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Abstract: The electromagnetic method with small induction number is applied to direct and
contactless measurement of apparent conductivity of magnetic dipoles in a near field. The detection
of sufficiently large horizontal conducting and nen-conducting sheets with vertical and herizontal
magnetic dipoles is explained and the detectability curves are drawn. Detectability of small-size
inhomogeneities is discussed and estimated. The method has been applied in archaeological
prospection.
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Iniroduction

The direct contactless measurement of rock resistivities is based on the dependences
of the measured components of electromagnetic ficld on apparent resistivity of an
equivalent conducting half-space. These dependences are much more simple if the
induction number N = »/8 is small (or if there is a near zone), i.e. the skin depth & is
much greater than the transmitter-receiver separation and than the thickness of a
horizontally layered half-space, i.e.

N=£<<1, f’—"<<1
5 8 4y

where 8 = -\IZ/mpc is the depth of skin.
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Direct contactless measurement of apparent conductivity

Let us consider a vertical transmitter-receiver magnetic dipole array located on the
surface of a horizontally layered conducting half-space, as it is illustrated in Fig. 1. The
conductivity of the layers is 6; and their thickness is 4. Let us assume that the condition
of a small induction number given by equations (1) is satisfied. Then approximately

v L, OUGCs 2

wo 1T @)
where v is complex amplitude of voltage in the receiver induced by the total vertical
magnetic field,
vo amplitude of voltage induced in the receiver only by the primary (direct) magnetic
field, i.e. in an entirely non-conducting space,
® angular frequency of current / in the transmitter dipole,
r transmitier-receiver separation,
pL=po =4%. 107 H/m permeability of the medium,
and G, apparent conductivity for a horizontally layered conducting half-space (Fig. 1)

n
Ca = Z Gi O
i=1 (3)
Coefficients Q; are called geometric factors (for the vertical component of the

magnetic field) as they only depend on the thickness of individual layers 4; and on the
distance » between the dipoles. They are given (Kaufmann-Keller 1983) by equations

O1=1-R(t1)

Qi = R(u-1) - R(w) 4

fr—‘
TD. &5 RD.
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" & fori=2,3,4 .. n—1,0n=R (Tn-1)
hs 2 " where the function R (t) for vertical dipole
2 array
R@) = Re(ty = ==
T & v ’ U )
D s
{ s o1 .. WhereT; = zi/r normalized depth level,
e zi = hj + hz +.... hi depth of the foot of i-th
layer.
1. Vertical magnetic dipoles over a horizontally From equation (2) follows
iayered half-space.
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is the complex amplitude of the vertical component of the secondary magnetic field in
the receiver induced by eddy curents in a layered conducting half-space

H‘J:_L
f T ans (8)

is the amplitude of the vertical component of the primary magnetic field in the receiver
induced by current in the transmitter only,

The secondary component of the magnetic field carries information on apparent
conductivity. In regard to the primaiy component (current in the dipole) it is shified in
phase by ®/2 and it is directly proportional to apparent conductivity. That is the principle
of measurement of apparent conductivity with magnetic dipoles in the'near field
(induction conductometers). Induction conductometers are ¢.g. EM-31, EM-38, M-34 of
Geonics Lid., Canada and DIKO of Geofyzika Brno, Czechoslovakia. Their form
depends on the required depth range. These devices facilitate geoelectric measurements
at shallow depths in eleciromagnetic profiling and in some cases in electromagnetic
sounding.

The input signal voltage A v as well as the measured apparent conductivity (or vertical
component of the secondary magnetic field H ) are given by the sum of r-terms (eqs.
3,6 and 7). Each term of the sum corresponds to a layer and is defined by its geometric
factors and conductivity. We may afford this simplification because eddy currents in
individual elementary horizontal layers of a conducting half-space are independent. The
magnetic ficld of eddy currents in the surrounding medium, with small induction
number, can be neglected. A change of conductivity in one horizontal layer will only
cause a change of current in the layer and will affect neither the geometry of current
lines, nor current densities in other layers. Therefore, the measured apparent conductivity
is given by the sum of independent contributions of individual layers on the assumption
that each congribution is dependent on the depth of the respective layer, its thickness and
conductivity.

As it follows from egs. (4), (7) or (3), the function R (T; ) denotes a relative
independent contribution to the secondary magnetic field (or measured apparent conduc-
tivity) of the medium as a whole under the normalized level 7;. lis derivative then
determines the dependence of the relative contribution of a unit layer at the normalized
depth T , which for vertical magnetic dipoles is
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47
Fy(t) = —

[4‘!.'2 + 1]5 (9)

Relationships analogous to egs. (5) and (9), characterizing relative independent
countributions, can be written for horizontal magnetic dipoles (coplanar):

R (t) = Va2 1 - 2% (10)

Fy(t)=2-—2

Va2 + 1 (11)

The above simplifications following from the condition of the so called "small
induction number" considerably simplify solution of the direct problem, in this case
calculation of apparent conductivity of the studied medium (particularly a horizontally
layered half-space) as well as solution of the inverse problem in some simple cases.

Detectability of horizontal sheets

Functions 7,(7) and Fp(T) illustrated in Fig. 2 demonstrate that the depth of the layer
affects each type of dipole array in different way. Functions Ry(T;) and Ry{t;) which are
used for a simple calculation of apparent conductivity of a horizontally layered medium
are illustrated in Fig. 3. The rather simple analytical representation of these curves
greatly simplifies solution of many practical problems, e.g. the problem of detectability
of horizontally layered conducting or non-conducting sheets.

