Drake model decay was obtained by Van Voornis
et al. [1973] for very short times. However, these asymptotic solutions can not
be accurately applied for intermediate times, where precise observations can be
made most easily, and where most of the information on the relaxation par-
ameters is located.

Under ideal circumstances, with the transfer function analysis approach
outlined in this paper, we should be able to collect rock electrical data in either
the frequency domain or the time domain and then invert to identify and
characterize, all of the important conduction processes occuring in the rock. In
practice, of course, this sort of ideal interpretation is almost never achievable.
We are always faced with the following difficulties: 1) measurements of finite
accuracy over a limited frequency band or time range, containing transient
effects produced by time or frequency waveforms of finite length, 2) the basic
non-uniqueness produced by the infinite number of possible equivalent circuits
for the rock conduction, 3) the inherent ambiguity between metallic electrode
polarization and membrane polarization and even between complex resistivity
and complex permittivity (all our IP behavior, for example, could be considered
due to an abnormally large, complex dielectric constant), and 4) the spectral
smearing due to ranges of grain size, variable pore width and interpore connec-
tions, etc.

In spite of these difficulties we believe that we can use the data analysis and
inversion techniques outlined herein to 1) discern the most reasonable model
out of several models proposed for a particular data set, and thereby perform
limited identification of physical processes, 2) conduct quantitative evaluation
of spectra so that variations in response with density, temperature, mineral
composition, grain size, sulfide concentration, clay content, porosity, solution
resistivity or other physical variables may be adequately characterized, and 3)
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achieve accurate, and relatively easy transformation between the frequency
domain and the time domain, or between the different types of measurements
made in either domain.

Perhaps the most important feature of our paper, we believe, is that the
theory and technique outlined herein, are relatively simple to implement. All of
the forward problems which we have discussed may be programmed easily on
a pocket calculator. All of the inversions of spectral data were carried out on
the University of Utah Univac 1108 computer. The time required for each
inversion was less than 1second (for virtually any marginally reasonable initial
guess) and the memory requirements were less than 40K. No attempt was made
to optimize time or memory requirements since the cost for each inversion was
always less than 10 cents.
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KOMPLEX ELLENALLAS- ES DIELEKTROMOS ADATOK ERTELMEZESE
Il. RESZ

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

A vezetési aram és az eltolasi aram fogalmat felhasznalva arra torekedtiink, hogy vilagosan
megkilénboztessiik a komplex ellenallas jelenségét és a dielektromos viselkedést. Ennek eredménye-
ként lehet6vé valt, hogy a ridge regression inverzio felhasznalasaval egyidejlileg megkapjuk azokat
a paramétereket, amelyek az egyes jelenségeknek a megfigyelt spektrumhoz valé hozzajarulasat
leirjak. Hasonlé modon mas folyamatok, mint a membran polarizacio, kettésréteg kapacitas és
induktiv elektromagneses csatolas azonositasa is  korlatozott mértékben — elvégezhet6.

A kézettulajdonsagok vizsgalataban azonban az inverzionak talan az a legfontosabb felhasz-
nalasa, hogy a spektralis gérbéket néhany szamma alakitja at, igy a spektrum olyan fontos fizikai
valtozok fliggvényében vald valtozasait, mint a hémérséklet, asvanyos dsszetétel, koncentracio és
szemcsemeéret, pontosan le lehet irni, vagy jellemezni.

Az egyszer(i relaxaciéos modellek mindharom tartomanyban (frekvencia, id6 és eloszlas fligg-
vény) val6 vizsgalatanak az is eredménye, hogy az egyik tartomanyban végzett szélessavi mérést
at lehet szamitani egy masik tartomanyba, vagy ugyanabban a tartomanyban végzett masfajta
mérésre, példaul az amplitidot fazissa. Ez Ugy torténik, hogy a ridge regression inverzio felhasz-
nalasaval egyszer( relaxaciés modellek 6sszegét illesztjuk a mért adatokhoz. A meghatarozott
paraméterek és a modell minden méas tartomanyben ismert analitikus képlete aztan felhasznalhato
a megfigyelt adatok barmely kivant médon val6 abrazolasara.

MHTEPNPETAUMA OAAHHBIX O KOMMNONEKCHbBIX CONEKTPAX CONPOTUBNEHWNA
N AONINEKTPUYECKUMUX CNEKTPAX
Yactb Il

B.r NEATOH. BP. CNN, B4, CMUT

Bbifn cAenaHbl Ha OCHOBAHMM MOHSATWM TOKa NPOBOAMMOCTM M TOKA CMELLEHUs SIBHO pasnu-
UnNTb SBNEHUE KOM/IEKCHOIO COMpPOTUBEHMUS U AU3NEKTPUYECKoe MnoBedeHve. B pesynbTaTe 3Toro
CTaNo BO3MOXHbIM MPYU MPUMEHEHUN WHBEPCUM MO PErPeccun PUMK OAHOBPEMEHHO MOMYYUThb
napameTpbl, KOTOPbIE OMUCLIBAIOT BKNaA OTAENbHbIX SBNEHUIA B HAGMOAEHHbIN cnekTp. Moao6-
HbIM 06pa3oM B OrpaHW4YeHHON Mepe MOXHO pacno3HaBaTh Takxe ApYrue npoLecchl, Kak Mem6-
paHHYy0 MONSPU3ALMI0 EMKOCTb AIBOMHOIO MaacTa W UHAYKTUBHYIO 9MeKTPOMArHUTHYHO CBSI3b.

Mpy U3ydeHWU CBOMCTb FOPHbIX MOPOA, OAHAKO, BAXHEWLIUM BUAOM MPUMEHEHUs UHBEPCUU
ABNSETCSA Npeo6pa3oBaHme CNeKTpanbHbIX KPUBbLIX B HEKOTOPbIE L(pbI, TaKUM 06pa3oM M3MeHe-
HUS CMEKTPa B 3aBUCUMOCTYM OT BAXHbIX (PU3NUYECKUX MEpPeMeHHbIX, B TOM 4MCie TemnepaTypbl,
MWUHEPasbHOr0 COCTaBa, KOHLEHTPALMK 1 pa3Mepa 3epH, MOXHO TOYHO OMMCcaTb UK XapaKTepr3o-
BaTh.

Pe3ynbTaToM M3yueHus NPOCTbIX penakcaLuyMoHHbIX MOAeneli Bo BCeX Tpex 061acTax ((hyHKUuiA
yacTOTbl, BPEMEHW W pacnpefeneHns) ABSeTCS Mexay NpoyYuM 1 TO, YTO NPOBEAEHHOE B OJHOM
13 o6nacTeii WNPOKOMNONOCHOE M3MEPEHME MOXHO MepeuncnnTb B ApYroi o6nacTe wan B Apyroi
6U4 WM3MepeHus, NPOBEAEHHOTO B OAHOM U TOM >Xe obnaete, Hanp., amaAuMTydy B (hasy. ST
NPOM3BOANTCA TaK, YTO C MOMOLLbIO VHBEPCUW MO PETPECcUM PUK CYMMa MPOCTbIX pPenakcalmoH-
HbIX MOfieneii CornacyeTcs ¢ M3MepeHHbIMU AaHHbIMK. OnpefeneHHble NapamMmeTpbl U aHanMTUYe-
cKas (hopmMyna Moaenu, U3BecTHas Mo BCeM APYrMM fuana3oHam, MOryT GbiTb MPUMEHEHbl ANs
npeacTaBneHns HabNtoAeHHbIX No Nt060MY >KenaeMoMmy Crnocoby.
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SCALAR AUDIOMAGNETOTELLURIC
MEASUREMENTS IN HUNGARY

Antal ADAM*, Pertti KAIKKONEN**, Sven-Erik HIELT**,
Juha THHKKAINEN**

Audiomagnetotelluric (AMT) soundings were carried oui in Hungary by the French-made
“ECA Résistivimetre” in the frequency range of 4.1-2300 Hz to test AMT method for different
geophysical problems (Nagycenk electromagnetic observatory, sedimentary basin, a geodynamic
test profile, ore prospecting, etc.).

The main conclusions are the following:

— the most reliable information was obtained at the frequency range of the harmonics of the

Schuman resonance (7.3-23 Hz).

— the reliability of the apparent resistivity (ga) values measured on crystalline rocks is higher
than that above sediments because in the latter case the much lower amplitude of the electric
field essentially worsens the signal-to-noise ratio.

— the noise level caused by power lines of ~ 50 Hz is the highest at 41 and 230 Hz. Near to
the sources of the stray (leakage) currents, mainly in villages, the general level of Qavalues
is increased according to frequency sounding in the '‘near zone" of the source.

— there is an energy gap between 730 and 2300 Hz which is due to the attenuation of the ELF
signals conducted in the Earth -ionosphere cavity and it manifests itself in low  values.

Because of difficulties in distinguishing between signal and noise EM fields in scalar measure-
ments without coherence control, there is a need to investigate tensorial data processing and the
nature of natural audiofrequency field. For this purpose the design of a digital recording system
has been started.

d: audio-magnetotellurics, test surveys, signal-to-noise ratio, time variation, tensorial data processing

1. Introduction

In Hungary the magnetotelluric (MT) method is used by institutes for
applied geophysics in the frequency range of 0.01-20 Hz to investigate the relief
of the basement at depths of some thousands of metres (see Fig. 1 section MTj
of the magnetotelluric sounding curve measured in the Nagycenk observatory,
after Aaam et al., 1981). For the geoelectric sounding of the Earth's crust and
the upper mantle electromagnetic time variations of much lower frequencies are
needed, such as the harmonics of the quiet daily variation (Sq) see section MT2
in Fig. 1). For the determination of the layer structure of the sedimentary cover
of a basin, ELF signals of 3-3000 Hz should be used for magnetotelluric
soundings. For the geophysical survey of near-surface ore bodies and in various

* Geodetic and Geophysical Research Institute of the Hungarian Academy of Sciences, POB 5,
Sopron, H-9401, Hungary
** Department of Geophysics, University of Oulu, SF-90570 Oulu 57, Finland
Paper presented at the 28th International Geophysical Symposium, 28 September-1 October
1983, Balatonszemes, Hungary
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Fig. 1. Magnetotelluric (MT) and audiomagnetotelluric (AMT) sounding curves measured in the
Nagycenk observatory. AMT- measured by University of Oulu; MT!—measured by ELGI;
MT2—measured by GGRI

1 abra. A nagycenki obszervatériumban mért magnetotellurikus (MT) és
audiomagnetotellurikus (AMT) szondazasi gorbék. AMT  Oului Egyetem munkatarsainak
mérése; MT, — ELGI munkatéarsainak mérése; MT, —GGKI munkatarsainak mérése

Puc. 1. Kpusble maruutotennypuyeckoro (MT) n ayanomarsmutorennypuyeckoro (AMT)
30HAMPOBaHWA, MoMyyYeHHble B ob6cepBatopun HagpueHK. AMT —3aMmepeHbl COTPYrHUKOMU
YHuepcuteta B r. Oyny; MT, - 3aMepeHbl coTpyrHukamu ELGI ; MT2 -  3amepeHbl
coTpyriHnkomn GGRI

engineering geophysical problems, EM variations in the same frequency range
should be analysed. Magnetotelluric sounding using natural ELF signals is
called “audiomagnetotelluric” or shortly AMT sounding (see the AMT section
in Fig. 1).

The measuring group of Oulu University (Finland) carried out AMT
soundings between 16 September and 7 October 1982 in Hungary to test the
applicability of AMT measurements at middle latitudes for different geophysi-
cal problems:

1 in the Nagycenk observatory above 1500 m thick sediments,

2. along a geodynamic profile between the villages of Ukk and Otvés, in

a shallow basin of the Bakony Mts broken into blocks by seismo-active
fractures,

3. in the Little Hungarian Plain being a deep basin filled by some thousand

metres of sediments,

4. on ore-bearing formations of the Borzsony Mts.

The AMT instrument, the French-made ECA 542-0, uses a microprocessor
to obtain immediately in the field the apparent (scalar) resistivity value (ga) from
the average amplitudes of the electric (E) and magnetic (H) components in
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perpendicular directions. There are 12 fixed frequencies between 4.1 and 2300
Hz.

2. Geological description

The task of the geophysical surveys in the first three areas was to determine
the structure of the sedimentary basin, including the separation of layers of
different resistivities, and the tectonics of the basement. The layer sequence in
the Pannonian stage can be well characterized by the alternation of more or less
resistive sediments (sand or clay). A similar layer sequence was obtained in the
Nagycenk observatory but terrace gravel of higher resistivity is embedded into
the near-surface layers.

The horizontal anisotropy of the sedimentary layers near the surface of the
deep basins is generally less than the anisotropy of the fractured basement.

The AMT sounding curve measured in the Nagycenk observatory is shown
in Fig. 1as a continuation of MT curves covering together a period range of
8 orders of magnitude. Irrespective of a systematic scale value difference bet-
ween the AMT and MT gavalues, the AMT curve shifted to the MT]j curve fits
well to it and qualitatively expresses the sedimentary structure described by
geoelectric models of the DC soundings. This AMT curve is the geometric mean
of 12 measurements. Their mean square errors are shown in Fig. 2. Some

Fig. 2. Mean square errors of the AMT
curve in the Nagycenk observatory

2. &bra. A nagycenki obszervatériumban
mért AMT gorbe négyzetes kdzéphibai

Puc. 2. CpeaHekBagpaTuieckmne owmnbku
KkpnBoin AMT B obcepBaTopun HagbLieHK
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characteristic features of this curve are briefly mentioned here, with more details
being given later on.

- Lowest errors of the gavalues were obtained at the harmonics of the
Schuman resonance (7.3, 13, 23 Hz);
the disturbing fields of power lines of about 50 Hz seriously affect the
gavalues at 41 Hz, and at the fifth harmonic possibly at 230 Hz;

- the attenuation between 410 and 2300 Hz in the Earth-ionosphere
cavity decreases the amplitudes of the ELF signals, the uncertainty of
the ga values significantly increases.

In the Little Hungarian Plain many factors, such as low electric signals over
sediments of low resistivity, high level of disturbances due to the power lines
in the villages, etc. decreased the reliability of the individual AMT measure-
ments. Therefore, only an average AMT sounding curve was used for the whole
area. Such a curve very much resembles the AMT curve of the Nagycenk
observatory measured in a quite similar geological situation (Fig. 3).

Fig. 3. AMT—measurements at Nagycenk
Observatory (thin line) and median of AMT
measurements in the Little Hungarian Plain
(thick line)

3. abra. A Kisalfoldén mért atlagos AMT
gorbe (vastag vonal), a Nagycenki
Obszervatériumban mért AMT-gorbe
(vékony vonal)

Puc. 3. CpegHas kpuBas AMT, nosnyyeHHas
Ha Manoi BeHrepckor HW3MEHHOCTU

(MyipHOR nuHKeid), kpuas AMT, nonyreHHs
B 06cepBaTopmn HarbueHK (TOHKas uHMA).
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Around the villages of Ukk and Otvés in a shallow basin broken into
blocks by deep fractures, the depth of the highly resistive basement varies only
some hundreds of meters according to the geological map of Fig. 4. The
impedance directions Zxymex computed on the basis of the MT soundings are
connected with the strike of the fractures. In the villages the AMT curves are
generally distorted by stray currents. In view of this, at the measuring site 10
an undisturbed area was chosen to illustrate the information content of the
AMT curves (Fig. 5). The MTS curve measured at the nearest magnetotelluric
point to Otvis was connected with the AMT curve by a thin line. The anisotropy
directions for both of the MT and AMT soundings are assumed to be same. The
AMT curve obtained in the direction of 15° E (gnmex) represents the H polariza-
tion case. The currents flowing perpendicularly to the strike cannot penetrate
below the Eocene limestone embedded into the sediment cover, and so the curve
does not indicate sediments below this resistive layer. The E-polarized AMT
curve (direction 285°) however, shows the deeper layer sequence.

Drpth of tht formation brbw Srnoman

Jafl*r | Hod« /

Fiy. 4. MT and AMT sites along the Transdanubian geodynamic profile
4, abra. MT és AMT mérési pontok a dunantdli geodinamikus szelvény mentén

Puc. 4. Mecta MT n AMT 30HAMPOBaHNA N0 3agyHalCKOMY reogmHaMuyeckomy npodniio
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Fig. 4
5. dbra. Az MT és a megfelel6 AMT gorbe kapcsolata a 4. abran bemutatott mérési ponton

Puc. 5. CBa3b KpuBoit MT c cooTBeTCTBYHOLel KpuBoli AMT Ka MecTe 30HAMPOBaHUS,
NoKasaHHOM Ha puc. 4.

The resistivity changes measured at different frequencies by AMT sound-
ings along this geodynamic profile cannot be connected with the MT isoohm
profile and the fractures of the area unless the disturbed data are omitted.

Upon comparing the “filtered” AMT isoohm profiles with the original ones
Fig. 6a and 6b), the increase of the values at 41 and 230 Hz in the villages can
clearly be seen. On the “filtered” profiles the minimum gavalues appear above
the transversal fractures around the villages Ukk and Dabronc. The same can
be seen in the residual profiles, which describe the logarithmic behaviour of ga
at each individual measuring point normalized by the regional average of the
ga (Fig. 7).

In the Borzsony Mts the Eotvds Loradnd Geophysical Institute (ELGI)
Budapest, carried out ore prospecting using a combination of different geoelec-
tric and IP methods.
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Fig. 6. a. Isoohm section along the
Transdanubian geodynamic line

6. a. dbra. 1zoohm szelvény a dunantali
geodinamikus szelvény mentén

Puc. 6. a. Pa3pe3 1300M no
3afyHalickoMy reogMHaMuyeckomy
npoguno

Fig. 6. b. Isoohm section along the
Transdanubian geodynamic line
omitting data of the disturbed points
(2, 3, 5, 7) and the r, values at 41 Hz
and 230 Hz

6. b. abra. 1zoohm szelvény a dunantali
geodinamikus szelvény mentén, a
zavarral terhelt pontok (2, 3, 5, 7) és a
41 Hz és 230 Hz frekvencian mért ra
értékek kizarasaval.

Puc. 6. b. Mpogunb nsoom no
3afyHaiicKOMy reoguHaMuyeckomy
NPOQUID C UCK/THOYEHNEM AAHHBIX,
NOMYYeHHbIX Ha TOYKaX C MOMexamu
(2, 3, 5, 7), n 3HayeHUIi fa Ha YacToTax
41 Ty n 230 Ny

53
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1500 Hz
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F&/. 7. Residual ga profiles at each discrete frequency. The direction of the telluric line is 285°
(E-polarization)

7. abra. Maradék gaszelvények az egyes diszkrét frekvenciakon. A tellurikus vonal iranya 285°
(E-polarizacio)

Puc. 7. Mpotunmn 0CTaTOYHbIX 3HA4YeHUI ga Ha KaXAoW AWCKPeTHOI YacToTe. HanpaBneHue
Tennypuyeckon nnHum —285° (nonspusauna E)
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In Fig. 8 the AMT ~-profiles at 4.1 Hz are compared with the resistivity
values of a gradient array measured by ELGI above an ore-bearing formation
which was verified by a borehole at the point 0.2 km. Irrespective of the different
scales, the low resistivity ore formation is well indicated by the AMT profiles
in both directions showing its lateral extent, in accordance with earlier experi-
ments of the Oulu group in Finland [Petkonen et at., 1979]. The low-frequency
residual profiles in Fig. 9 delineate laterally fairly accurately the ore formation.
This formation pinches out at the left side of the profile between 0.1 and 0.15
km, because both polarizations indicate this pinching out at the same point. The
different behaviour of the residual profiles of the E- and H-polarization at the
lowest frequencies on the right could be explained by the deepening of the top
of the formation to the right.

Fig. 8. Geoelectric and AMT profiles measured above an ore-bearing formation in the Borzsony
Mts in the directions of 117° (thin line) and of 207° (thick line)

8. abra. Geoelektromos és AMT szelvények egy érces formacid felett a Borzsonyben, 117°
(vékony vonal) és 207° (vastag vonal) iranyban

Puc. 8. leoanekTpuyeckne n AMT npogunun, nonyyeHHble Haf pyAHON opMmauneld B ropax
BEpXXEHb No HanpaBneHusim 117° (TOHKOW NuHMeR) n 207° (KMPHOW NUHKENR)
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3. Noise level

As is shown in Fig. 2, the Qa values at 41 and 230 Hz are significantly
increased by stray (leakage) currents caused by power lines ot about 50 Hz and
its harmonics. The same conclusion can be drawn from the original isoohm
profiles measured along the geodynamic line between Ukk and Otvos (Fig. 6a),
where the signals are increased by about two orders of magnitude at 41 and
230 Hz in the villages. Since the noise mainly appears in the electric components
it increases the gavalues. On the basis of the gavalues measured at 41 Hz, 3 noise
groups were supposed. The average sounding curve for these groups indicates
that the average level of the most noisy sounding curve (group 3) should be
much higher than the background given by the other two average curves
(Fig. 10):

!

10 QU< 100fim
2« A= 100-200
3« >200

Fig. 10. Median AMT sounding
curves of different disturbances

10. dbra. Atlagos AMT
szondazasi gorbék kilénboz6
zavarokkal

Puc. K). CpegHue kpmeble AMT
30HAMPOBAHMA C PasHbIMU
nomexamu
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These results imply that in the neighbourhood of electricity consumers
—mainly in villages—AMT measurements should be processed and interpreted
with the greatest care. Also, notch filtering at the power line frequency and
around its harmonics should be improved in the instruments.

N

Fig. 11. AMT sounding data measured in the Nagycenk observatory on two different days in
N—S direction (the full line indicates the smoothed AMTS-curve obtained on 16 September)

11. &bra. A nagycenki obszervatériumban két kiilénb6z6 napon E—D iranyban mért AMT
szondazasi adatok (a folytonos vonal a szeptember 16-an mért, simitott AMT gorbét jelzi)

Puc. 11. laHHble AMT 30HAMPOBaHWA, MONYyYeHHble B 06cepBaTOpUN HafbLeHK B ABa pasHble
[OHW N0 MepUANOHaNbHOMY HanpasfeHnto (CNMOLWWHOM NUHMER NpoBefeHa BblpaBHEHHAs KpuBas
AMT, nonyuyeHHas 16-ro ceHTA6ps)
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4. Signal level

The attenuation of the electromagnetic field is well known from the litera-
ture [e.g. Strangway, 1982]. In connection with Fig. 2 we have already in-
dicated this effect between 410 and 2300 Hz. Due to this attenuation and to the
conductive sediments the level of the signal mainly decreases in the electric
components. Thus extremely low ga values were measured in this frequency
band.

Fig. 12. AMT sounding data and a sounding curve measured in Nagycenk observatory on two
different days in NW -SE (i. e. anisotropy) directions

12. dbra. AMT szondazasi adatok és atlagos szondazasi gorbe, melyeket a nagycenki
obszervatoriumban mértek két kiillonb6z6 napon, ENy DK (azaz anizotropia) iranyban

Puc. 12. JaHHble AMT 30HAMPOBAHUA W CPefHAs KpUBas 30HAMPOBaHUA, NOJYyYeHHbIE B
obcepBaTopun HagbLeHK B fBa pasHble AHWM NOo HanpaBneHuto C3—HOB (T. e. aHM30TpOnMK)
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The ELF activity generally increases during the local afternoon; this means
that the measuring conditions also improve in this frequency band. The signal
intensity, therefore the attenuation, varies considerably from time to time. In
Finland experience has shown sudden changes in the high frequency part of the
AMT band. Very high harmonics contamination has also caused problems
[Fliert, 1981]. The time variation in Flungary is demonstrated by two sounding
curves measured on two different days: on 7 October much lowver gavalues were
obtained between 410 and 1300 Hz than on 16 September (Fig. 11).

The scatter of the scalar (two-component) AMT resistivity values can be
somewhat reduced, i.e. the reliability of the data improved, for 2-D structured
if measurements are made in the main structural (MT anisotropy) directions.

According to the basic relations of the magnetotelluric method, the main
impedances Zxy and Zyx can be obtained using the following formulae:

Ex _ Hx

AN
=ZwTT t Zyy’ =z, +
Hy XX T3 Xy

H1 #v

where the variation of the magnetic polarization HxjHy or Hy/Hx can be
neglected in the direction where the secondary impedances Zxx and Zyy ap-
proximate zero. With 2-D structures these directions correspond to the aniso-
tropy directions. In the Nagycenk observatory the daily scatter of the gavalues
is much smaller in certain directions than in other ones (see Fig. 11 and 12). The
directions with lower scatter may be just the anisotropy directions.

5. Conclusions

Since signal and noise conditions generally influence first of all the electric
components, the reliability of the measurements can be increased only if the
values are calculated from well-correlated electric and magnetic variation com-
ponents, rather than from their average values. The effect of the time variation
of the source field and of the 2-D and 3-D structures can obviously be better
taken into consideration if the data processing of the AMT method approxim-
atés that of the MT.

The frequent occurrence of sufficiently energetic ELF signals and the use
of microprocessor techniques, based on the tensorial relations between the EM
field components having a great coherence, enable the use of field data process-
ing for the AMT method. Measurements for a better understanding of the time
variation and the coherence of the AMT source fields as well as a study of the
data processing technique are aims of ajoint Finnish-Hungarian project.
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SKALARIS AUDIOMAGNETOTELLURIKUS
MERESEK MAGYARORSZAGON

ADAM ANTAL, PERTTI KAIKKONEN, SVEN-ERIK HJELT, JUHA TILKKAINEN

Audiomagnetotellurikus (AMT) szondazasokat végeztiink Magyarorszagon a francia gyart-
manyl ,,ECA Resistivimétre” tipusd moszerrel a 4,1-2300 Hz frekvenciatartomanyban, hogy
megvizsgaljuk az AMT mddszer alkalmazhatdsagat kiilonbdz6 geofizikai problémak megoldasara
(a nagycenki elektromagneses obszervatorium kornyékén, tiledékes medencében, féldtani alapszel-
vényen és az érckutatasban stb.).

A f6 kovetkeztetések az aldbbiak:

A legmegbizhatébb informaciét a Schuman rezonancia harmonikusainak tartomanyaban
(7,3-23 Hz) kaptuk.

A kristalyos k&zeteken mért latszélagos ellenallas (qJ értékek megbizhatésaga nagyobb,
mint az Uledékeken mérteké, mivel az utébbi esetben az elektromos tér sokkal kisebb
amplitidéja alapvet6en rontja a jel/zaj viszonyt.

A ~50 Hz-es tavvezetékek altal okozott zajszint a legmagasabb 41 és 230 Hz-en. A kébor
(levezetési) aramok forrasanak kozelében (féleg falvakban) a qu értékek altalanos szintje
megnoévekedett a forrashoz ,kozeli zond"-ban végzett frekvenciaszondazas szerint.

— Egy energiahianyos szakasz van 730 és 2300 Hz kozott a Fold-ionoszféra tiregben bekovet-

kez& ELF jel csillapodas miatt, itt a g,, értékek alacsonyak.

A koherencia ellen6rzése hijan a skalar mérésekben nehéz kiilonbséget tenni a jelnek, illetve
zajnak tekintend6 EM terek kdzott, ezért szilkséges a tenzorialis adatfeldolgozas és a természetes
audiofrekvencias terek vizsgalata. E célbol egy digitalis regisztralo fejlesztését kezdtik el.
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A. AIAM. M KAMKOH3H, C. 3. XEfIbT. 1 TUKANH3H
CKANMAPHbLIE AYANOMATHUTOTENINYPUYECKUNE N3IMEPEHWA B BEHITPNWA

AyanomarHuToTennypuyeckre 3oHauposaHna (AMT) 6blan NpoBefeHbl B BeHrpum ¢ annapa-
TYpoi paHLy3ckoro Bbinycka «kECA Resistivimétre» B guanasoHe yactoT 4,1-2300 'y ¢ uenbo
M3yYeHNs BO3MOXHOCTW NpuMeHeHMs MeToga AMT Ans pelleHus pasnnyHbIX Feofn3nyeckmx
npo6nem (OKOMO 371eKTpOMarHUTHOW obcepBaTopun c. HagblieHK, B 0cafo4yHOM 6acceliHe, no
reoflorM4yeckMM OCHOBHBIM MPOMUAAM, NMPU NOUCKAX U pa3BefKe PYAHbIX MECTOPOXAEHWA U T. N.).

Mo aTum paboTam 6biNv cAenaHbl Cnefytolne 3aKtoYeHmns:

— Hawnbonee HagexHas nHpopmaLms 6biaa nosyyeHa B AnanasoHe rapMOHUYECKUX Pe30HaH-
ca LWywmaHa (4,1-23 Tw).

— HageXHOCTb M3MEPEHHbIX Ha KPUCTaNMYeCKUX NOpodax 3HaueHWin Kaxylierocs conpo-
TUBNEHUA (qJ BblLLe 3HAYEHWiA, NOMYYEHHbIX Ha 0Caf04HbIX NOPOAAaX, TaK Kak B NocneaHeM
Cyyae 3HauMTeNbHO 60/ee HU3Kas aMNANTYya 3NeKTPUUYECKOro Nons CyLeCTBEHHO YXya-
LIaeT OTHOLLUEHWE CUrHan/wym.

— YpoBeHb WyMoB —50 I, BbI3blBAEMbIX IMHUAMW 31eKTponepegayun, ABnseTca Hambornee
BbICOKMM Ha yacToTax 41 u 230 Iy B6au3n MCTOUYHMKOB 6MyXAalowmnx TOKOB (0TBOAA)
(rnaBHbIM 06pa3oM B AepeBHAX) 06LLMIA YPOBEHb 3HAUYEHWUIA  YBENIMUMBA/ICA MO YaCTOTHO-
My 30HAVMPOBaHWIO, MPOBELEHHOMY B «B/M3KOI 30HE» UCTOUHMKA.

— Habntogaetcsa yyacTok ¢ geduumntom aHeprum mexxay 730 1 2300 My B CBA3M C 3aTyXaHWEM
curHana ELF B nonoctu 3emns-uoHocdepa, 34ecb NOAYy4aOTCH HU3KME 3HaYeHWs

B OTCYTCTBMM NPOBEPKMN CXOAUMOCTU NO LUKANAPHBIM U3MEPEHUAM TPYAHO Pa3nnunTb
3M nons, paccMaTpuBaeMble Kak CUrHaA UK LWYM, B CBA3M C 3TUM TpebytoTcs TeH30pu-
anbHas 06paboTKa AaHHbIX U UCCNefoBaHWe eCTECTBEHHbIX MOJE 3BYKOBbIX 4YacToT. A5
Takoi Uenn Havata paspaboTka UMGPOBOM perncTpupytoLleli annapaTypsbl.
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TWO- STEP DECONVOLUTION OF GAMMA-RAY LOGS

Jifi SAMSULA*, Jarmila ZEMCIKOVA*

The natural radioactivity of rocks in a borehole is measured by gamma well-logging. The
measured curve, however, is affected by the measurement itself, the logging equipment and by the
interaction, dispersion and mutual shielding of layers. The possibilities of reducing these effects are
shown using deconvolution operators supposing knowledge of certain measurement conditions. The
corrected values better correspond with the true geological situation.

d: gamma-ray logging, computer evaluation, deconvolution, filter technique

1. Introduction

The application of computer techniques in well-logging measurements has
enabled the use of certain transformations in the processing of field data which,
even if useful, have not been utilized up to now because of the demands on
numerical operations, though these are elementary ones. Many authors have
been inspired by this problem and considerations and attempts similar to those
proposed here have appeared in the literature [George et at1. 1962, 1964, Rice
1962, Conaway 1980]

The natural radioactivity of rocks in a borehole is characterized by the
intensity of gamma-rays measured by a moving scintillation probe with appro-
priate integration equipment. However, the measured curve is affected both by
the parameters of the measuring equipment, and by the interaction, dispersion
and mutual shielding of layers. Consequently, the data from the measurements
may only partially correspond to the true geological situation. The borehole
profile can be differentiated by the measured curve with partial resolution only.
In this paper it is proposed that there may be the possibility to improve the
situation by mathematical transformation of the measured curve—by con-
volution with a suitable operator.