Fig. 4 presents a model of this problem including assumed profiles of apparent
conductivity for conducting and non-conducting bodies exhibiting rotational symmetry.
Horizontal dimensions of sheet / with thickness 4 and depth 4 are considered suffi-
ciently large compared with the distance between dipoles, i.e. / >> r. The maximum
apparent conductivity Savax at 62 > 61 (conducting body) and the minimum apparent

2
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1
Fl )

2. Dependence of the relative response to the
secondary magnetic field of a unit layer on its

o i ] normalized depth for vertical Fy (1) and horizon-

0 6s 10 s 20T tal Fy7 (1) magnetic dipoles.
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3. Relative contribution to the secondary 4. Model for specification of conditions for detecting a hori-
magnetic field from below to normalized zontally layered sheet.

depih level 7, for vertical Ry (1) and hori-
zontal Ry (T4 magnetic dipoles.

conductivity Camiv at G2 < 61 (non-conducting body) will obviously appear above the

cenire of the body (Fig. 4).
Let us denote

o2 _ pPi
—= = =k
c1 P2 conductivity contrast
H= h .

r normalized depth of the sheet
A= d . .

v normalized thickness of the sheet (12)

The magnitudes of conductivity anomalies (amplitudes of anomalies) are defined by

2 = JaMAX = O1
v 1 (13)

for a conducting body (positive anomaly)

O1 — GaMIN
471 (14)

for a non-conducting body (negative anomaly).
The conditions of detectability will be characterized by the dependence of the normal-

aN =
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ized thickness of the sheet on its normalized depth for induction of a conducting anomaly
of the fixed magnitude a.(an) at a given conductivity contrast £, i.e.

A = f(H) (15)

for parameters av(an), k.
These dependences will be established for a conducting and for a non-conducting body,
at vertical and horizontal magnetic dipole array.

Anomalies of conducting bodies

Above the centre of a sufficiently large sheet (/ >> ») the apparent conductivity will
presumably be the same as over a hali-space formed by three layers with conductivitics
o1 and 02, and o©; the thickness of the middle layer 4. Then the maximum apparent
conductivity, regarding egs. (3) and (4), is

Camax = G1 [1-R(H)1+6G2[R(H)-R(H+A)] + c1iR(H+A)
Reducing it, with regard to (13), we get

RH-RH+A) = k"_—vl =v

(16)
fork> 1.
A/ Vertical magnetic dipoles
From eqs. (16) and (5) it follows that
v = Ry(H)=Ru(H+A) = 1
Var 41 VaH+ AP +1
Hence
1 AH* +1
A=-H+ 5 i 5~ |
1-—— V4H* + 1
k-1 a7
The limits of changes of argument /7 follow from the inequations A >0
1>~ \ a1
k-1
hence
2
1 k-1
H < = -1 =H,
2 ( av ) pax (18)
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For amplitudes of anomalies and conductivity contrasts corresponding to real condi-
tions the obtained Hymayx is sufficiently large and always exceeds the actual depth range
of vertical magnetic dipoles.

B/ Horizontal magnetic dipoles

From egs. (16) and (10) foliows

v= B Ry (B = Rer (H ) = VAR + 1 =20~ [Na + 67+ 1 -2+ )]

hence
2

Qy ) Qy
k-1 k—1N4H +1

A=
4[2H+—av—-\]4ﬁz+1]

k=1 (19)

To satisfy the condition A >0

2
D ) W AurP i1 2H+ T < NP+ 1
P k-1 k-1

must be true, or inverse inequations, which will never be satisfied for the considered
magnitudes of anomalies and conductivity contrasts. Then
2

ay
1-
N 7 o M

42
K- 1 (20)

In this way limited depths are sufficient and in almost all cases exceed the maximum
depth of horizontal dipoles, which is generally half the depth of vertical dipoles.

Anomalies of non-conducting bodies

A non-conducting sheet (if / >> r) induces minimum apparent conductivity (Fig. 4)
above its centre. The minimum can be defined by a three-layer model. Then

Gamw = O1 [1-R{H)|+ 62 [R(H)-R(H+A)]+G1R(H+A)
Consideiing eq. (14)

an
=u

—-R(H+A) =
RED-RU+H =74 @1)
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for £<1.
Equations (16) and (21) differ only by constants #, v on their right-hand sides. Substi-
tuting # for v for vertical magnetic dipoles (if k<1), we get

2
A=_H+% 4H+1 __
1-—2 \ap? 41
1-% (22)
1 A
H< = —= | -1=
2 [aNJ L= Huwx 23)

for k<1.
Similarly for horizontal magnetic dipoles

2

ay -2 an
1-% l—k\MHi"'l

A =
4|2+ _~Naw? + 1
1-% (24)
o ¥
1_ N
H < = Huux
4 A
1-% 25)

All electromagnetic methods detect conductors much better than non-conductors. It is
s0 with our electromagnetic method for direct and contactless measurcment of apparent
conductivity. Let us consider two sheets with the same geometry and depths. First of
them is conducting (X > 1), the second is non-conducting (k¥ < 1). The conductivity
contrast in (16) for a conducting sheet will be & = %, >1 and in (21) for a non-conducting
sheetk=rky <1,

Then

Qy
kv—1

RED-RHE+A) = (fork>1), R -REH+A) = 1_aN7N (for kn<1).
The left-hand sides of the equations are equal, assuming that their thicknesses A and
depths H are the same. We shall also assume that in regard to the surrounding medium
both sheets have the same, though reciprocal, conductivity contrasts, i.c.
ky = UVky > 1.
Then

av  _ _av _ _an__ kan
k=1 1-ky |1 k-1
ky (26)
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1e. av=ky.an.
The conducting body induces k.-times larger anomaly than the non-conducting body
at the conductivity contrasts &y = 1/ky > 1.