Geofyzika n.p., Brno, POB 62, 612 46 Brno 12, Czechoslovakia
Paper presented at the 28th International Geophysical Symposium, 28 September-1 October,

1983, Balatonszemes, Hungary
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2. Mathematical base

Let us consider the following: for an idealized model course of a physical
parameter along a borehole profile the response of the measuring equipment is
either known or is to be derived. The relationship between these course is to be
defined either with high precision or with a suitable approach by the con-
volution integral

vn) = J g(h- ) sy dr = g(h) *s(n) @

where s(h) represents the true course of a physical variable depending on a depth
h, v(h) the response of the measuring system, and cj(h) the impulse response of
a linear filter which may represent the measuring system. The convolution
integral may be expressed as a weight integration with a shifting weight function
g(h~r). The analysis of a filtering function has often been carried out in a
frequency domain. If the term of frequency has been introduced, then it has to
be considered as a variable reciprocal whether to time or length, according to
the nature of the solution.
If equation (1) holds, a reciprocal solution is proposed

s(h) = v(h) * ) @

which implies a theoretical possibility to determine by the convolution opera-
tion the true course of a measured physical variable. The possibility, which has
long been known, is based on the knowledge of the inversion of the impulse
response 1/g(h) of a linear filter. In practical applications, however, the above
mentioned computation difficulties need to be overcome. The executing of the
convolution operation, e.g. for two long numerical series, requires a great
number of elementary arithmetical operations.

3. Application to gamma-logging measurements

Let us propose a borehole profile, as outlined in Fig. 1, a radioactively
barren material with a thin active layer (a). In static measurements along the
borehole profile by a sensor we obtain a curve (b). In measurements by a
moving sensor the measured curve has been deformed as a function of velocity
and direction of the motion—curves (c) and (d)}—and partly due to the time
constant of the impulse counter. Curve (b) was termed by Conaway (1980) as
the Geologic Impulse Response (GIR). This curve represents the physical
variable measured along the borehole profile and the input into the measuring

is Ihe symbol designating the convolution
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apparatus, which causes further deformations. If the original geological situa-
tion is to be achieved from the measured curve, we proceed in two steps. Firstly,
the deforming influence of the measuring channel is to be suppressed, whereby
the GIR curve is obtained. Then, by the inversion of the GIR curve the true
geological situation is achieved.

Fig. 1. a) Geologic column showing a thin zone of radioactive material embedded in barren
rock
b) Ideal simulated gamma-ray log run past the thin radioactive zone with a digital system
having a point detector
¢) Simulated log run past the thin radioactive zone with an analog logging system having an
exponential ratemeter; log run in downhole direction
d) Same as c) except log run in uphole direction [after Conaway 1980]

I. bra. a) Medd6 k&zetbe agyazott vékony radioaktiv zonat szemléltetd rétegsor
b) Idealisan szimulalt gamma-sugar szelvény pontszer(i detektoros digitalis
rendszerrel
¢) Szimulalt szelvény exponencialis rateméterrel miikddé analég szelvényezd rendszerrel; lefelé
valo szelvényezéskor
d) Mint c) de felfelé valo szelvényezéssel [Conaway 1980 utan]

Puc. 1. a) M'eonornyecknin paspe3 ¢ TOHKON NPOCNONKOWA PagnoakTUBHOIO BELLECTBA,
BMELLLEHHOI B MyCTON nopoje
b) WpeanoHo cumynupoBaHHas guarpamma K npu ucnonb3oBaHUM CU(POBOIA CUCTEMBI C
TOYEUHbIM [JeTEKTOPOM
c) CuMmynuMpoBaHHas fuarpaMmma npu MCronb30BaHWN aHaNoroBON M3MePUTENbHIA YCTaHOBKM C
9KCMOHEHLMANbHBIM CHETYMKOM MMMY/LCOB; 3aMep Gbln NPOBEAEH MpU MyCcKe 30HAA
d) . X Kak C) npu nogbeme 30HAa

[I'IO Kownaseii, 1980 r.]
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The reaction of most commercially manufactured counters with integrators
can be expressed in a simple exponential function

/(10 =0, h<o
©)
f(hy =~ -e-hvT, h>0

where h is the depth, T the time constant of the sensor, and v the velocity of
the sensor.

This function can be called the impulse response of the sensing equipment.
To eliminate the influence of the sensing equipment one must know the inverse
of the//) function. This function can be calculated by two methods—either in
the frequency or time domain. Using the first method, Conaway [1980] cal-
culated a three-element operator of the following type

1 = (vt VTN
f(h) \2Ah’ > 2Ah) {’

where Ah represents the sampling interval. Essentially, this operator solves the
first deconvolution step.

In practical applications of these operators problems may arise. If we take
a sampling interval from 5cm to 50 cm in deep drilling, and consider that the
measurement is suppressed by some sort of fluctuations, then the application
of the two- or more element operator is undesirable. In practical applications
the following procedure and solution have been introduced. Let us calculate
with the parameters:

v=009m/s, T=5s, Ah=5cm
To calculate the operator elements let us take Ah=25 cm

vT
oAh = 0.9

This value enables the operator to be constructed, its marginal elements will
be distributed into nine samples:




Two-step deconvolution of gamma-ray logs 67

This procedure is practically a combination of the calculated operator and a
smoothing one.

By the above demonstrated transformation we obtain the curve which
corresponds to that designated by Conaway [1980] as GIR. In theory, the next
step—which implies additional inversion—gives a possibility to obtain a model
of the original geological situation. The GIR curve in Fig. 2 has the form

o) = ©)

where a is the constant including the influence of the activities of a thin layer,
the probe sensitivity, the borehole influence, the dispersing effect of a barren
media, etc. While in a preceding procedure for determining the inversion to
eliminate the influence of the sensor the parameters v and T remained constant
during the measurement, this cannot be stated definitely. In view of this we have
carried out the analysis of the relation with respect to the changing of a.
Accounting for the unchangeable borehole diameter, the probe diameter ap-
proaching the borehole diameter and, further, providing for the non-existence
of materials along the borehole profile with the shielding effects for gamma-ray
approaching that of lead and similar materials, we can consider the a constant
as the invariable along the borehole profile. Nevertheless, the calculation of the
concrete value of a still remains difficult. Similarly, the construction of a model
in 451 geometry is not simple, nor is its calculation. In the first approach we
proceeded as follows: a GIR curve with a double exponential course was
proposed and we could estimate the a value directly from the measured curve.
Ifa equals 1, then ¢p(h) is equal to 1for h=0. For h= 1the tp(h) value decreases
to 0.36. If the GK log exhibits an expressive active layer, then the depth interval
(distance) in which the anomaly decreases from its 100% to 36% can be con-
sidered as characteristic for the a value of the given probe and the given situation
in a borehole. Assuming all this, we can derive the inverse for the tp(h) function,
which represents the deconvolution operator of the second step. We can derive
the inverse for the <pfh) function by numerous methods. Problems of deriving
the inversion model have been analysed and solved by the fundamental ap-
proach of Robinson [1967], Kanasewich [1973], Kulhanek [1976], and others.
In our applications we have advantageously utilized the procedure and
algorithms developed by Mereu [1978]. The above quoted author has published
a complete description of a computer program to obtain the weights of a
time-domain wave-shaping filter program. Although this was developed for
seismic applications, its applications may be even wider.

The following table shows the output from the program in which the values

tofh)* = (0.05; 0.13; 0.36; 1, 0.36; 0.13; 0.05)
have been introduced in the calculation as the given function (W column). The

desired function has been given as the value 1in column D. The desired operator
is calculated in column F. In column H a checking calculation has been entered
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of the calculated operator with the given function. It is evident that we have
achieved the value 1 with the error of 0.013, which is certainly sufficient, no

matter that some mild oscillations may occur.
Thereby, we have derived the operator for the second deconvolution step

and we can proceed to the practical calculation.

Time Given Desired Correlation ~ Symmetric ~ Shaping Actual Shaping

wavelet wavelet functions filter filter output errors
W D R S G F H E
—5 .013 —.046 —.008 .000 3.E-04
—4 .053 104 .030 —.001 —T7.E-04
-3 .050 194 050 —.085 021 .001 6.E-04
—2 130 426 130 193 .001 —.001 - L.E-03
—1 .360 827 .360 1.054 -.400 .007 7.E-03
0 1.000 1.00 1.304 1.000 1.994 1.277 .987 —1.E-02
1 .360 827 .360 -1.054 - .400 .007 7.E-03
2 130 426 130 193 .001 .001 —I.E-03
3 .050 194 .050 .085 —.021 .001 6.E-04
4 .053 104 .030 —.001 —7.E-04
5 .013 -.046 .008 .000 3.E-04

4. Example of application

Let us adduce an example of the natural gamma activity measurement in
Fig. 2. Curve A implies the measurement carried out so very slowly that it can
be regarded as a static one. The used time constant is 5s. Curve B represents
the measurement with the velocity of 0.09 m/s. The decrease of the maxima can
distinctly be observed as well as their shifting along the depth axis. Curve C
represents the result of the operator application, as outlined earlier. It is ap-
parent that the operator restored the values of the maxima and their positions
along the depth axis very well.

An experimental application of the second deconvolution step is attempted
in Fig. 3. The deconvolution operator demonstrated in the table in the preceding
section has been applied to curve A in Fig. 2. For the a constant determination
a section of the curve has been utilized at a depth of 41-42 m. where an intense
step of the registered gamma-ray intensity occurs. We have estimated the
distance of 0.3 m in which the intensity decreases to 0.36%. Then, the a constant
is 3.33, which is the input value for the calculation of the double GIR exponen-
tial model. This again serves as the input for the Mereu program (see the table
in the preceding section). It is clearly seen in Fig. 3 that after the transformation
the resulting curve exhibits an increase in the maxima of approx. 30%, as
compared with the original transformed curve. Hence, the credibility of the
transformation depends on our ability to estimate correctly the a constant and
to accomplish the demand that the a constant be invariable along the borehole
profile.
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5. Conclusion

In conclusion we may say that the first transformation and its results are
directly applicable in practice. The anomaly amplitude is restored and the
anomalies are positioned at the proper depth. The second transformation, as
stated above, is dependent on the credibility of the a constant determination.
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A GAMMA-SUGAR SZELVENYEK KET LEPESES DEKONVOLUCIOJA

j.SamSuta,J ZEMtfKOVA

A szerz6k természetes radioaktivitds meghatarozast végeztek egy furasban
gamma-szelvényezés Utjan. A kapott gorbét befolyasoljak a mérési folyamat és
a mszer jellemzdi, valamint a rétegek kolcsonhatésai, diszperzids és arnyékola-
si folyamatai. A cikk bemutat egy dekonvolucids eljarast, amely lehet6vé teszi
a zavar0 hatasok csokkentését, feltéve, hogy bizonyos mérési korllmények
ismeretesek. A korrigalt értékek jé egyezést mutatnak a foéldtani viszonyokkal.
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OABYXCTENEHHAA LEKOHBONKOUNA TAMMA-KAPOTAX HblX MU3MEPEHUN

M. WAMWYNA. 9. 3BEMYNKOBA

EcTecTBeHHas pafiM0aKTUBHOCTb FOPHbIX NOPOJ B pa3pese CKBaXXUHbI Obl-
na n3mepeHa npu ucnosnb3oBaHunM K. Ha n3amepeHHyto kpusyro K cylie-
CTBEHHOE B/MSIHNE 0Ka3bIBAKOT COOCTBEHHbIN N3MEPUTEIbHBIA NpoLEece 1 anna-
paTypa, C OfLHON CTOPOHbI, Y B3aMMHOe pPaccesiHe 1 3KpaHUpPOBaHMe B MiacTax
C Apyroii. B paboTe nokasaHbl BO3MOXHOCTU YMEHbLUEHUA 3TUX BIVSAHUIA MPK
MOMOLLM OMepaTopoB eKOHBOMKOLMY, JOMYCKas, YTO U3BECTHbI OMpese/iéHHbIe
yCnoBus n3MepeHus. cnpasneHHble BEMUYMHBI TaKUM 06pa3oMm fyulle COoOT-
BETCTBYIOT [eNCTBUTENbHON reonormyeckoin 06CcTaHOBKe.
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SPECTRAL MEASUREMENT OF NATURAL GAMMA RAYS
UNDER MODEL AND BOREHOLE CONDITIONS

Robert DORKO*

Spectral gamma-ray logs yield useful information for solving complex geological problems. The
paper deals with investigations concerning, and calibration of, the gamma-ray measurements under
model conditions, in order to lay the foundations of the practical applications. Well logging tools
for determining the natural radioactive material content of rocks must be calibrated for energy and
quantitatively. The pulse numbers obtained in different energy windows are strongly influenced by
the borehole conditions and for correct interpretation of natural gamma-ray spectral measurements
these effects should be taken into account.

d: spectral log, gamma-ray methods, models, calibration, borehole conditions

1. Introduction

Investigations using the spectral gamma-ray logging method have been
carried out in Hungary for the past ten years. During the same period the first
spectral probes were introduced.

When interpreting gamma-ray logs one has to determine the anomaly
caused by radioactive elements in the rocks surrounding the borehole.

From the log one can determine the potassium-, uranium-, and thorium
content of the rocks thereby obtaining important data on the quantitative and
qualitative shale-content of the individual layers, for lithologic studies on the
rocks, for stratigraphic correlation, etc.

The method also plays an important role when studying the geological
conditions of the genesis of the given mineral constituents. Potassium accu-
mulates as a result of the decomposition of acid magmatic rocks, mainly in
shales. Uranium is easily soluble, mobile, it can migrate large distances, and
easily be absorbed by organic materials. Thorium associates with highly resistive
minerals (zirconium, monazite, rutile); it can also accumulate in bauxites.

Energy—selective well—logging tools consist of three basic parts: borehole
equipment, surface analyser, recorder. In the borehole tool we apply an energy-
selective Nal (TI) scintillation crystal detector. Energy stabilization is provided
by means of the reference isotope placed in the probe [e.g. 65Zn (1.118 MeV);
I37Cs (0.66 MeV)]. The borehole tool is placed in a pressure-tight case (up to
200 atm.), the maximum borehole temperature is 120° C. The probe can be
supplemented by an isotope extension for neutron-induced captured gamma-

* Edtvds Lorand Geophysical Institute of Hungary, POB 35, Budapest, H-1440.
Manuscript received: 8 November, 1983
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ray measurements. In the most generally used surface analysers four arbitrary
spectral windows can be selected. The windows are set either by means of
potentiometers determining their lower and upper limits, or by potentiometers
adjusting the midpoint and the width of the window. In a technically much
simpler version the setting of the window is carried out by a changeable, preset
program-plug. This is a very convenient system, although during measurement
the operator cannot intervene. In digital well-logging system, a 120 channel
analyser is used; the entire energy spectrum appears on the display; recording
is in analog form.

2. Measuring technique

The calibration of spectral measuring systems is performed in two steps:
calibration of the energy scale and calibration of the energy windows for the
corresponding radioactive element content.

Calibration of the energy scale consists in the determination of the gamma-
photon energy—signal amplitude (channel number) characteristics of the meas-
uring system. This is achived by means of mono-radiative calibrating isotopes.
The required energy windows are set on the basis of these characteristics. In the
case of spectral gamma-ray logging the following windows are used:

Window No.l: (40K isotope 1.46 MeV) 1.34-1.58 MeV
Window No.2: (RaC modification 1.76 MeV) 1.60-2.03 MeV
Window No.3: (Quasi integral) 1.34-3.00 MeV
Window No.4: (ThC” modification 2.62 MeV) 2.45-3.00 MeV

Fig. 1. Schematic outline of the standard series developed by ELGI for spectral gamma-ray
logging

1 abra. A természetes gamma spektralis etalonsor sematikus vazlata

Puc. 1. Cxema cepuv 3TasOHOB N5 CNEKTPaNbHOro U3MepeHUs eCTeCTBEHHOIO
ramma-un3ny4veHuA
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3. Calibration

The task of quantitative calibration is to determine a relationship between
the content of the radioactive element and the impulse numbers obtained in the
energy windows. For this task, ELGI has developed a standard series (Fig. 1).
This standard series consists of 6 different potassium layers, and two times 3
layers containing different amounts of uranium and thorium, respectively. The
amount of radioactive material in these standard materials spans the range of
values usually encountered in well-logging practice, except when directly log-
ging for radioactive ores. The material of the model layers is quartz sand
enriched with potassium, uranium or thorium. The homogeneity of the in-
dividual layers was earlier checked by analysing 300 samples from different parts

Fig. 2. Gamma-ray energy spectra obtained in the different layers. 1— layer containing 13.8%
potassium; 2 — layer containing 160 ppm uranium; 3— layer containing 234 ppm thorium

2. abra. Az egyes etalonrétegekben felvett természetes gamma energia spektrumok. 1 spektrum:
13,8% kalium tartalmd réteg, 2. spektrum: 160 ppm uran tartalmu réteg,
3. spektrum: 234 ppm térium tartalmu réteg

Puc. 2. SHepreTuuyeckne CNeKTPbl eCTECTBEHHOIO ramma-u3sfnyyeHuns, 3aperncTpupoBaHHble B
OTAeNIbHbIX 3Ta/IOHHbIX nnactax. Cnektp |: nnact ¢ cofgepxxaHuem kKanusa 13,8%, Cnektp 2
nnacT ¢ cofepxaHuvem ypaHa 160 ppm. CnekTp 3: nnacT ¢ cofep>kaHuem Topua 234 ppm
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of the layers. The layers are hermetically sealed from each other to prevent the
emanation of radon and thoron gases formed during radioactive decay. The
spectral probes developed in ELGI are calibrated using this standards. Figure
2 shows gamma spectra recorded by a multichannel analyser in layers contain-
ing potassium, uranium and thorium, respectively. The energy windows, utilized
in the measuring equipment—comprising the KRGE-I-120-60s probe and the
KRF-4-12-An surface unit—,are also indicated. Figure 3 shows the calibration
diagram measured by the above-mentioned well-logging equipment in the
thorium reference series, for a borehole of 86 mm diameter. The relationship is
linear. The same holds for windows Nos. 1and 2 in the uranium standard series,
and for window No.l in the potassium series. Having obtained the calibration
diagrams, the coefficients of the system of equations used for interpretation can
be computed for a borehole diameter of 86 mm.

Interpretation is carried out by “spectral stripping”. As seen in Fig. 2, the
impulse number in energy window No.4 depends on the thorium content alone,
i.e. the thorium content can directly be determined from the pulse count. The
number of impulses measured in energy window No.2 depends on the thorium-
and uranium contents. If we subtract the value of the impulse number due to
the thorium content from the number of impulses in window No.2, the uranium
content can be determined by means of the calibrating diagram obtained in
window No.2. Finally, upon subtracting from the number of impulses received
in energy window No.l those counts due to the thorium and uranium contents,

Fig. 3. Calibration diagrams measured in the thorium standard series
3. dbra. A torium etalonsorban felvett hitelesit6 diagrammok

Puc. 3. Kann6poBka AuarpamMmmbl, 3apermcTpupoBaHHbIe B CepUN 3TalOHOB TOPUS
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respectively, the potassium content can be determined by means of the corres-
ponding calibrating diagram. Accordingly, interpretation is carried out by
means of the following formule:

T /M
wA4T
_ In Ty
n =
maJ  ™U @

K_ Ni mIVI] miTT
«1K wik T™ik

where T, U, K are the thorium, uranium and potassium contents; miT, miU miK
are the slopes of the calibrating diagrams obtained in the /-th window for the
thorium, uranium and potassium series, respectively; Nt is the number of
impulses measured in the i-th energy window.

4. Borehole correction and application

When we compared the results obtained from spectral logging with
analyses carried out on core samples, it became evident that the borehole
conditions (borehole diameter, formation density) and the lack of saturation of
the series of standard layers of Fig. 1 should be taken into account. In the
present study the rocks penetrated by the borehole were assumed to be self
absorbing cylinders of horizontally infinite extension; inside the cylinder the
radioactive radiation sources being uniformly distributed. The axis of the cylin-
der coincides with that of the borehole. In Fig. 4 the sufficiently thick layer is
also saturated in the vertical direction, at the centre of this layer a detector along
the borehole axis would indicate the radioactive intensity:

l=h~11 )

where /2 is the intensity corresponding to a hypothetical borehole of O diameter;
/j is the radioactive intensity due to the rock mass within the volume determined
by the hole and the layer boundaries (V = R2nZ). Using the well-known
formula, intensity / can be expressed in terms of spherical coordinates as

In Z/2sin9 arctg 2R

I=10J) ] J e “wir2cos 9d tpdr d 9 3)

?=0 = R 9=0
cos 9

where 10is the intensity of the radioactive radiation source at an arbitrary point
of the cylinder; R is the borehole radius; Z the thickness of the layer; q the
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formation density; r the mass absorption coefficient, having the following
values in the different energy windows:

Window No. 1 0.050 cm2/g
Window No.2 0.046 cm2/g
Window No.3 0.0447 cm2(g
Window No.4 0.039 cm2(g

Fig. 4 Gamma radiation in boreholes

4. dbra. A természetes gammasugarzas farélyukakban

Puc. 4. EcTeCcTBEHHOE raMMa-u3fiydyeHue B CKBaXMHAX

The correction factor for the diameter; computed on the basis of Eq. (3),
consists of two parts, as shown by Figs. 5 and 6. Figure 5 shows the correction
for the case of a layer which is infinite (saturated) both horizontally and
vertically. The vertical axis shows the Ind | @ ratio, where I is the intensity in
a hypothetical infinitely extended layer for 0 borehole diameter; 7na is the
intensity to be measured in the middle of the infinitely extended (saturated) layer
in the case of borehole radius R. The horizontal axis displays the value g R
(@ =9g0). In Fig. 6 the horizontal axis shows the ratio of layer thickness Z to
borehole diameter D — 2R. the vertical axis is the value ///ma&x, where /nais the
same as in Fig. 5, / is the intensity in the middle of the layer of thickness Z and
of finite extension (as far as radioactive intensity is concerned), the parameter
of the family of curves is the value g'R. If the value of g'R is known, we read
/Tad1g from the vertical axis of Fig. 5; further from the layer thickness and g R
we obtain ///na from Fig. 6, the product of these values yields the ratio ///ce.
This value shows the decrease of the intensity in a layer of thickness Z measured
in a borehole of diameter D as compared with /m that is, to the intensity
measured in the middle of a hypothetical infinitely extended layer penetrated
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Nax

3R
Fig. 5. Correction for a horizontally and vertically infinitely extended layer

5. dbra. A horizontalisan és vertikalisan végtelen kiterjedésii rétegre vonatkozé korrekcio

Puc. 5. MonpaBka 415 nnacta ¢ 6eCKOHEYHbIM MPO/O0/bHbLIX 1 BEPTUKANbHbLIM
pacnpocTpaHeHueM.

Fig. 6. Diameter correction diagram for spectral gamma-ray log
6. dbra. A természetes gammasugarzas spektralis méréseinek atméré-korrekciés diagramja

Puc. 6. MonpaBoyHas guarpaMmma CrnekTpabHuUX I/I3MepeHVIVI €CTECTBEHHOIo ramma-usny4eHun 3a
N3MEHEHWE AnamMeTpa CKBaXKNHbI
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by a hole of diameter 0. The correction factor for the borehole diameter (CD
is the reciprocal of this value.

Fig. 7. Density correction diagrams for different energy windows for spectral gamma-ray logging

7. dbra. A természetes gamma spektralis mérések sir(iség-korrekcids diagramja az egyes energia
ablakokban

Puc. 7. MonpaBoyHas gmarpaMmma CrnekTpasbHbIX I/IBMGF)EHI/IVI €CTECTBEHHOI0 pamMMa-un3nyyeHuns
3a NJIOTHOCTb NO OTAE/IbHbIX 3HEPreTUYECKNM OKHam

Figure 7 shows in double logarithmic scale the density correction diagrams
for the different energy windows, computed by means of Eq. (3). The horizontal
axis is formation density. The density correction factor C' corresponding to the
given energy window can be read off. In the computation of the diagrams
corrections have been applied to take care of the lack of saturation of the
standard layers. This lack of saturation is due to the geometrical dimensions of
the standard layers and to their density of 1.6 » 103kg/m3. For the individual
energy windows we have determined composite correction formulae containing
the different correction factors, which best approximate the joint effect of the
borehole diameter and rock density, and which facilitate computer processing
of the well logs. For reference, the corresponding parameters of the standard
layers were utilized (geometrical dimensions, density of the layers is 1.6 « 103
kg/m3, borehole diameter is 86 mm). The general approximating formula is

C = Ap3ch (0.3212//D + 0.0216) (4

For the different energy windows we have the following correction for-
mulae:

Window No.l: C, = 0.2520 g3ch (0.0257/ + 0.0216)
Window No.2: C2 = 0.2509 p3ch (0.02400 + 0.0216)
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Window No.3: C3 = 0.2506 g3ch (0.0236/) + 0.0216)
Window No.4: C4 = 0.2491 g3ch (0.0200/)+ 0.0216)

where the borehole diameter D should be given in cm units, g is formation
density. The number of impulses obtained in the different energy windows
should first be multiplied by the correction factors C, before proceeding to the
spectral stripping step of the interpretation.

The well-logging equipment has also been used for spectral gamma-ray
logging in some bauxite exploratory drilling. On the basis of the recorded logs,
properly corrected as described above, we were able to determine the thorium,
uranium and potassium contents of the penetrated formations by means of
spectral stripping. The computed radioactive element contents have shown fair
agreement with the laboratory analyses carried out on the core samples. Making
use of the relationships published by Hassan et al. [1976], we studied the
relationship existing in bauxites between the thorium content and the alumi-
nium or the silicium content respectively. These authors determined the thorium
content from natural gamma spectral logs and parameter P was derived from
the laboratory analysis of core samples as

r_ AI203
AL20 3+ Si02

The results are shown in Fig. 8. The relationship between the two quantities can
be considered linear in the interval 0.45"PS?0.95, with a correlation coefficient
r=0.9025. The line parallel with the vertical axis (Th axis) is the boundary line
of the bauxites considered in Hungary as of industrial quality. Consequently,
in the exploratory stage of prospecting a knowledge of the thorium content
provides useful information for delimiting the likely areas for further prospect-

Fig. 8. Results obtained from exploratory drillings for bauxite
8. dbra. Vizsgalati eredmények a bauxitkutatd farasokban

Puc. 8. PesynbTaTbl B CKBaXMHAX, BYPALMXCS HA GOKCUTLI
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A TERMESZETES GAMMA SUGARZAS SPEKTRAL1S MERESE MODELL- ES
FUROLYUK VISZONYOK KOZOTT

DORKO ROBERT

A természetes gamma spektralis karotazs hasznos informacidkat szolgaltat az egyre bonyolul-
tabb foldtani feladatok megoldasahoz. Jelen dolgozat a modszer modell koriilmények melletti
vizsgalataval a hazai alkalmazast alapozza meg. A kézetek természetes radioaktiv anyagtartalma-
nak meghatarozasahoz sziikséges a karotazs mér6 berendezések hitelesitése. Az egyes energia
ablakokban kapott impulzus szdmokra igen erés befolyassal vannak a farasi koriilmények, ezért
ezeket a természetes gamma spektralis mérések kiértékelésénél figyelembe kell venni.

MW3MEPEHWE ECTECTBEHHOTIO TAMMA-N3NYYEHNA
BMOAOENbHbBIX N CKBAXWVWHHBIX YCTOBUNAX

P [IOPKO

CnekTpanbHOe M3MepeHWe ecTeCTBEHHOr0 ramma-u3nyuyeHus faeT MOMe3Hy MH(OPMaLMIo
NS pelleHns Bce Gonee CNOXKHbBIX reonormyecknx 3afay. B HacTosuleli paboTe o6CyxaatoTcs
BO3MOXHOCTU NMPUMEHEHNS 3TOr0 MeTo/ia B BeHrpum B pesynbTaTe NPOBEAEHNS MOAEbHbIX JKCMe-
PUMEHTOB W Kanu6poBka. OnpeaeneHne coaepXKaHus eCTeCTBEHHbIX PafMOaKTUBHUX BELUECTB B
FOpPHLIX Nopojax Tpe6yeT KannGpoBKa KapOTAXHbLIX M3MEPUTENbHbIX YCTAaHOBOK MO SHEPrUM B
KO/IMYECTBEHHOM OTHOLLEHWW. TMonyyeHHUEe B OTAENbHbLIX OKHaX 3HEPruu YMCio UMMYNbCOB MoA-
BEPratoTCs CULHOMY BAYSHUIO CKBAXKMHHBIX YCNOBUIA. TOMLKO MPU ydeTe TaKyX YCNOBUA MOXKHO
NPOBECTW WHTEPMPETALMIO AaHHbIX CMEKTPabHOTr0 M3MEpPEHNs eCTECTBEHHOTO raMmMa M3fydeHus.
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COMPUTER LOG EVALUATION IN TERTIARY COAL BASINS
Stanislav MARES*, Jifi KRESTAN**

Lignite seams in open-pit mines of the Tertiary coal basins of Northern Bohemia are currently
being exploited and geological prospecting and drilling activities are being carried out in new regions
in an attempt discover further resources of solid fuels. All boreholes are logged using a relatively
wide range of logging methods (formation resistivity log, gamma-ray log, formation density log,
neutron-neutron log, caliper log). Logs digitized directly in the field are subsequently processed on
an Eclipse C 300 computer. The results of computer evaluation are presented in the form of
formation volume analysis in sandy—clayey overburden and in the form of an ash content log in
coal seams.

d: well logging, computer evaluation, brown coal exploration, formation analysis, ash-content log

1. Introduction

The North Bohemian Basin is the largest brown-coal basin in Czechos-
lovakia. It occupies an area of about 800 km2and is situated at the foot of the
Krusné hory Mountains, between the towns of Kadan in the west and Usti n.
Lab. in the east. The south-eastern margin of the basin in demarcated by the
line connecting the localities Korozluky, Postoloprty and Podborany. The
basemen is formed of the Krusné hory crystalline complex in the northern part
and of Upper Cretaceous sediments in the southern part. The character of the
sedimentary filling of the basin is given in Table 1 The coal seam is formed from
one seam of great thickness or is divided by thin clay layers into 2 or 3 parts.
The upper boundary of the coal seam is very sharp, but the transisiton to the
underlying barren rocks is often gradual. The main coal seam is exploited
predominantly by open-pit mining. Additional prospecting by means of bore-
holes is made i) in front of the working face in order to precisely determine the
seam structure and the ash content, ii) in as yet unexploited parts of the basin
in order to assess new reserves of brown coal.