Smali-size sheets

The detectability problem for small bodies whose size is comparable or smaller than
the distance between dipoles will be considerably more difficuit to resolve as it requires
use of multidimensional models. Zahora in Hasek et al. (1988) calculated the response
for induction conductometers of a small ¢ylindrical body with rotational symmetry
whose axis is identical with the axis of the transmiiter dipole, and discussed its
detectability. Apparent resistivity over a model consisting of n rotational symmeizy areas
Q; in a conducting finite cylindrical body of the normalized height tv , shown inFig. 5,
approximating a non-finite conducting half-space, is given by the relationship

n
0':1:20? Wi
i=1

where Wi=—l—ﬂg(§,'c)d§d’5

o, @n

is the geometric factor for the i-th area Q.
Then

3 1 i ]
g€ 1)=2 o Kv)+ EW)
[§2+T2]/’ Va+8P+7 [ (1-&+1° %)

where K(v), E(v) are elliptic 1st and 2nd kind integrals

E —j% 1-Vsiifa d
o =] —visin'a da

5. Model substituting the conducting haif- P
space under the measuring dipole system.

K()_f’z_ﬂ__
= :
0 ‘\Jl—vzsinzon
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where

WE

By numerical integration it has been confirmed that for sufficiently high surface integral
upper limits ©y, &y (over 10)

y =

T
oN=0 Em10) = Jlt fg(é,r)d'r > %
L

where £, T......o...... cylindrical coordinates (normalized variables)
(7 7R an arbitrary small positive number.

R(t)=1-— _[ti jgN €1 dtdr

N=1-— T
=1 Iy o 8 (29)

Equation (29) for a sufficiently high &y is in agreement with the corresponding
function for the 1-D model given by equation (5). Substituting (28) into (27), we get the
geometric factor for small-size inhomogeneities having small, even negative, values. It
implies poor detectability of small-size, namely non-conducting inhomogengities. Such
bodies can induce conductivity inversion, depending on their thickness and depth. It
means that a conducting inhomogeneity produces a negative anomaly and a non-con-
ducting inhomogeneity a positive anomaly. The conductivity inversion is due to a
negative geometric factor. This relates to the geometry of an inhomogeneity and to the
considered measuring system, as it is obvious from the distribution of the secondary
magnetic field increases in the receiver dipoles due to eddy current conductors within
the inhomogeneous body and in the surrounding environment. Inversion does not take
place in vertical dipoles (e.g. in well-logging), and does not relate to non-linear depend-
ence of the quadrature component of the secondary magnetic ficld on apparent conduc-
tivity when with increasing real conductivity of the environment over a certain limit the
measured apparent conductivity decreases to negative values (as it can be observed in
field measurements with induction conductometers).

In a conducting inhomogeneity the absolute value of the anomaly is

ay=lal = | -1] > ¥ for >>1
while a non-conducting inhomogeneity induces the anomaly
av=la| =W 1=K <

The maximum absolute value of an anomaly induced by a non-conducting inhomo-
geneous body ((<1) is always limited by the corresponding geometric factor |#].
Anomalies due to conducting bodies are generally large.

To estimate the detectability of small horizontal sheets, we shall introduce some
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simplifications. First, we shall assume a cylindrical body with the diameter /. It will also
be assumed that the space under the dipoles, from the greater part (¢.8. 90%) contributing
to the secondary magnetic field, is cylindrical with the diameter p. Further we shall
assume that all elementary parts of a particular elementary cylinder of the diameter p,
height dh and depth 4 equally participate in the relative contribution of this elemeniary
cylinder, with weight coefficients 6 or 62. On these rather "rough assumptions" the
maximum apparent conductivity (for p > /) of a conduciing body (k¢ > [) is given by the
relationship

2 T .2 2
~lI+o1—-(p° -1
024 614(17 )

Gamax= O1 [1-R(H)+R(H+A)] + [R(H)-RH+ A)] —
rid (30)

and its minimum value for a non-conducting body (& < 1) is given by the same
relationship when G, pzax  on the left-hand side is substituted by Gaaan
Reducing (30), we get

RH)-RH+A) = v for k>1 31)
2
ay m 2
where Vp = : =mvy (32)
m = p/l and
R(HY-RH*+AY=up fork<1 (33)

2
aym 2

h == )
wWhnere Up 11—k m u (34)

Equations (31), (16) and (33), (21) characterizing anomalies of conducting and
non-conducting bodies differ by constants v, vp,u, uponly. Equations for "infinite" bodies
can therefore be used for estimating the detectability of small bodies by substituting vp
for v and up for u.

Detectability curves

The detectability curves defined by egs. (17), (19), (22) and (24), and by corresponding
equations for m>1 were calculated with the HP 9845A computer for conducting and
non-conducting bodies and for both dipole arrays for large ranges of anomaly ampli-
tudes, conductivity contrasis and coefficients m. Some of the curves are presented in
Figs. 6 to 24.