2. Logging techniques and calibration of logging instruments

All the prospecting boreholes are logged. In the boreholes in front of the
mine faces only density logs (GGL) and caliper logs (CL) are measured; in the
boreholes of newly prospected areas the above-mentioned logs are complemen-

* Faculty of Sciences, Charles University, Albertov 6, 128 43 Praha, Czechoslovakia

** Stavebni geologie, n.p., Gorkého ndm. 7, 113 09 Praha 1, Czechoslovakia
Paper presented at the 28th International Geophysical Symposium, 28 September—1 October, 1983 Balaton-
szemes, Hungary
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ted by gamma ray logs (GR), neutron-neutron logs (NNL) and resisitivity logs
in some simple electrode arrangement (short normal RESN16 with AM elec-
trode spacing 0.4 m and long normal RESN64 with AM = 1.6 m). Borehole
logging is carried out using K-500 (Hungarian-made, ELGI) or Prospector 2000
(US-made, Gearhart-Owen Inc.) logging equipment, supplemented by analog-
to-digital converters (Czechoslovak-made) [Krestan 1978, MatouSek et al.
1978]. Logging data are punched on a tape with a 0.1 m digitization step.
Analog logs are recorded on 1: 100 scale.

All logging tools are calibrated to express all measured data in defined
physical units. Density probes (Source 137Cs, activity 10to 20 x 108 Bg, detector
to source distance L=0.5m, the probe with shielded detector pressed against
the borehole wall by a steel spring) and neutron probes (source 241Am-Be,
activity 110 GBg, L=0.5m) are calibrated in large blocks of rock of known

Lithostratigraphic units

Age Most frequent Thickness
Series  Formation lithol. types m)
= ;}%pggnﬂzys mostly clays up to 250
-
g é coal-seam brown coal 30-50
of =
ol =
gg lower clays sandy-clayey to 100
g and sands layers up to
@
5
5 sandy—clayey
g ‘L cori sediments with
< volcanogenic series pyroclastics, tuffs 20-50
and tuffites
81’ & sandstones and
DT D
L2825 basal complex conglomerates 100
02D

Table /. Geological data on the Neogene North Bohemian Basin [after Havlena 1964]

/. tablazat. Az Eszak-cseh medence neogén képz6dményeinek foldtani adatai [Havlena nyoman,
1964]

Tabmmua 1 Feonornyeckue faHHble CeBEPOUELLCKOr0 HEeOreHoBOro GacceiiHa
[no Maenena, 1964 r.]
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bulk density and porosity; the results of borehole measurements are expressed
in g cm-3 for bulk density and in % for neutron porosity. The probes for
measuring natural radioactivity are calibrated using 226Ra standard of known
activity, and the results of borehole measurement are expressed in rate exposure
units, pA kg-1. Calipers are calibrated using a set of rings of known diameter;
the results of borehole measurements are expressed in mm.

3. Evaluation of logging data and algorithms used

The purpose of logging in coal prospecting is:

a) to delimit the principal lithological types of sediments and to determine the
depth of the basement surface,

b) to delimit the depth interval of the coal seam and to determine the ash
content and heating capacity.

The digitized logs are evaluated by means of the system of SG programs
[Kresian, MareS 1977] using an Exlipse C 300 minicomputer [MareS, K restan
1981]. In the first step (editing program) the measured data usually expressed
in mV are converted into the defined physical units using the calibrating con-
stants (see above). Logging data are then statistically analysed (statistical pro-
grams). Using frequency graphs, frequency plots and Z-plots (see Figs. 1-3) the
characteristic physical parameters (density DEN, neutron porosity NPOR,
natural radioactivity GR and the apparent resistivity RESN) of clays (indices
SH), of clean sands (SD), of the formation matrix (MA) and the limit values
for the coal (C) and crystalline rocks (B) are determined. Regression analysis
takes one of the most suitable mathematical relationships (linear, exponential,
logarithmic, parabolic, hyperbolic) between density DEN and ash content AD
and between density DEN and heating capacity QD, calculating the correlation
coefficients and the corresponding regression constants. An example of statistic-
ally determined rock parameters for the Jifetin coal district in the North
Bohemian Basin is given in Table 2.

In the main program the following parameters are calculated:
clay content VSH®R from the gamma ray log

VSH®R = (GR —GRsd)/(GRsh- GRsd), (1
clay content VSHNfrom the neutron—neutron log
VSHN= NPOR/NPORH 2)
resulting clay content VSH
VSH = MIN (VSHGR VSHN,, 3)

effective porosity EPORDfrom the density log
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SG 122

SELECT : DEN ( 1.0 - 1.7 )
JIRETIN C
HMH H
WBHHH HH
0.60 * 0.00 1.00 &R
FREQU@JCg X DEN ( 1.8 - 2.8 )
I B B
B B

NAME : JIRETIN N

I w
inm w
LWHHNLWM
IHHHHHHHUW
0.20 0.50 0.70 0.90 1.10 1.30 GR
FREQUENCY X SELB CI : DEN ( 1.8 - 2.8 )
6

NAME : JIRETIN B

HWBAHHHHHHHLW HB

FfIHHHHHHHHHHHHHHHIHHHHEHHHHHHHHHHEH. HR

60 0.80 1.00 1.20 1.40 GR

Fig. 1. Frequency graphs of the natural radioactivity GR (pA/kg) for coal (C), Neogene barren
sedimentary rocks (N) and crystalline basement — gneiss (B)

1 abra. A szénrétegek (C), a neogén meddd uledékes kdzetek (N) és a kristalyos gneisz feki
(B) természetes radioaktivitasanak gyakorisagi gorbéi (GR, pA/kg)

Pue. 1. YacToTHble KpuBble eCTECTBEHHOIO ramma-manydenus GR (pA/kg) (ans yrnsa (c),
HEOreHoBbIX HEeNpPOAYKTUBHbIX 0cafiouHbix nopog (N) y KpucTanamyeckoro yHaameHTa —
rHeiica (B)
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NAME : JIR. (COAL) SELECT DEN ( 1.0 - 1.7 )
Y . NPOR Z GR ( 0.0 - 1.0 ) ( 44/
S7.0 + 4+ 4+ + P4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 0
¢/ + + 4 4 0
+/2 111111 IK + + 4 4 95
¢111 1 \ + 4 4 4 25
54.0 tI* 1 111112221\12 + @+ & + 4 4 4 4 4 4 4 4 4 4 4 82
NPOR~+Ne2111111111 \ + 4 4 4 218
0+ 41111 111111 Itt + + 4 4 227
+ \ 111111121222222+2 2222 + 22 222+ 4 403
51.0 + + 4222 221111222221211+ + + 4 4 4 4 4 4 + 2 4 4 4 336
+ 2 N2222222112222 1 1 4 4 4 201
4 7T—I 122222223 4 4 4 55
4 + 2 2 2 22 3 2 3 4 4 37
48.0 J1—p»+ 2 4344+ + + + & +5+ 4 4 4 4 4 4 4 4 4 4 4 21
o +444 65654+ +5 5 7 6 67
NPORE £1im + 45 + a 555 4 5666 5 6+ 55
4 4 4 4 +6 65 55564 37
450 + + + + 4 4 4 4 4 4 4 4 4 4 4 4-4 4 4 4 454 4 4 4 5
4 4 4 4 4 4 0
4 4 4 4 4 0
1 DENE 1+ + 4 4 4 0

420 + 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

1.2 1.3 1.4 1.5 1.6 1.7 DEN

Fig. 2. Z-plot for determination of characteristic and limit parameters of coal
(NPORc = 53.5%, NPORclim = 48%, DENC= 128 gcm '3, DENCJ|im= 175gcm-3
corresponds to ash content AD = 70%)

2. abra. A készén jellemzd paramétereinek és hatarparamétereinek meghatarozasara szolgald
Z-plot (NPORc = 53,5%, NPORCjjim = 48%, DENC= 128 gcm '3 DENCIlim= 175gcm'3,
amely megfelel AD = 70% hamutartalomnak)

Puc. 2. inarpamma Z Ans onpefeneHns XapakTepHbIX W NpefenbHbIX NapameTpoB yris
(NPORc = 53,5%, NPORc|im = 48%, DENC= 128gcm '3
DENclim = 1,75 g cm 3C00TBETCTBYET CoAepXXaHuto 30nbl AD = 70%)

EPORd = DPOR - VSH DPORsh, 4)
where DPOR = (DEN —DENMY/(DENF—DEN My,
DPORsh = (DENSHDEN MA/(DENF-D EN MA,
DENf = 1gcm 3(for the pore space filled with fresh water)
effective porosity EPORNfrom the neutron—neutron log
EPORn = NPOR-VSH ¢NPORsh )
resulting effective porosity EPOR

EPOR = (EPORd+ EPORN)/2 (6)
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NAVE : J(NEOGENE) SELECT DEN ( 1.7 - 2.7 )

1.6 1.8 2.0 2.2 2.4 2.6 DEN X

Fig. 3. Z-plot for determination of characteristic values of physical parameters of clays
(DENH= 185gcm '3, GRH= 0.8 pA kg'L, NPORH = 43%) and sands
(DENsd = 224 gcm '3, GRD = 0.4 pA kg'L NPORD = 15%)
3. dabra. Az agyag és homok jellemz8inek és fizikai paramétereinek meghatarozasara szolgalo
Z-plot (DENH= 185gcm '3, GRH= 0,8 pA kg'lL NPORH = 43% illetve
DENsd = 2,24 gcm '3, GRD= 0,4 pA kg'l, NPORD = 15%)

Puc. 3. inarpamma Z ana onpefeneHns XapakTepHbIX 3HaYeHUid (r3nyeckrx napameTpoB /MH
(DENH= 18 gcm“3, GRH= 0,8 pA kg'l, NPORH = 43%) n neckoB
(DENsd = 224 gcm '3, GRD = 0,4 pA kg'l, NPORD= 15%)

The ash content AD and the heating capacity QD of coal are calculated
for DEN = 1.75 g cm" 3using the following relations of the above given param-
eters for the density DEN of coal

AD = Kj DEN +Qj, )
and QD = K2DEN +Q2, (8

where K;an Qj are coefficients from regression analysis of the laboratory data
(see above).

The results of automatic log evaluation can be given by means of
a) a table from the printer, listing the resulting data with arbitrarily chosen

depth step,
b) a table combined with simple graphic presentation of the formation volume

analysis in the barren sedimentary rocks and of the ash content in the coal
seam (see Fig. 4).
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Physical Characteristic for Limit for
Parameter clay sand matrix coal coal cryst. r.

Indices SH SD MA C Clim Blim

DEN (gcm-3) 18 224 250 18 1B 2%
NPOR (%) 3 15 0 535 48 24
GR (PAkg*) 080 040 0.20 012 054 090

K, = 11648 Q =- 123 k2= -0.35 q2= 3098

Table 1. Characteristic and limit values of physical parameters of sedimentary rocks, coal and
crystalline complex (calculation parameters) and regression coefficients for relations (7) and (8)

Il. tablazat. Az lledékes kézetek, a kdszénrétegek és a kristalyos dsszlet jellemz6 értékei és
hatarértékei (szamitasi paraméterek), valamint a (7) és (8) dsszefliggések regresszids egyutthatdi

Tabnmua Il. XapakTepHble W npefe/bHble 3HaYeHNs (O3UYECKUX NapaMeTpoB AN 0Caf0UHbIX
Nopoa, Yrns U KPUCTaNIMYecKoin Tonwm (pacyeTHble napameTpbl) U KO3(h(ULMEHTbI perpeccum
ANs OTHoLeHWiA (7) un (8)

IAVEP\RAL'O_fA- PVsS PROGRAN SG 1431
tes oata <o PUTER CESSING

BOREHOLE : CN 54 ( AREA : 51 ) DATE : s 4.1983
PROFILE DENSITY NPOR GR RESN16 DD VSH EPOR FORMATION VOLUME ANALYSIS ASH CONTENT
<My comp (G/CCM) (7) (PAIKG) (OHMM) (MM) (%) (7) 20 40 60 80 0 40 20

60 1 1 1.94 42.1 0.71 2.0 4. 175 8.9
1 1 1.98 41.6 0.75 1.9 4 88.5 2.8 -001
I 1 1.88 43.3 0.75 2.2 9. 87.3 6.8 00 1
! 1 192 45.7 0.70 2.9 0. 75.0 12.5
IH30HI  1.51 52.3 0.39 15.7 4 | WIHHHHHHHHHHH | o351
IHHHHI  1.27 52.7 0.18 48.5 - L T HHHHHHWIWHHHHHHHHHH 1157
IHHHHI  1.27 52.3 0.16 67.2 -1 I HHHHHHIL W HHHHHHHHHH 1155
IHHHHI  1.29 52.4 0.15 56.9 -1 IHHHHHHHHHHHHHHHHHHH 1178
IHHHHI 1.26 52.4 0.16 55.7 -1 I HHHHHHHWWHHHHHHHHHH 1 146
IHHHHI  1.27 52,0 0.16  44.8 -L IHHHHHHHHHHHHHHHHHHH 1159
70 IHHHHI  1.31 51.6 0.17  38.6 -1 IHHHHHHHHHHHHHHHHHH 10197
IHHHHI  1.31  51.8 0.17  34.6 -1 IHHHHHHHHHHHHHHHHHH 1199
IHHHHI 131 51.8 0.17 32.0 - L I HHHHHHHHHHHHHHHHHH 1203
IHHHHI  1.34 51.1 0.18  28.0 -1 IHHHHHHHHHHHHHHHHH 123.2
IHHHHI1 1.37 51.4 0.17 21.6 -1 IHHHHHHHHHHHHHHHH 1 27,5
THHHHI1 1.38 50.3 0.20 18.6 -1 IHHHHHHHHHHHHHHH 1 28.5
IHHHHI  1.34 50.9 0.18 22.3 - L IHHHHHHHHHHHHHHHHH 1 23,2
IHHHHI  1.38 51.3 0. 1: 17.7 -1 IHHHHHHHHHHHHHHH 1289
IHHHHI  1.30 51.7 0.17  26.2 -1 IHHHHHHHHHHHHHHHHHH 11901
IHHHHI  1.32 51.4 0.19  29.2 - L THHHHHHHHHHHHHHHHHH 1212
80 IHHHHI  1.29 50.6 0.19 34.7 1 IHHHHHHHHHHHHHHHHHHH 11706
IHHHHI  1.33 49.9 0.22 34.7 IHHHHHHHHHHHHHHHHH 1 22,2
IHHHHI  1.37 50.5 0.23 35.2 1 IHHHHHHHHHHHHHHHH 1269
IHHHHI  1.37 50.1 0.24 33.4 1. IHHHHHHHHHHHHHHHH 1272
IH30HI  1.43 49.4 0.26 31.2 1 IHHHHHHHHHHHHHH 1 34,1
IH30HI  1.46 44.4 0.32 79.2 1 IHHHHHHHHHHHHH 1037.1
I.— .1 1.95 39.8 0.56 55.8 5. 41.0 21.9
- 1.99 28.8 0.57 56.8 16. 42.5 14.4
I-..-1 2.25 19.7 0.58 96.9 12. 41.2 2.3 EXPLAN AT 1ON
I__ 1 2.24 17.0 0.45 157.6 31 125 12,1 SAND
DS RSV TP DR A S S SLAYEY sAND
— . . . SANDY CLAY
i 2.24 0.39 141.4 45 0.3 175 cLay
11 2.27 0.38 1442 68 0.1 156
l I 2.28 0.41 136.1 68 6.3 12.6
- 2.34 0.52 127.5 68. 29.8 0.7 COAL - ASH CONTENT
I- I 2.31 6.3 0.54 124.2 64 16.2 4.0 AD 0-29 7 HHHH
l-..-1 2.30 144 0.53 1305 62. 29.9 2.0 AD 30-44 % H30H
I- | 2.32 14.8 0.48 130. 1 54 20.8 5.0 AD 45-54 T H45H
I— 1 2.33 15.7 0.42 121.1 5: 4.0 118 AD 55-74 T HS55H
100 1-..-1 2.32 17.1 0.50 118.3 70. 253 4.7 AD 79-90 7 HTSH

Fig. 4. Listing and schematic graphic representation of logging results from a prospecting
borehole in the North Bohemian Basin

4. &bra. Az Eszak-cseh medencében végzett kutatd firas szelvényezési eredményeinek tablazatos
és vazlatos grafikus abrazolasa

Puc. 4. MNepeyeHb 1 CXeMaTUUECKOe rpaduueckoe M306paxeHUe pe3ynbTaToB U3MepeHuli B
pas3Bef04HOl CKBaXKMHe B CeBepoyelCKOM bacceliHe
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c) logs showing: i) the formation volume analysis in barren sedimentary rocks,
i) the ash content in the coal seam, iii) two original or transformed logging
parameters for better delimitation of the coal seam (Fig. 5).

Fig. 5. Graphic representation of logging results from the prospecting borehole given in Fig. 4
5. dbra. A 4. abran lathatd szelvényezési eredmények részletes grafikus abrazolasa

Puc. 5. pacmyeckoe n3o6pakeHne pe3ynbTaToOB U3MEPEHUS B Pa3BeAOYHON CKBaXKMHE,
yKaszaHHoli Ha Puc. 4.

4. Conclusions

Digitally recorded logs from prospecting boreholes in brown coal basins
are evaluated using the system of SG programs for an Eclipse C 300 minicom-
puter. Such a manner of evaluation has the following advantages:
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1 The time consuming process of manual evaluation can be omitted; the results
of computer log evaluation are available to the mining enterprise or the
geological service of the prospecting organization in a very short time.

2. The subjective human factor and the unreliability of manual calculations are
excluded.

3. The possibility is given for thorough statistical analysis of logging and lab-
oratory data to determine the characteristic and limit values of rock par-
ameters and the corresponding interrelations.

4. Calculation of rock parameters VSH, EPOR and of technological coal
parameters (AD with an absolute error not exceeding +5%, QD with a
relative error not exceeding + 10%).

5. Representation of logging results in a form convenient for geologists. (The
most desired form is that combining listing and simple graphic presentation
(Fig. 4) with a depth step of 0.5 m).

6. Preservation of measured and evaluated data in the external memory of a
computer for the future assessment of coal reserves in the area under con-
sideration or for any other integrated evaluation of logging data together
with the descriptive geological (lithology, intensity of weathering, density of
jointing) and laboratory data (bulk density, matrix density, porosity, mois-
ture content, grain-size distribution, mechanical properties) obtained from
core samples.
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SZAMITOGEPES SZELVENYKIERTEKELES HARMADKORI SZENMEDENCEKBEN

S MARES, J KftESfAN

Az észak-csehorszagi harmadkon szénmedencékben kiilszini fejtéses lignitbanyaszat jelenleg is
folyik. A teriileten intenziv foldtani és furasos kutatas folyik, tovabbi szilard f(itéanyag-készletek
feltarasa céljabol. Valamennyi farasban széles kor( szelvényezést végeznek, tobbek k6zott meghata-
rozva az ellenallas-, gamma-, s(r(iség-, neutron- és lyukatméré szelvényt. A szelvényezési adatok
digitalizalasat kdzvetlenil a terepen végzik, egy Eclipse 300 tipust szamitogép segitségével. A szami-
togépes feldolgozas eredményét az agyag-homokkd fed6kdzetben térfogati elemzés, a szénrétegben
hamutartalom-szelvény formajaban adjak meg.

MALNHHAA OBPABOTKA KAPOTAXA MNP PA3SBEAKE BYPOIO ¥YInd

C. MAPELLL. N KP>XECTAH

B TpeTuuHbIX YrofibHbIX 6acceiiHax ceBepHON Yexum 6ypuii yronb f06bIBaeTCA B OTKPbITHIX
paspaboTkax. B HOBbIX pailoHax 3TOro 6acceiiHa Npou3BoAsATCSA 6ypoBble paboThbl ANA NofcyéTa
3anacoBs TBepAOro Tonnmea. Bo Bcex CKBaXKMHAaX NPOU3BOAUTCA OTHOCUTENBHO LLMPOKWIA KOMMNIEKC
KapoTaXKHbIX MeToaoB (M3mepeHmne conpoTusnenus, MK, MK, HHK, kaBepHomeTpus). KapoTax-
Hble AnarpamMmmbl PerncTpmpyroTcsa B LMGPOBOIA dhopMe NpsMo xa 6ypoBoi, MallMHHas 06paboTka
npoussoamtcs Ha IBM Ttuna Eclipse C 300 cuctemoit nporpamm SG. Pe3ynbTaTbl MalUUHHOM
006paboTKN MpPeACTaBAATCA B BUAE KPbIBbIX OTAENbHbIX COCTaBAANLWMX (FMHA, NecokK, nopu-
CTOCTb) B MYCTbIX TPETUYHbIX OT/IOXKEHWS U B BUAE KPUBOI 30/1bHOCTW Yr/eil B YrO/bHbIX MaacTax.
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STATISTICAL INTERPRETATION TECHNIQUES FOR INCOMPLETE
SET OF LOGS IN SAND-SHALE COMPLEX

Bertalan KISS*, Laszl6 KORMOS*

The increasing demand for data produced by quantitative well logging interpretation, especially
in areas where the old and incomplete set of logs cannot be interpreted by traditional methods, has
led to the elaboration of a method capable of creating synthetic logs and thus enabling a complete
quantitative interpretation procedure. This method produces reliable results for well correlating
areas especially in sand-shale complexes,

d: well-logging, computer programs, statistical analysis, sand-shale complexes

I. Introduction

In Hungary in recent years it has been shown that there is an increasing
demand for data produced by quantitative well-logging. The applicable inter-
pretation techniques and depending on these, the number, accuracy, and reli-
ability of determinable reservoir-parameters depend on the set of available logs
and their quality. For sandstone reservoirs in sand-shale complexes out of the
three necessary porosity-indicating logs (neutron logs, density logs and transit
time logs) generally only the neutron logs were available until now in Hungary.

In 1982-83 the Oil Exploration Company put into action Dresser Atlas-
made well-logging equipment, a home-made acoustic-probe and a 3-parameter,
hole-compensated neutron probe. The logs produced by these satisfy the inter-
pretation demands. The neutron-probe is able to measure calibrated limestone-
porosity. The reproduction capability of both methods is very good.

In the case of integrated regional interpretation of hydrocarbon reservoirs
only is some recently completed wells was available the following complete set
of logs

spontaneous potential SP,
gamma-ray TG,
neutron-log NL,
density-log DEL,
acoustic log ATL,
laterolog deep RLLD,
induction deep RILD,
pseudo-laterolog RPLH,
laterolog shallow RLLS,

*Qil Exploration Company, POB 85, Szolnok H-5001, Hungary Paper presented at the 28th
International Geophysical Symposium, 28 September ! October, 1983, Balatonszemes, Hungary
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— induction medium RILM,
—micro-laterolog RMLL
— laterolog-8 RLLS,
— caliper log DL

In the other wells the set logs is incomplete, even sometimes logs cannot be used
for interpretation because of calibration or other errors. Generally, the follow-
ing incomplete choice of logs is available:

spontaneous potential SP,
gamma-ray TG,
neutron-log NL,
optimum laterolog ROL,
micro-laterolog RMLL,
caliper log DL

Thus the well known interpretation techniques cannot be used for all wells of
a given territory.

Lately, for a more exact interpretation of seismic data there is a demand
for acoustic (ATL) and density (DEL) logs in each borehole, and where these
parameters are lacking we must try to create them. To solve these problems a
new technique was elaborated to determine parameters which cannot e cal-
culated owing to the incomplete set of logs.

2. Elaborating the new technique

Dependig on the origin of the available data (rock physical properties
measured on core samples, or parameters computed from well-logs) two different
approaches should be followed.

2.1 Use of laboratory measurements on core samples

Laboratory analysis of core samples generally provides the following data
and relationships:

porosity (FILA);
-- absolute permeability (KLAA);
capillary pressure (PC) versus
water saturation (SWLA)—PC = f(SWLA).

Knowing the hydrocarbon—water phase boundary and capillary pressure
curves (PC) it is possible to work out the distribution of water saturation and
residual water saturation (SWRLA) in all intervals of the reservoir, [Totnh 1972].
The results of about 1000 core sample analyses have been processed. After
averaging these data on “homogeneous intervals” we gained characteristic
values for 150 such intervals. (Fig. 1) For these we read out the corresponding
values from well logs [Kiss 1972]. We then studied the connection between
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Fig. 1 Results of laboratory core analysis a)
Limestone porosity versus resistivity
frequency plot b) Limestone porosity versus
density frequency plot c) Lithological
parameters: JO versus JM frequency plot

1 abra. Magmintak laborat6ériumi
elemzésének eredményei a) Mészkdporozitas
— fajlagos elektromos ellenallas

gyakorisagi eloszlas b) Mészkdporozitas -
kézetsuiriség gyakorisagi eloszlas

¢) JO—IM litologiai paraméterek
gyakorisagi eloszlasa

Pue. L Pe3ynbTaTbl n3MepeHuin B
pa3BeflovHON CKBalleHue a) YacTtoTHas
fvarpamMmma OTHOLUEHWUS MOPUCTOCTK
N3BECTHAKA W Y[ENIbHOTO 3/IEKTPNYECKOTO
conpoTueneHns b) YacToTHas guarpamma
OTHOLLEHWNA NOPUCTOCTU W3BECTHAKA W
NNOTHOCTW Mopog ¢) YacToTHaa gnarpamma
imTonoynyeckmx napamerpos JO—IM

laboratory and logging data by means of multivariable regression analysis
[BANLAKI ET AL. 1977].

FILA. SWLA, SWRLA, KLAA = f[(I-JSP), JTG, EXP (NG/NGSH),
LN(RW/ROL), . ] )

where 1-JSP = shale indicator (see Equ. 2a),
JTG = shale indicator (see Equ. 2Db),
NG = neutron-gamma log,
NGSH = neutron-gamma intensity of shale line,
RW = resistivity of pore water.
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In a given territory the reservoir parameters (FI, SW, SWR, K) were
determined by the above relations leading to the following conclusions:

As most of the cores are taken from more or less clean sandstone, core
sampling is not random. The calculated parameters are reliable in such reservoir
intervals;

—To extend the applicability of the method contaminated cores should
also be included in the investigations.

2.2. Quantitative interpretation in one or afew boreholes

By means ofjoint interpretation of the logs we obtain continuous informa-
tion along the borehole. The following reservoir parameters are regularly deter-
mined:

— effective porosity (FI);

— shale content (VSH);

— volume of rock matrices (VMA1, VMA2);

— water saturation in the virgin zone (SW);

water saturation in the flushed zone (SXO);
residual water saturation (SWR);

— permeability index (K).

Determination of shale content (VSH) takes place on the basis of “shale
indicator minima”, or by properly chosen shale indicators [Poupon-G aymard
1970].

The following shale mdicatos were used:

VSH1 (2a)

VSH2  (1-JSP)2 (2b)
TG-TGMN

VSH3 JTG TGMX-TGMN (20)

VSH4  0.33(221TG—)) (2d)

VSH5  (1-JSP)JTG (2e)

VSH6 (20

RSH RTMX-RT \ERH
VSHT o 'RTMX - RSH/ (20)

where
SP = logged spontaneous potential,
SPS = static spontaneous potential.



Statistical interpretation techniques . .. 97

TG = logged gamma-ray value,
TGMX = maximum value of gamma-ray log (shale-line),
TGMN = minimum value of gamma-ray log (sand-line),
RT = resistivity of the virgin zone,
RSH = resistivity of shale,
RTMX = maximum value of resistivity of the virgin zone (in pure CH reser-
Voir),
_ N RSH \
BRSH = exponent (—}+2), BRSH"BM RTM X/’

BM = cementation exponent.

Porosity and matrix volume can be calculated by solving the balance
equations of rock components based on three porosity indicator logs [Schlum-
berger Document 1969]:

FINLM = FI «FINF + VMAL «FINMAL + VMA2 sFINMA2 +
+VSH -FINSH (3a)
DE = FI +DEF + VMAL EDEMA1+VMA2 sDEMA?2 +
+VSH-DESH (3b)
AT = FI-ATF + VMAL ®ATMAL + VMA2 «ATMA?2 +
+VSH ATSH (3¢)
1= FI+VMAL + VMA2 +VSH (3d)

Equation 3d is applicable as a means of control, where
FINLM = apparent limestone porosity calculated from the neutron-log,
FINMAL, FINMA2 = apparent neutron porosity of rock matrices,

DEMAI, DEMAZ2 = density of rock matrices,

ATMAL, ATMAZ2 = acoustic transit time in rock matrices,
FINSH = neutron porosity of shale,

DESH = density of shale,

ATSH = acoustic transit time in shale,

FINF = neutron porosity of pore fluid,

DEF = density of pore fluid,

ATF = acoustic transit time in pore fluid.

The equations of rock components (3a-c) contain 4 unknowns therefore
shale content will independently be calculated by the earlier described shale
indicators.

The matrix values (FINMA1, DEMAI, ATMA1, FINMA2, DEMAZ2,
ATMA?2), and the shale characteristics (FINSH, DESH, ATSH, RSH) can be
determined on the basis of the resistivity of the virgin zone, porosity-indicators

(/}/RT-FINLM, 1/RT-AT, 1/ART-DE FINLM - DE, FINLM - AT,

AT-DE), and frequency plots (JN-JM, JO-JM, JO-JN) formulated by
lithological parameters as JM, JN, JO (Fig, 1/a, 1/b, 1/c),
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where ATE-AT

M DE-DEF 0.003,
IN = FINF-FINLM
DE-DEF
10 FINF-FINLM
ATF-AT

Plots can be used to check logs and to determine the main rock-components,
because the point-set must fall on a predetermined area of the plot-field charac-
terized by the main rock-components, e.g. sandstone (SD), limestone (LM).
With the combined use of such plots we can find the faulty or incorrectly
calibrated logs.

The following equations are used to calculate water saturation [Poupon ht
al. 1970, Wichtl-D raxler 1981]

1 “
RT 2 4a
SWl / VSH\ BM ( )
VSH* 27 4 FI 2
 RSII 'BA «RW _
SW2 = B+ /B2+ o (4b)
where
_ (1- VSH)BA «RW
A= p|BM
and
5 A VSH
2 RSH
|
_ Rw BA ™
SW3= BT Fiav (4c)
2
BN
0L RX0"2 (4d)
BM
VSH(-T) FI 2
/IRSH [BA” RMF

SX02 = B+ / B2+
RXO
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where
(I-VSH)BA sRMF
A ~ pjBM (49)
and
A VSH
2 'RSH
RMF BA
SX03 = RXO PiBM (40
where

BA = tortuosity coefficient,

BM = cementation exponent,

BN = saturation exponent,
RXO = resistivity of flushed zone,
RMF = resistivity of mud filtratum.

Two water saturation calculations are used in order to select the more
favourable one from the following parameters: SW1, SW2, and SX01, SX02,
respectively. The third calculation serves for the control of coefficients, like
tortuosity (BA), cementation exponent (BM), and saturation exponent (BN) in
pure sands.