Applied Geophysics 25 127



0.6

04

[ e ==
o 1 2 3

6. Dependence of the normalized thickness of 2
conducting body on its normalized depth for anom-
aly a=10.1, m = 1 and conductivity contrasis ¥ = 2,
4, 6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.
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8. Dependence of the normalized thickness of a
conducting body on its normalized depth for anom-
aly a=0.4, m = 1 and conductivity contrasts k= 2,
4, 6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.
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7. Dependence of the normalized thickness of a
conducting body 6n its normalized depth for anom-
aly a= 0.2, m = 1 and conductivity contrasts ¥ = 2,
4,6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.

9. Dependence of the nomalized thickness of a
conducting body on its normalized depth for anom-
aly a= 0.8, m = 1 and conductivity contrasts k = 2,
4, 6, 8, 10, 25, 50, 100. Vertical magnetic dipoles.
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10. Dependence of the normalized thickness of a Fig. 11. Dependence of the normatized thickness of
conducting body on its normatized depth for anom- a conducting body on its normalized depth for
aly a = 0.2; i = 4 and conductivity conirasts k=6, anomialy a = 0.4, m = 4 and conductivity contrasts
8, 10, 25, 50, 100, 1000. Vertical magnetic dipoles. k=18,25, 50, 100, 1000. Vertical magnetic dipoles.

The coefficient m characierizes the horizontal dimension of a body exhibiting rota-
tional symmetry. It is m = 1 for I>>r. Greater values of m correspond to small bodies
whose horizontal dimension is comparable or smaller than the distance between coils.
Figures 6 to 11 show the detectability curves for conducting bodies at vertical dipole
array, amplitudes a»=0.1, 0.2, 0.4, 0.8 and a large range of conductivity conirasts. Two
values of parameter 7 are taken for comparison — 1 and 4.

Figs. 12 and 13 demonsirate the considerable influence of amplitude and parameter m
on detectability curves if £ = 10.

For horizontal dipoles and conducting bodies similar curves are drawn in figs. 14, 15,
16 and 17 form = 1, 2, 5, amplitudes 0.2 and 0.6, and for the corresponding range of
conductivity contrasts. Detectability curves for non-conducting bodies for both dipole
configurations for amplitudes ay = 0.05, 6. 1 and 0.2, coefficients » = 1,2 and conduc-
tivity conirasts 1/2, 1/4, 1/6, 1/10, 1/50, 10" are in Figs. 18 10 24.

The dependence on amplitude and coefficient m can be observed on all curves, see
Figs. 12 and 13, and in the case of conducting bodies also on the conductivity contrast
k. For instance, with vertical magnetic dipoles at m =1, ky = 1/50 a large negative
anomaly ay = 0.2 over a nonconducting sheet at the relative depth 7 = 1 can be created
if the relative thickness of the body A = 1, for ay = 0.1 over a sheet at ihe same depth
the thickness A = 0.36 (i.e. 2.8 times smaller) and for ay = 0.05 the thickness must be
only A =0.16 (i.e. 6.3 times smaller). All curves confirm that it is much easier to detect
conducting rather than non-conducting bodies. For instance, in the case of vertical
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12. Dependence of the normalized thickness of 2
conducting sheet on its normalized depth for con~
ductivity contrast £ = 10, m = 1 and anomalies a =
0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1. Vertical magnetic

dipoles.

14. Dependence of the normalized thickness of a
conducting body on its normalized depth for anom-
aly a =0.2, m =1 and conductivity contrasts £= 2,
4, 6, 8, 10, 25,50. Horizontal magnetic dipoles.
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13. Dependence of the normalized thickness of a
conducting sheet on its normalized depth for anom-
aly a = 0.1 ,conductivity contrastx= 10 and m = 1,
2,3, 4, 5,6, 7, 8. Vertical magnetic dipoles.
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15. Dependence of the normalized thickness of 2
conducting body on its normalized depth for anom-
aly a= 0.6, m = 1 and conductivity contrasts & = 2,
4, 6, 8, 10, 25, 50. Horizontal magnetic dipoles.
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16. Dependence of the normatized thickness of a
conducting sheet on its normaltized depth for anom-
aly a= 0.2, m = 2 and conductivity contrasts k=4,
6, 8, 10, 25, 50, 100, 1000. Horizontal magnetic
dipoles.
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17. Dependence of the normalized thickness of a
conducting sheet on its normalized depth for anom-
aly a=0.2, m = § and conductivity confrasis k= 10,
25, 50,100, 1000. Horizontal magnetic dipoles.
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18. Dependence of the normalized thickness of a
non-conducting sheet on its normalized depth for
anomaly a=0.05, m=1aad conductmty contrasts
k=112, 1/4,1/6, 110, 1/50, 10°°, Vertical magnetic
dipoles.
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19. Dependence of the normalized thickness of a
non-conducting sheet on its normalized depth for
anomaly a = 0.1, m =1 and conductnnty confrasts
k=1/2, 1/4, 1/6, 1/10, 1/50, 10°® Vertical magnetic
dipoles,
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20. Dependence of the normalized thickness of 2
non-conducting sheet on its normalized depth for
anomaly @ =0.2, m =1 and conducuvny contrasts
k=112, 1/4, 1/6, 1110, 1/50, 10°S. Vertical magnétic
dipoles,
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22. Dependence of the normalized thickness of 2
non-tonducting sheet on its normalized depth for
enomaly a = 0.1, m = 1 and conducuwty contrasts
k=1/2,1/4,1/6, 110, 1/50, 10°S. Horizontal mag-
netic dipoles.
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21. Dependence of the normalized thickness of &
non-conducting sheet on its normalized depth for
anomaly ¢ =0.1, m =2 and conduc'uv:ty contrasts
k=112, 1/4, 176, 1110, 1/50, 10°°. Vertical magnetic
dipoles.
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23. Dependence of the normalized thickness of a
non-conducting sheet on its normalized depth for
anomaly a = 0.2, m = 1 and couducuwty contrasts
k=1/2, 1/, 1/6, 1110, 1/50, 10°. Horizontal mag-
netic dipoles.
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24. Dependence of the normalized thickaess of a non-conducting sheet on its normalized depth for anomaly a
=0.1, m=2and conductivity contrasis k= 1/2, 1/4, 1/6, 1110, 1/50, 10°S. Horizontal magnetic dipoles.
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25. Resistivities distribution in Milovice, district Bfeclav. a) map of resistivity lines, b) subsurface geological
section; 1 — Testiary clay, 2 — Tertiary gravel, 3 — Tertiary clastics,
embankment, 7 - loess.