After calculating the water saturation we correct the layer contents of the
porosity indicator logs when, into equations 3a, 3b, 3c we place respectively

FINF* = FINW mSX0+ (1- SXO) FINCH (5a)
DEF* = DEW +SXO+ (1- SXO) DECH (5b)
ATF* = ATW «SXO+ (1- SXOATCH (5¢)
where

FINW = neutron porosity (H-index) of pore water,

DEW = density of pore water,

ATW = acoustic transit time in pore water,
FINCH = neutron porosity (H-index) of hydrocarbon,

DECH = density of hydrocarbon,

ATCH = acoustic transit time in hydrocarbon.

Next we perform an iteration procedure on equations (3a), (3b), (3c), (4a), (4b),
(4d), (4e), (4f), (5a), (5b) and (5¢) to improve the values of FI, VMAL, VMA2,
SW and SXO until

FI - FlLomneS 1 2% and

AV 5% in average
where

AV = 1—FI + VMAL + VMA2 + VSH) on the basis of Equ. (3d).
Determination of the residual water saturation is carried out from the following

relationship: VSH
SWR = BSWRC + BSWRM----- (6)
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BSWRC and BSWRM can be determined from

versus SW cross-plots.

Fl
The permeability index can be calculated by the following equation:
_ I FI3Y
K= 250\swr7 ' )

2.3. Creating of indicators

Besides the konwledge of reservoir-parameters, determined from core
analysis or quantitative well log interpretation other indicators derived from
logs are also needed which are closely related with the reservoir-parameters. To
create these indicators such logs are used which are available in all the boreholes
of the area of investigation.

As indicators other values can serve as well, like

FI = f<(I-VSH), (FINLM - FINSH),

BA RW _VSH B/ RW I(I-VSH) (8a)
RT RSH

FINLM /RSH RTMX- RT \

VSH = FUI-JSP), JTG, FINSH ' VRT RTMX - RSH/ (80)
RT  (FINLM-FINSH) |
BA «RW
(1-VSH),. (8¢)

Determination of SWR and K takes place in the same manner as described in
Section 2.2.

Next we must find the optimum relationship between reservoir parameters
and indicator values to enable us to ensure the determination of reservoir
parameters in the other boreholes of the territory.

3. Determination of relationships between reservoir parameters and indicators,
computation of reservoir parameters

In order to solve this problem it was necessary to develop a so called
statistical indicator system program (SIP) which functions as a subsystem of the
well logging interpretation system (KISS).
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3.1. Determination of relationships

Mam steps:
— calculation of indicator values for the entire investigated interval,

— determination of partial correlation coefficients between reservoir par-
ameters and indicators,
— selection of indicators showing a good correlation with a view to
improving the total correlation coefficient,
— determination of relationships between indicators and reservoir par-
ameters on the basis of multivariate linear regression,
— calculation of total correlation coefficient for checking purposes
[Vincze 1975]
When making the primary choice of indicators the value of the partial correla-
tion coefficient is decisive because an indicator with larger partial correlation
improves the total correlation. (Among the chosen indicators there is no need
for those with weak partial correlation). In spite of their relatively high partial
correlation among the chosen indicators those which do not improve the value
of the total correlation will also be eliminated.
This method must be used for determining all reservoir parameters. If the
relationship is not good enough regarding the total correlation coefficient, it is
necessary to find further indicators to improve this relationship.

3.2 Calculation of reservoir parameters

Relationships determining the reservoir parameters and the indicator val-
ues form a phase ofa computational subsystem of the KISS-system. In the other
boreholes of the area of investigation calculation of reservoir parameters are
carried out in this phase. Indicator systems and coefficients of different inves-
tigation areas form a phase of the above mentioned subsystem. Table | shows
the determined parameters and their total correlation coefficient for one of the

investigated areas.

Table |

Reservoir parameter Abbreviation Total correlation coefficient
Effective porosity FI 0.972
Shale content VSH 0.993
Volume of matrix No 1 VMA1 0.868
Volume of matrix No 2 VMA2 0.759
Water saturation SW 0.95
Water saturation of flushed zone SX0 0.913

Residual water saturation SWR 0.956
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Table | shows that the total correlation coefficient is greater than 0.9, except for
the two matrix volumes. Relationships thus seem good enough except for the
two used for the volumes. Since these do not really belong to the reservoir
parameters we omit their calculation.

Using the relationships for boreholes KIS-3 and KIS-38 of the investigated
area. Figs 2 and 3 present the results of the interpretation obtained by the SIP
program.
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Fig. 2. Results of quantitative well logging interpretation
K,, K2 — permeability indices; R —resistivity log; SW  water saturation in the virgin zone;
SXO — water saturation in the flushed zone; SWR —residual water saturation

2. dbra. A komplex kvantitativ karotazs interpretacié eredményszelvénye
K], K2 — permeabilitas indexek; R — ellenallas szelvény; SW — viztelitettség az érintetlen
zonaban; SXO — viztelitettség a kisepert zéndban, SWR maradék viztelitettség; 1 maradék
szénhidrogén térfogat; 2 — mozgd szénhidrogén térfogat; 3 — mozgé viz térfogat; 4 —
maradék viz térfogat; 5 — effektiv porozitds; 6 — 1 matrixtérfogat (homok); 7 — 2.
matrixtérfogat (mészk6); 8 —agyagtartalom; 9 — porozitas és rétegtartalom elemzés; 10 —
formécid elemzés

Puc. 2. Pe3ynbTaTbl KOMMIEKCHOW KOMMYECTBEHHON MHTEPNpeTaLuy KapoTaXHbIX AaHHbIX
K,. K;  nHAeKcbl NpoHMLaeMocTh; R — KpuBas conpoTusneHus; SW — BOJOHACbILLEHHOCTb
B HEHapyLLIeHHON 30He; SX0 — BOJOHACLILLEHHOCTb B NPOMbITON 30He; SWR — ocTaTouyHas
BOAOHACHILLEHHOCTb; 1— OCTaTOYHbI 06bEM YrneBofOpPOAOB; 2 — MOABMXKHbIA 06bEM
yrneBoAopoaoB; 3 — MOABMXKXbIi 06beM BOAbl; 4 ~ OCTaTOYHbIA 06bEM BOAbl; 5 —
3(h(haKTNBHAsA NMOPUCTOCTb; 6 — 06beM BMeLyatolleil nopoabl | (necok); 7 — o6bem
BMeLLatoLLeil nopoabl 2 (M3BECTHSIK); 8 - cofepXXaHue FWHbL; 9 - aHanW3 NopucTocTu U
cofiepxaHusa nnacta; 10 — aHanu3 gopmayum

3.3 Generation of synthetic logs

As in the case of the reservoir parameters, synthetic logs can also be
created. This method basically corresponds with the described one, but instead
of reservoir parameters it needs well calibrated logs of the type to be synthetized
measured in some of the boreholes of the study area. As a means of solving
seismic interpretation tasks the demand has arisen for acoustic and density logs.
The left side of Fig. 4 shows the calculated and measured density (DE) logs; on
the right side is situated the result of statistical quantitative interpretation. (N.B.
The logged density curve did not serve as a basic parameter for creating the
relationship, but we used it for checking purposes only.) It can be seen that the
measured log corresponds well with the synthetic log (deviation 0.05 g/cm3).
Deviation is greater in hydrocarbon bearing intervals, but if we use reservoir
parameters to create indicators, the accuracy can be increased by iteration.

4. Conclusions

The method discussed is expected to give reliable results in geologically well
correlatable regions, first of all in sandstone formations. One of its advantage,
that it can transform the old, incompletely logged well data into a set that is
already suitable for a complex, quantitative well-log interpretation. Missing, or
poor quality logs can be replaced, at a later date, by synthetic logs computed
by the proposed method, and these synthetic logs can be subjected, together
with the ,,real” ones, to a regional processing.

The accuracy of log synthetization can be improved by iteration if reservoir
parameters are included into the indicator system.

The method can be used for filtering of measured logs -as verified in the
course of log synthetization —te. filtering can be used in the first phase of data
processing.



104 Kiss— Kormos

Fig. 3. Results of quantitative interpretation by the statistical program SIP.
Legend as in Fig. 2

3. abra. Statisztikus modszerrel késziilt kvantitativ karotazs interpretacio
(magyarazatok a 2. abran)

Puc. 3. KonnyecTBeHHast MHTepnpeTaLns AaHHbIX KapoTaxa Mo CTaTUCTUYECKOMY MEeToay.
(O6bsACHEHMs gaHbl Ha Puc. 2)



Statistical interpretation techniques . .. 105

Fig. 4. Comparison of synthetic density log with a measured one
DEL — measured density log; DEC  synthetic density log; DL - caliper log. Legend as in
Fig. 2
4. dbra. Szintetikus s(r(iség szelvény dsszehasonlitasa a farélyukban mért szelvénnyel
DEL meért sirliségszelvény; DEC - szamitott s(irliségszelvény; DL - lyukatmérd szelvény;
(tovabbi magyarazatok a 2. abran)

Puc. 4. ConocTaBfieHWe CUHTETUYECKOI AnarpamMmmMbl NAOTHOCTW C U3MEPEHHON B CKBAXUHE
fAnarpaMmmoit
DEL n3MepeHHas Kpmeas nnoTHocTu; DEC — pacyeTHas KpuBas MOTHOCTY;
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STATISZTIKUS ERTELMEZESI ELJARASOK ALKALMAZASA AGYAGOS HOMOKKO
TAROLOKBAN, HIANYOS SZELVENYVALASZTEK ESETEN

KISS BERTALAN, KORMOS LASZLO

Az utobbi években egyre nagyobb igény mutatkozik a kvantitativ karotdzs interpretacio altal
szolgaltatott adatok irant olyan teriileteken is, ahol a nagyobbrészt régen késziilt, hianyos szelvény-
vélaszték —az ismert médszerekkel — ezt nem teszi lehet6vé.

Az aldbbiakban vazolt eljarassal lehet6vé valik egy eltér6éen — hidnyosan — szelvényezett
kutatasi teriilet hasonlé modon és hasonlé mindségben torténé mélyfirasi geofizikai feldolgozasa.
Eloallithatok  utdlagosan — szintetikus szelvények, melyeknek a farélyukban térténd felvételére

mar nincs mad.
A mbdszer geologiailag jol korrelalhat6 teriileteken, els6sorban homokos-agyagos formaciok-

ban szolgéaltat megbizhaté eredményt.

NMPUMEHEHWE CTATYCTUYECKMX METOA4OB MHTEPNPETALUWW ANA
MECYAHO-TAIUHUCTBIX KONNEKTOPOB B C/IYYAE HENO/NTHOW
KOMMNONEKTHOCTWU KAPOTAXHbBIX KPMBbIX

B KWL, /1. KOPMOLL

3a nocnefHee Bpems yBENMUMBAIOLMIACA CNPOC NPeAbSBASETCS K pe3ynbTaTtaM KoJMYecTBeH-
HOVi MHTEpMpeTaLMM KapoTaXHbIX AaHHbIX, XOTS 3TV TPe60BaHUsA He BCerga MoryT 6biThb Y/A0BNET-
BOPEHbl C MPUMEHEHVEM W3BECTHbIX METO/0B, B CBS3W C HEKOMMIEKTHOCTBIO MMEKOLLMUXCSA Kapo-
TaKHbIX KPUBbIX.

B pa6oTe npeanaraetcs MeTof, AAlOLMIl OCTOBEPHbIE Pe3ybTaTbl B F€0/I0rMUECKM XOPOLLO
KOppenupyembIX paiioHax, B NepByto oueped B NECUAHO-TMHUCTLIX (hopmauusx. BMecTo oTcyT-
CTBYIOLLMX BMIOB KAapOTaXHbIX KPUMBbLIX, KOTOPbIE YXKEe He/b3sl MONyunuTb B CKBAXKMHAX, MOXHO
€03/]aTh PacyeTHbIe CUHTETUYECKME KPUBbIE.

Mpeanaraemblii MeTOZ MO3BOMSET NPOBOAUTL AOCTOBEPHYHO 06PabOTKY KapOTaXHbIX AaH-
HbIX B paiioHaX, HeAOCTATOYHO WU3YUEHHbIX MPOMbIC/I0BO-Te0NU3NYECKUMI METOAAMM.
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COMPARISON OF ACCURACY OF CONTROL SYSTEMS FOR
VARIOUS FOCUSED-CURRENT LOGGING INSTRUMENTS

Istvan KUBINA*

This paper deals with the errors of the various types of locused-current (laterolog) control
systems taking into account all the characteristic features of the control loop, as well as those of
the borehole and bearing in mind the influence of the surrounding formations on the accuracy of

the various controls.
The relationship is shown between the error of the measured apparent resistivity and the

insufficient control, and their links with the main features of the control-loop and the four transfer
functions representing the physical properties of the borhole and the surrounding formations.

It is emphasized that the applied theoretical treatment has less rigorous requirements than the
real cases, as the ground contact resistance of the current electrodes are taken into account by that
of the equipotential surfaces matching at the S, and S2electrodes. This involves neglecting the effect
of the gaps (filled with low resistivity mud) between the current electrodes and the mentioned
potential-surfaces. This results in no significant difference if the values of Raare high enough while
for low values of Rait acts as if the output-resistivity of the control-loop in question was increased.

d: focused-eurrent logging, control system, accuracy, /, control, /,, control, /,//0 ratio

1. Introduction

Focused-current (laterolog) well-logging methods have been used univers-
ally, in boreholes drilled with conductive mud, since the beginning of the
seventies, pushing into background all the classical resistivity measurements. On
the one hand this can be attributed to their having the deepest penetration of
all logging methods, a good selectivity along the borehole and additionally, they
are independent of the disturbances of mud-resistivity, as opposed to the
conventional devices; on the other hand, with regard to their features and
selectivity, they can better be associated with the other modern logging methods
(sonic-, induction-, nuclear-) than the conventional ones. In the near future the
focused method can look forward to a further boom as now this is perhaps the
only one which offers the possibility of increasing its penetration and sensitivity.
It is also likely that this method will play an important role in the planning of
enhanced production methods. For these reasons it is necessary to get acquain-
ted with some of the factors influencing its accuracy.

Among the well-known focused current tools (LL3, LL7, LL9 and DLL),
those with seven or nine electrodes have so far proved the most useful because
there is no flow either of /0 measuring- or of Ix focusing currents through the
electrodes which give the control-signal and the measured information and this
means that they are more accurate than the others. Moreover, one can form the

* Hungarian Hydrocarbon Institute, Geophysical Division, POB 32. Szazhalombatta, H-2443
Manuscriont received: 15 November. 1983
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shape of the /0 current-beam by means of the Ix current flowing through the
properly located A xelectrodes, to yield an advantageous measuring characteris-
tic. Therefore this paper deals with the common effects of mud- and rock-resis-
tivities and electrical parameters of the control circuit on the accuracy of control
and measurement.

2. Errors of the control and measuring processes

Let us now consider the errors of the control and measuring process caused
by these characteristic parameters, as a function of the current ratio n = /,//0.
We will find that not only the error of n is proportional to this influence, but

that of the measured resistivity too.
Our intention is to examine this influence on the wellknown seven-electrode
focused sonde (Fig. 1/c) but the same method is also suitable for the nine-elec-

trode sonde as well as for dual types with elongated electrodes.

Fig. 1 Schematic diagrams of /, and 10 control circuits (a. b) and an LL7 sonde (c)
1 abra. Az 10és /, szabalyoz6 egyszer(sitett tombvazlata és a hét elektrodas szonda

Puc. |. ¥YnpouweHHas 6710K-cxema perynvpytoLiero yctpoiicTea /, u /,
N CEMW3NEKTPOAHbIA 30HA LL7

One can read in Fig. lia, representing the simplified block-scheme of the
Ix control, the expressions

AU = AU(1()-AU(I1¥ = I0Rso- | xRs (1)
Ix= AUAX 2
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If A(7=0, then (1) gives
n/lo = KJRs = «0 ©))

where n0 is the ideal 1\/10 ratio. The existing current ratio, if AO® O, using (1)
and (2), is

n=1/,1/l,, =A.RJd+AM 4
Let us define the error of the control as
K = {n~nQIn0= -\l (\+AIR9)"-\I1AIRs ®)

this is, in fact, the known expression for automatic control systems.
If the /0 current is controlled, the expression of the error is

hy=- Y1+N10 * -11AR,, (6)

.Thus in both cases the errors are functions of the gain of the control circuit
as well as of the transfer functions, having values defined by Rso=A(10)/10and
RS=A(li)//j, and they apparently depend on whether we control the /, or 10.
Our aim is to examine the effect on the control of these parameters. The
characteristic features of these transfer-functions and those of the n ratio are
shown in Fig. 2 for a so called optimum-sonde and two-parameter resistivity-
distribution in the direction perpendicular to the borehole axis.

4 Rt-0.1 -KTSm
Rm -0.01-HO0 2m
3
Rso “ Rm ”so

2 Rs -Rm Rs*
1d) - KOmm

0 dj « 300 mm

Fig. 2. Rso. Rsand n0 as functions of rock- (/?,), mud-resistivity (Rm),
and diameter of borehole (d)

2. dbra. A szabalyozas transzfer-fliggvényei és az n0 aramarany a kézet- (R f az iszap-ellenallas
(Rm) és a lyukatmérg (d) flggvényében

Puc. 2. ®yHKUMM Nepefayn pPerynMpoBaHnsi U COOTHOLLEHWE TOKOB M, B 3aBUCUMOCTM OT
conpoTmBneHnsa nopoapl (R f pacteopa (Rm) n gnameTpa ckBakuHbl (d)
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The characteristic behaviour of R®0and Rsin expressions (5) and (6) fosters
the idea that the 10 control needs far less gain (AO) than does the control of I{
(Aj), especially in cases demanding high n ratio. Some experts consider 10
control to be more beneficial than the other, in particular if they wish to vary,
beyond the controlled current, the n ratio too, e.g. so that the more the 10 is
decreased the more the I{is increased, or vice versa. One can achieve this process
with an additional control circuit driven by the signal produced on R by the

controlled current.
Unfortunately, these ideas are rather irrational since they do not take into

account either the effects of the output resistances of the generators (RO,

or the ground contact resistances of the electrodes (Rf0, Rfl). The control
schemes shown in Figs, I/a and b serve for the study of the characteristics of
functions R and Rs only, they cannot be applied in the actual design of an
instrument.

Next we use a general model which is suitable for studying the errors
attributed to the inadequate control both of the n ratio and the Raapparent
resistivities. In both cases of the controls the RO and RfO are connected series
in the 10 circuit as well as Rxand Rfl in the It circuit, see Figs. 3 and 4. The
transfer functions make connections between the current flowing through two
given points of the rock-space and the voltage caused by this current between
another two points of the same space. They are fictitious, thus have no primary
effect on the currents. Besides the transfers already defined, the other two are

RAUJJyWt and”0=t/M/0)//0.

Fig. 3. Schematic diagram of /, control using all transfer-functions
3. dbra. Az /, szabalyozas és a mérés transzfer-fiiggvényes témbvazlata

Puc. 3. BNOK-CXemMa perynupoBaHus /, U N3MepPeHUs ¢ NpUMeHeHneM BCex (yHKLWii nepegaun
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Fig. 4. Schematic diagram of /0 control using all transfer-functions
4. dbra. Az /0 szabalyozas és a mérés transzfer-fiiggvényes tombvazlata

Puc. 4. BNok-cxema perynupoBaHus /,, y U3MepeHus ¢ npumeHeHneM Bcex qyHKLWiA nepegaun

AU = AU(I0)- A£/(/,) = IRD fK s @)
I, = AUAY(RI +Rfl) ©)
Thus one can express the existing /1 value and the n ratio as
Il = I0AiRS0/KRi + RfJ + A ~] ©))
n=1J10= AIRJ[(Ri+Rfl)+AIRg (10)

The relative error of f and the gain due to the parameters are given by:

hi, = («-«0)/«0 =+
N-(R. +R™MAR, (11)
Ai = [V+hn)Ihn]INex +Rn)IRs\ (12)

Accordingly, (11) and (12) show that the error and the gain are not only
functions of Rsor h,i but also of Rt and Rfl, however they are independent
from the RO, Rf0, R and A values. The error of Racaused by f is
hRI= (R-R*)/R* (13)
where R* exists if AU=0, and Rais measured if AU®0
Ra = k(RKO+ nORK) (14)

Ra = K(RKO+nRK) (15)
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Equations (14) and (15) are merely modified forms of the basic equation of
geophysical resistivity measurement:

Ra=kUM 10 (16)

if we consider the UMvalue to be the superposition of the two potentials 10Rko
and 11Rk (fig. 3). From (14) and (15) one can express the error of resistivity:

h RL= (n-~ nmo)R kIl (RkO " M oRk) (17)

Now, taking (3) and (10) one can reformulate (17), viz.

hRI

—(R{+Rj-"/ [(Rt +Rj-t + A IRs] ®[0Rk/ (RK0+NORK)] —

hn nORJ(RKO+nORK) = hn ek (18)
Hence the error hRI is proportional to hn, moreover

ek = noR k/(R kO"hI‘IoRfC) 0/\)

representing the influence of the rock- and mud-resistivities and their distribu-
tion always having a value less than unity. On the basis of (18) it can be stated
that hRI, the error of the apparent resistivity, is less than the error of Ik.
Similarly one can determine the characteristics of the 10 control using
Fig. 4.
AU = AW\ )- AU(I0) = IDR - 10RD (20)

10 = AUAO/(RO+ Rf0) (1)

From these one gets the characteristic formulae

M) = 1i” RIIRg+ Rfo) + /10T (22)

n = 1J10 — (RO+ Rfo + AORS))/AORS 23)
hio = (JI>~7*)//* = —(Ro + Rfo)/[(Ro 3’R/0) F "o”so] ~

~ —Ro 'FR/0)/AORs0 (24)

= [(@ hIO)/nIO\ m{(i?0+ Rfo)/Rso\ (25)

If we consider (24) and (25) it can be seen that h,0 and AO depend on the
parameters of the 10circuit. It soon becomes obvious that this apparent inequal-
ity between (11) and (24) covers a strict identity. Now, similarly to (14), the error
of Rais
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hRO= (Ra- RMR*a =(n-n 0)RI(R kO+« oK) (26)
Using (3), (19) and the right side of (26) one can write
hKO=[(RO+R /QM Rj [RAR «0+«S ¥ 27)
If we then multiply (27) by Rso/Rso and take (3), (19) and (24)
Nro~ [(72 o* R fa)Ne CAso] \n CA=(72k0+ NRA\ =
= [(7?0 Rfo)/*oRso\ek — hiCek (28)

On comparing (24) and (11), the ratio of the errors from the controlled currents
—supposing that hl0 and hn are small—is found to be

hjo_ RO+ Rf0O Ry+ Rfi +A1RS ~ Rfo 1
hn  7jJ+Rfi Rg+Rfo +AORsSO Rj-1 noO

This last approximation is derived by setting Ao=a u RO=R1=0 and using (3).
The approximate values of Rf0 and Rfl are obtained from (16) and Fig. 1/,
viz.

R/o = 6M/0 = RJk (30)

Rfi = UmA1= hIMn0IO = Rakn0 (31)

Inserting (30) and (31) into (29) we find that the ratio is practically equal to
unity, namely it does not depend on Ra. For this reason the accuracy of the
current controls demands the same gain regardless as to whether we control /0
or ly. Making use of (18) and (28), the ratio of the measurement errors is

hrol hRL= h/ock/hiek= highn ~ 1 (32)

In Fig. 5, as further evidence, we present, on the basis of (12) and (25), the
values of amplification A for both current controls, as a function of Ra, Rmand
RO or Ry respectively, using the transfer functions already presented in Fig. 2
The error of the control has a value as high as h=0.01, the diameter of the
borehole d= 140 mm, and RO=1Qor R!=0.1 Q

The continuous curves represent the cases of RO=Ry =0 and the dashed
ones correspond to the real ROor Ry values found in practice. The effect of the
transitional impedances of the current electrodes is included in RO and Ry,
respectively.

The figure shows the values of gain A necessary for measurements having
an accuracy of h=0.01 and the remarkable effect if RO or Ry have values
differing from zero.
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It can thus be seen that there is no difference in the technical requirements
if one controls Ix or 10. Consequently neither of the control ideas has the
slightest advantage over the other. The main factor to be taken into considera-
tion is which kind of measuring system gives the best solution for the most
severe conditions, and the extremely high Rt and Rmdynamics occurring in oil
and gas prospecting.

Fig. 5. Values of A versus RJRmand RO or Rt for an LL7 sonde. Continuous lines represent
RO=Rt=C

5. abra. Az A értéke RJRmés RO illetve /?, fliggvényében egy LL7-szonda esetében. A folytonos
vonal az RO = J1, = 0 értéknek felel meg

Puc. 5. 3HaueHve A B 3aBucumoct oT RIJRmwu RO unm R, ans 3oHga LL7. CniowHasa nuHus
oTBeYaeT 3HayeHuw Ra=R,=0

3. Optimum system for focused-current control
and measurement

A simple optimum system is shown in Fig. 6. The value of RO is chosen so
that it keeps /0 constant if Rahas low values; if Rais high, then 10is in inverse
ratio to Ra, advancing the realization of the nO requirement. We produce Ruas
a quotient of UMand 1Qbeing measured simultaneously while 1xis controlled.
The very advantage of the system is that it covers a high range of Raresistivities
while having possibly the least dynamics in the information channels. The value
of UMand /0, that is C(/0), are shown as a function of Rain Fig. 6/a.
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-10 12 3 4 5
Fig. 6. Characteristics of the sonde measuring the UMLLO ratio and its 10 circuit
6. abra. Az UM/10 hanyados mérésen alapulé mérérendszer karakterisztikai és az /0 aramkor

Puc. 6. XapaKTepucTUKN U3MePUTENbHOI YCTaHOBKM, OCHOBAHHOW Ha M3MePEHUM OTHOLLEHMS
UM/I0 n cxema /0

4, Combined controls

Let us consider the possibilities offered by the combined controlling. In the
case of /0control (cf. Fig. 4) ifhl0 (24) is small, supposing RO— =0 and using
(22), (23) and (30), one can write

10- U rkAl(Ra+kAR) (33)
f —UKAN/(Ra+KAR) (34)

hence, /0does not depend on n,: it is only a function of Raas well as of constants
k, A, and R of the control circuit. If we choose k, A, and R properly, the current
will have the same shape as that of the U(10) curve shown by Fig. 6/a. The shape
of the curve of the measured potentials is similar to that of curve Uu in Fig.
6/a. The position of the crossing point of the UMand U(10) functions depends
on the values of Raand k AR product. Consequently the combined 70 control,
in spite of its having been complicated by using an additional control circuit,
realizes only the simple optimum system shown by Fig. 6.
Likewise, we can write for the f control shown in Fig. 3

10 * UIKA/(Ra+KAR) (35)
IxK UIKAn/(Ra+KAR) (36)

The currents as function of Raand n are plotted in Fig. 7. The continuous curves
show the /0 values and the dashed ones those of /t. One can see that the values
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of /j never exceed the maximum of the function 10(Ra, n0). Theoretically this
control would give the best solution—being both 70 and 7t maxima limited—if
we did not consider the low values of 70 i.e. the UM voltage caused by this
current. Whenever Rais low we can see, bearing in mind expression (16), that
UMcan have extremely low values, even lower that the noise level. Moreover
the optimum UMand t/(70) signal-dynamics is spoilt because the shape and
relative values are not optimized as strictly as in the case of the system shown
in Fig. 6. Thus, this control requires higher dynamics in each measuring channel
than it does in the optimum system. Although the concept seems reasonable it
is no more advantageous than the simple system.

Fig. 7. Typical values of /, (dashed line) and /,, (continuous line) versus Ruand n for /, control
with additional /,//,, ratio

7. abra. /, (szaggatott vonal) és /,, (folytonos vonal) jellemz6 értékei Raés n fliggvényében, /, és
jarulékos /,/1,,-szabalyozas esetében

Puc. 7. XapakTepHble 3HayeHus /, (MyHKTMP) 1 /,, (CNNowWwHasa NMHWSA) B 3aBUCMMOCTM Ru 1 n npm
perynnpoBaHun /, n gononHuTensHo /,//,,

5. Conclusions

Both cases of Irand 70 controls demand identical control loop gain if the
conditions are identical in the borehole. Thus it is not valid that the 70 control
demands less gain than that of the f*see equations (12) and (25)).

Consequently it is important for the highly demanding situation of oil and
gas prospecting, especially in hostile environmental boreholes, that such control
systems are realized which give adequate gain as well as stable and rapid

operation.
The additional */ 1 gratio adjusting cannot make it possible to decrease the

gain of the control-loop for Ix or 70 control either, since neither gain A nor
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coupling-resistance R figuring in the expressions describes the error of the
controlled current or that of the apparent resistivity (see equations (11) and (18),
or (24) and (28)).

The error of the measured resistivity caused by insufficient control is
proportional to the product of the error of current control and the factor
depending on the resistivities of the borehole and rock-space and their geometri-
cal distribution. This error is generally less than the error of the current control
(see equations (18); (19), or (28)).

A KULONFELE TiPUSU FOKUSZALT ARAMTERU SZELVENYEZO
BERENDEZESEKBEN HASZNALT SZABALY0ZO RENDSZEREK
OSSZEHASONLITASA A PONTOSSAG SZEMPONTJABOL

KUBINA ISTVAN

A cikk az iranyitott aramter( (laterolog) szelvényezés kilonféle valtozataival foglalkozik,
figyelembe véve a szabalyoz6 berendezés, a farélyuk és a kdzettér valamennyi jellemzgjét, amely
befolyasolja a szabalyozas pontossagat.

Bemutatjuk a mért latsz6lagos ellenallas hibajanak és a szabalyozas elégtelenségének dsszefiig-
gését és azt, hogy ezek milyen kapcsolatban vannak a mérést meghatarozo6 f6 miszerjellemzdékkel,
valamint a fardlyukat és az azt koriilvev6 kézetteret leiré négy atviteli fiiggvénnyel.

COMOCTABJIEHUME MO TOYHOCTW PErYNNPYROWWNX CUCTEM PA3/TNYHbBLIX
TNMNOB AN1A BOKOBOIO KAPOTAXA

N. KYBUHA

B pa60Te [JaHO COMOCTaB/eHNE Pa3HbiX BAPMAHTOB GOKOBOrO KapoTaxka C yU4eTOM BCEX Xapak-
TEPHbIX YepT PErynnpytoLLero ycTpoicTea, CKBaXMHbI 1 BMELLAIOWMX NOPOA, KOTOpble Npou3Bo-
AT BAMSHME HA TOYHOCTb PerympoBaHus.

MpPUBOAATCA 3aBUCMMOCTb MOMPELLIHOCTU U3MEPEHHOTO KXKYLLErocs yaenbHOro conpoTmBene-
HUS OT HEJOCTATOUYHOCTW PEryNMPOBaHNUS W ee CBA3b C ONPEAeNsoWMMU U3MEPEHNe OCHOBHBLIMM
XapaKTepuCTMKaMmM annapaTypbl, a Takxe C YeTbipbMs QYHKLMAMU Nepefayu, OnuchiBaoLLUMK
CKBXWHY 1 OKpY>Katolllee ee NPOCTPaHCTBO FOPHbLIX Mopof.
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