— turbid matter, 5 — erosion scar, 6 —
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26. Map of pr contours according to measurement by the DIKO induction conductometer in Slavkov, district
Bmo-venkov.
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27. Map of p‘gM contours according to measure-

ment in Predklasteri near TiSnov, district Brao-
venkov.

28. Map of mutual correlation coefficient according
to measurement in Predkiaste¥i near Tisnov, district
Bmo-venkov.
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29. Comparison of profile curves pzop) and o2 according to measurement in Predklastes{ near Tidnov,
district Brno-venkov.

magnoetic dipoles with m = 1, a positive anomaly ay = 0.2 of a conducting body at the
relative depth A = 1, conductivity conirast £ = 50 will be induced if the relative
thickness A = 0.0115, at the conirast & = 10 the relative thickness A = 0.065 (i.e. 5.6
larger). However, for a negative anomaly an=0.2 over a non-conducting body with
k= 1/50 the thickness mustbe A =1, if k= 1/10 the thickness A = 1.17. In the case
of non~conducting bedies the conductivity contrast £<1/10 affects the cuives only very
slightly. If the coefficient values are low, the effect can be neglected. On the contrary,
in the case of conducting bodies the thickness A of the sheet markedly decieases with
increasing conductivity contrast. For m = 1, i.e. for large-scale bodies, the detectability
curves reflect the reality quiie well. For smaller bodies, i.e. for m > 1 the curves offer
rather a qualitative judgement on the possibilities of detection. The different curve for
vertical magnetic dipoles on the one hand, and for horizontal magnetic dipoles on the
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30. Map of ng contours according to measurement in Rybarna, area A, Staré Mésto near Uherské
Hradi§ts.
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31. Map of pEM contours according to measurement in Rybérna, area B, Staré Mésto near Uherské Hradit&.
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32. Comparison of geophysical measurement in Rybérna, area A, Staré Mésto near Uherské Hradisté.1 —- DEMP
axes of non-conducting zones, 2 — DEMP azes of conducting zones, 3 — axes of positive A T anomalies, 4 -
axes of negative A T anomalies, 5 — extent of morphological elevation structures,

33. Map of pEM contours according o measurement in Pierov, Horni namésti ( Upper Square).
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other with small & (from 0 to approx. 0.5) reflect the different effects of near-surface
"layers on the secondary magnetic field in the receiver at respective configurations
(Fig. 2).
The sharp growth of curves for non-conducting bodies (m > 1) suggests a very poor
or zero detectability of small non-conducting bodies from certain limit depth.

Field measurements with induction conductometers

The prototype of a device for direct and contactless apparent conductivity measure-
menis (DIKO) has been developed in Geofyzika Brno. It is similar in principle to the
EM-31 from Geonics Ltd., Canada. The prototypes are used for geophysical measure-
ments in archacological prospection, e.g. at Predklateri, Staré Mésto, Uherské Hradists,
Bitov, Moravské Kninice, Milovice, Buchlov, Pierov-Zabich. Some results from reports
by HasSek et al. (1988,1989) are presented here.

At the locality Milovice (district Bieclav) experimenial geophysical measurements
(DEMP - induction conductometer, VLF, magnetometry) were aimed at mapping of
assumed erosion furrows and occurrences of Tertiary clastics in the Quaternary basement
which are related with an assumed Palaeolithic settlement. A detailed geologic survey
conducted along a profile running across interpreted occurrences of rocks exhibiting
increased resistivity revealed two erosion furrows and a layer of Tertiary clastics
(Fig. 25).

In the environs of the Slavkov u Brna castle conductivity measurements were carried
out over an area of 26x20 m in a grid of 3x1 m in search for the stone foundations of the
studied object. Results of measurements were processed into map of p5 isolines (Fig.
26) in which a number of local anomalies can be found. Increased resistivity zones (e.g.
A’) well correlate with magnetic data.

Resistivity profiling and conductivity measurements at Pfedklasteti near TiSnov were
conducted to verify the assumed site of a church in the area of the museum was
reconstructed. p5* isolines (Fig. 27) and the map of correlation coefficients (Fig. 28)
indicated foundations of a small oval stone object. Results of measurements on profiles
PF3 and PF4 (Fig. 29) show a good correlation between data obtained by both methods
(resistivity profiling configuration was A2 M1 N2 B).

Measurements at Staré Mésto u Uherského Hradisté (locality "Rybarna") were aimed
at defining the course of a fortification revealed by archaeological prospection. The
measurements were conducted over two areas — A (200x50 m) and B (80x80 m) in a grid
of 5x2 m. The results were processed into a map of p5" isolines (Figs. 30 and 31) and
into DEMP and magnetometry correlation diagrams (Fig. 32). Increased resistivity areas
revealed by conductivity measurements correspond with positive A T anomalies which
may indicate remnants of stone masonry and a bank.

Conductivity measurements on 15 profiles (30 m each) at Horni square in Pierov were
aimed at defining the course of a 10th century ditch revealed by archacologists in the
vicinity of profile 15, station 25 m. The map of p3” isolines (Fig. 33) and comparison
with archaeological findings showed that the fortification is indicated by increased
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apparent resistivities mainly in the northern part of the measured area, i.e. around
20-30 m. Decreased p5” values indicated a filled in fountain.

Conclusions

If the condition of small induction number (or a near field) is satisfied, there is almost
linear dependence of the secondary component of the magnetic field induced by eddy
curmrents on apparent conductivity of a conducting half-space. The measured component
of the secondary magnetic field in the receiver is shifted in phase by %2 in regard to the
primary magnetic field. Devices based on this principle (so called induction conduc-
tometers) enhance geoelectric investigations at small depths particularly in areas af-
fected by human activity. They are applied in electromagnetic profiling, partly also in
sounding to0 solve many practical tasks.

The present article concentrates on detection of horizontal conducting and non-con-
ducting sheets at depth, using vertical and horizontal magnetic dipoles. The relatively
easy handling of the task is due to the simple analytical representation of the relative
contributions of elementary horizontal layers to the total apparent conductivity. It is
conditioned by mutuai independence of eddy currents in individual horizontal layers of
the near field. The detectability curves were calculated using a one-dimensional model,
which is suitable for sufficiently large horizontal bodies (i.e. for />> ). To calculate the
detectability of smaller bodies whose dimensions are comparable or less than the
separation of dipoles, a multidimensional model is required. In the present article,
simplified assumptions were used for detectability estimation.

Positive anomalies induced by conducting bodies prevail (they are k-times lazger) over
negative anomalies induced by non-conducting bodies. The calculated detectability
curves show dependence on amplitude, and for conducting bodies on conductivity
contrast. In the case of non-conducting bodies the influence of contrast & < 1/10 on the
curves is very litile. For m = 1 when horizontal dimensions of the body many times
exceed the distance between dipoles, the detectability curves reflect reality quite well.
For small bodies (m > 1) the curves, with regard to simplifying starting arguments,
provide rather a qualitative idea about the detectability and testify to the very poorchance
of detecting smaller non-conducting bodies by means of this method.

Field measurements with the developed induction conductometer prototypes confirm
the positive features of the method when used at small depths. It is also obvious from
the presented examples of measurements by means of induction conductometers at
archaeological siies.

K tisku doporucil J.Chyba
Prielozila D. Malikovd
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Detekovatelnost horizontalnich deskovitych téles
pomoci elektromagnetickych konduktometri

(Resumé anglického textu)
Richard Zihora
PredloZeno 11. dubna 1990

Prispévek pojednava o elekiromagnetické metodé s malym indukénim &islem, kdy
hloubka vniku (skinu) znaéné pievySuje vzdalenost mezi vysilacim a pfijimacim
dip6lem. Tato metoda realizovani magnetickymi dipoly v blizke zon€ je vyuZivana pro
bezkontaktni uréovani odporovych vlasinosti hornin. Pfimé a bezkontakini méieni
zd4nlivé vodivosti je v tomto pfipadé podminéno monoténni, téméf linedrni zavislosti
sekundami slozky magnetického pole, vybuzené vifivymi proudy na zdanlivé vodivosti
vodivého poloprostoru. Vyhodnocovand slozka sekundarniho magnetického pole v misté
piijimaciho dipélu je navic fizové posunuta o = /2 oproti primamimu magnetickémn
poli. Aparatury, kieré vyuZivaji tento efekt ( tzv. indukéni kondukiometry ) znalné
zefektiviiuji geoelekiricky prizkum malych hioubek zejména v oblastech s intenzivni
lidskou Zinmosti. VyuZivaji se pfi elektromagnetickém profilovani a Castetn€ i son-
dovani, které pro mnoho praktickych uloh je dostaCujici.Jsou to napi. piistroje EM-31,
EM-38,EM-34, vyrabéné kanadskou firmou Geonics, Ltd. a DIKO a.s. Geofyzika Brmo,
jejich# provedeni z4visi zejména na poZadovaném hloubkovém dosahu.

Hilavni pozornost &lanku je vénovana hloubkové detekovatelnosti horizontdlng
ulozenych vodivych a nevodivych deskovitych nehomogenit pii vertikalnim a horizon-
t4lnim uspofadani magnetickych dip6ld. Hloubkovou detekovatelnost definujeme zavis-
losti normované mocnosti A deskovité nehomogenity na normované hloubce & jejiho
uloZeni pro vytvoieni vodivostni anomdlie fixované velikosti ay (an ) pii daném kon-
trastu vodivosti k, tj. zavislosti A=f{H) pro parametry av (an ), k.

Pomé&rné snadné ¥eSeni této Glohy vyplyva z jednoduchého analytického vyjadieni
relativnich nezivislych ptispévkil elementarnich horizontilnich vistev k celkovému
sekunddrnimu magnetickému poli & celkové méfené zdanlivé mérné vodivosti. Tyto
piispévky jsou charakierizovany funkcemi Fy(t} ¢i Fr(T) nebo Ry(%) a Ru(7) pro
vertikélni a horizontalni uspofadani magnetickych dip6ld, kieré jsou znizornény na obr.
2 a 3. Jednoduché vyjadfeni t&chto funkei (viz rovnice 5,9, 10 a 11) vyplyva ze vzajemné
nezavislosti vifivych proudi v jednotlivych horizontalnich vistvach blizké zony.

Pro stanoveni k¥ivek deickovatelnosti je vyuZit jednorozmé€rny modelkiery je
opravnény pouze pro dostateéné rozlehlé nehomogenity v horizontalni roving, 1j. pro
1 >>r (viz obr. 4). Uloha detekovatelnosti mensich nehomogenit, jejichz rozméry jsou
priblizné stejné jako rozestup mezi dipbly nebo mensi, je podsiatné sloZit€jsi, nebot’
vyzaduje tedeni vicerozm&rnych modelii. Pro pfiblizné hodnoceni detekovatelnosti
mensich horizontilnich deskovitych nehomogenit byly zavedeny znaln€ zjednoduSujici
piedpokiady.

Kiivky detekovatelnosti byly vycisleny pro vodivé a nevodivé nehomogenity a obé
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uspoiadani dipolft pro znaénd rozmezi amplitud anomalii, vodivostnich kontrastit a
koeficienti m. Nékteré z téchto kiivek jsou vyneseny na obr. 6-24. Koeficient m
charakierizuje horizontalni rozlehlost nehomogenity, ktera je uvaZovana rotaéné symet-
ricka, pro ! >> r je m = 1. VEt§i hodnoty m odpovidaji mensim nehomogenitam, jejichz
horizontdlni rozmér je porovnatelny s rozestupem mezi civkami nebo mensi.

Popisovana elektromagnetickd metoda pro piimé a bezkontakini méfeni zdanlivé
vodivosti detekuje podle o&ekavani daleko vyrazngji vodi¢e nez nevodife, jak dokumen-
tuji véechny kiivky. Kladné anomalie vytvoiené vodivymi nehomogenitami pievySuji
k-krat amplitudy zapornych anomalii nevodivych nehomogenit pii jejich stejné
geometrii 1 hloubce uloZeni. Vechny kiivky vykazuji ofekdvanou pomérné znaénou
zivislost na amplitndé anomalie a koeficientu m (jak je patrno zobr. 12 a2 13) auvodivych
nehomogenit na poméru vodivosti k. U nevodivych homogenit pii £ < 1/10 pom&rné
milo ovliviinje pritbéh viech kiivek, pfi & << 1/10 je jeho vliv prakticky zanedbatelny.

Pro m = 1, j. pro znaéné rozlehlé nehomogenity, odpovidaji kfivky detekovatelnosti
veelku dobie skuteénym poméram. Pro mensi nehomogenity pii m>1 poskytuji piisluSné
kfivky s ohledem na zna&né zjednodusené vychozi pfedpoklady pouze orientalni Gdaje.

V zavéru pfispévku jsou uvedeny vysledky méieni s popsanou elektromagnetickou
metodou pii archeologickém prizkumu lokality Milovice, okr.Bieclav, zamku Slavkova
u Brna, v Predklasteti u Tisnova, ve Starém Mésté a v Perové. Visledky téchto méfeni
potvrdily efektivnost a vyhodnost této elekiromagnetické metody pfi priizkumu malych
hloubek.

Vysvétlivky k obrazkom

—

. Vertikalni magnetické dipoly nad vrstevnatym poloprostorem.

2. Zavislost relativaiho prisp&vku (odezvy) k sekundérnimu magnetickému poli jednotkové vistvy na normo-
vané hloubce jejiho vloZeni pro vertikalni F() a horizontilni Fu(t) magnetické dipoly.

3. Relativni prisp&vek k sekunddrnimu magnetickému poli celého prostfedi nalézajiciko se pod normovanou
hloubkovou trovni t; pro vertikdini Ry (T ;) a horizontalni Rg(1; magnetické dip6ly.

4. Model pro stanoveni podminek detekovatelnosti horizontdlng uloZené deskové nehomogenity.

5. Model nahrazujici nekoneny vodivy poloprostor pod méFicim dipblovym systémem.

6. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho ulozeni pro
anomélii a = 0,1, m =1 a poméry vodivosti ¥ =2, 4, 6, 8, 10, 25, 50, 100. Vertikilni magnetické dip6ly.

7. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hioubce jejiho ulozeni pro
anomélii a =0,2, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50, 100. Vertikalni magnetické dip6ly.

8. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro
anomalii a =0,4, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50, 100. Vertikaini magnetické dipaly.

9. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro
anomalii @ =0,8, m =1 a poméry vodivosti X =2, 4, 6, 8, 10, 25, 50, 100. Vertikdini magnetické dipély.

10. Zavislost normované mocnosti vodivé deskové nehomogenity ne normované hloubce jejiho uloZeni pro
anomalii a =0,2, m =4 a pomery vodivosti k =6, 8, 10, 25, 50, 100, 1000. Vertikaini magnetické dipoly.
11. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro

anomalii @ =0,4, m =4 a pomeéry vodivosti k =10, 25, 50, 100, 1000. Vertikdlni magnetické dipoly.

12. Zavislost normované mocnosti vodivé deskové nehomogenity na aormované hloubce jejiho uloZeni pro
pomér vodivosti k =10, m =1 a anomaélie a =0,05, 0,1, 0,2, 0,4, 0,6, 0,8, 1. Vertikdlni magnetické dipoly.
13. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejiho uloZeni pro

anomailii @ =0,1, pomer vodivosti k =10 am =1, 2, 3, 4, 5, 6, 7, 8. Vertikalni magnetické dipoly.
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14. Zavislost normované mocnosti vodivé deskové nehomogenity na normované hloubce jejitio ulozeni pro
anomalii @ =0,2, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50. Horizontiln{ magretické dipsly.

15. Zavislost normované mocnosti vedivé deskové nehomogenity na normované hloubce jejiho uloZeni pro
anomalii @ =0,6, m =1 a poméry vodivosti k =2, 4, 6, 8, 10, 25, 50. Horizontiln{ magnetické dipély.

16. Z4vislost normované mocnosti vedivé deskové nehomogenity na normované hloubce jejiho utoZeni pro
anomélii 2 =0,2, m =2 a poméry vodivosti k =4, 6, 8, 10, 25, 50, 100, 1000. Horizont4lni magnetické dipoly.

17. Zavislost normované mocnosti vodivé deskové nehomogenity na normevané hloubce jejiho uloZeni pro
anomalii @ =0,2, m =5 a poméry vodivosti ¥ =10, 25, 50, 100, 1000. Horizontélni magnetické dipbly.

18. Zavislost normované mecnosti nevodivé deskové nehomogenity na normovane hloubce jejiho ulozZeni pro
anomalii @ =0,05, m =1 a poméry vodivosti k =1/2, 1/4, 1/6, 1/10, 1/50, 10°S. Vertikalni magnetické dipoly.

19. Zavislost normované mocnosti nevodivé deskové nehomogenity na normované hloubcee jejiho uloZeni pro
anomalii a =0,1, m =1 a pom&ry vodivosti ¥ =1/2, 1/4, 1/6, 1/16, 1/50, 108, Vertikalni magnetické dipély.

20. Z4vislost normované mecnosti nevodivé deskové nehomogenity na nonnovane hioubee jejiho uloZeni pro
anomalii @ =0,2, m =1 a poméry vedivosti k =1/2, 1/4, 1/6, 1/10, 1/50, 105, Vertikalni magnetické dipoly.

21. Zavislost normované mocnosti nevodivé deskové nehomogenity na normované hioubcee jejiho uloZeni pro
anomalii a =0,1, m =2 a pomé&ry vodivesii k =1/2, 1/4, 1/6, 1/10, 1/50, 10°S. Vertikalni magnetické dipoly.

292, Z4vislost normované mocaosti nevodivé deskové nehomogenity na normovane hloubcee jejiho uloZeni pro
anomalii a=0,1, m= 1 2 pomeéry vodivosti k=1/2, 1/4, 1/6,1/10, 1/50, 10°%. Horizontélni magnetické dip6ly.

23. Zavislost normované mocnosti nevodivé deskové nehomogenity na normovane hloubce jejiho uloZeni pro
anomalii @ =0,2, m =1 a poméry vedivosti k=1/2, 1/4, 1/6, 1/10, 1/50, 10, Horizontalni magnetické dipély.

24. 7Z4vislost normované mocnosti nevodivé deskové nehomogenity na nonnovane hloubce jejiho uloZeni pro
anomalii 2 =0,1, m =2 a poméry vodivestik =1/2, 1/4, 1/6, 1/10, 1/50, 10°®. Horizontlni magnetické dipoly.

25. Rozlozeni odport v Milovicich, okr.Bieclav.
a) mapa odporovich profilll, b) podpovichovy geologicky Fez; 1 - terciérni jil, 2 — terciémi Sterk,

- terciémni klastlka., 4 — splachové sedimenty, 5 — erozni r¥ha, 6 - navazka, 7 — sprad.
26. Mapa izolinii pz podle méFeni s indukénim kondukiometrem DIKO ve Slavkovs u Braa.

27. Mapa izolinii pz 2 m3¥eni v Piedklasteti u Tisnova,okr. Brno - venkov.

28. Mapa koeficienth vzajemné korelace z méfeni v Predklasteti u TiSnova,okr. Brno-venkov.

29. Porovnani proﬂlovych kiivek pzor) 2 p‘EM z méfeni v Predklasteti u TiSnova,oks. Bmo-venkov.

30. Mapa izolinii pz z méfeni v Rybams, plocha A, Staré Mé&sto u Uherského Hradidté.

31. Mapa izolinii p5" 2 m&Feni v Rybamé, plocha B, Staré Mésto u Uherského Hradists,

32. Korelagni schéma z m&feni v Rybarns, plocha A, Staré Mésto u Uherského Hradisté.
1 — osy nevodivich pisem 2 metody DEMP, 2 — osy vodivych pasem z metody DEMP, 3 — osy pozitivaich
anoméalii AT, 4 — osy negativnich anomalii AT, 5 — rozsah morfologickych elevagnich struktur.

33. Mapa izolinii pz z mé&feni v Pierovd na Hornim namssti.
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