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Abstract

We discuss some theoretical aspects of the two-level magnetovariational method for the determination of the
underground electrical structure. The properties of two new apparent resistivity functions, respectively depend-
ing on gain and phase of the transfer function of the horizontal magnetic field variations between the Earth’s
surface and a given depth, are examined for two-layer Earth models. The effects of a finite wavelength of the
source field are also investigated. It is shown that the measurement of the attenuation of the magnetic vertical
component generated by an inhomogeneous source field can provide further information on the vertical distri-
bution of the Earth’s conductivity. In particular, it is shown that the measurement of the transfer function of
both vertical and horizontal components between two levels can be used to estimate the average conductivity
of the interlying medium.

Key words  electromagnetic sounding — two-level ing the attenuation of the sea floor horizontal
magnetovariational method — source field effects magnetic field with respect to the surface.

Two-level magnetovariational measurements

have been also conducted by using deep mines

1. Introduction (Hardam, 1974; Babour and Mosnier, 1980;

Meyer, 1986; review by Schmucker, unpub-

As originally suggested by Berdichevskii lished report, 1985). In these experiments the

and Vanyan (1969), measurement of magnetic vertical separation between surface and under-
field variations at two distinct depths may be ground site ranged between 600 m and 1000 m,
an alternative to the standard magnetotelluric and the magnetic field variations were ana-
method (Kaufman and Keller, 1981) for inves- lyzed in the frequency range of micropulsa-
tigating the electrical structure of the Earth. tions. In particular, as extensively discussed by
For instance, this technique has been adopted Schmucker (1985), the skin effect observed in
for studying the conductivity distribution be- the Meyer experiment (coupled with simulta-
neath oceans (Poehls and von Herzen, 1976; neous measurements of the surface electric
Law and Greenhouse, 1981; Edwards er al., field) gave important information on the elec-
1988): in practice, given the conductivity of trical structure of the recording area. Borehole
sea water, in these experiments the electric magnetic measurements conducted up to

field in the ocean layer is estimated by measur- depths of 3000 m (Spitzer, 1993) have also
shown that impedances derived from the ob-

served skin effect are much less distorted by

Maili ddress: Dr. Massimo Vellante. Dioarti shallow conductivity inhomogeneities than
mentoald;n!liisicz:a, rﬁniversi.té dell’/f(lluila, Via \,/etoig 10, standard magnetotelluric 1mp edances.. . .
67010 Coppito, L’Aquila, Italy; e-mail: vellante@aquila. In a recent paper, Patella and Siniscalchi
infn.it (1994) discussed from a theoretical point of
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view (see also Jones, 1983a) the practical
possibilities of this technique, investigating, in
the framework of the standard magnetotelluric
theory and for a horizontally layered Earth, the
properties of an apparent resistivity function as
determined from two-level measurements of
the horizontal magnetic field variations.

In this paper, two additional apparent resis-
tivity functions are introduced which may pro-
vide useful information for the interpretation of
experimental results.

In addition, the possibility of measuring the
attenuation of the magnetic vertical component
of an horizontally varying source field is also
taken into account, and it is shown that such a
measurement can provide further indications of
the underlying conductivity distribution, as
well as a way for estimating the average con-
ductivity of the layer between the two levels.

2. Apparent resistivity

Experimental results from magnetotelluric
sounding methods are often expressed in terms
of the frequency-dependent apparent resistivity
defined by (Cagniard, 1953):

P (@) =1 &y (@) P/ 1, 0 (2.1)

where p, is the magnetic permeability of free
space and (@) = E,(w)/H,(w) is the wave
impedance expressed by the ratio between the
complex amplitudes of the electric field E, and
the magnetic field intensity H, measured at the
Earth’s surface along two perpendicular hori-
zontal directions x, y. More generally, (@) is
the element of a tensor relating the horizontal
components of the electric and magnetic wave
field. For a plane electromagnetic wave diffus-
ing vertically into a uniform half-space, the ap-
parent resistivity is frequency independent and
coincident with the actual resistivity of the
medium. In the real situation, a model of the
underground resistivity distribution, which de-
pends on a certain number of free parameters
(such as thickness and resistivity of different
underground layers in 1D models), is proposed
by determining the free parameters which pro-

vide the best agreement between theoretical
and experimental behaviors.

An analogous apparent resistivity function,
which is appropriate for the two-level magne-
tovariational method, was defined by Patella
and Siniscalchi (1994) in terms of the ratio be-
tween the magnetic field components along a
given horizontal direction (x) measured at two
different depths (z;, z, =7, +d):

PV (@) =ju, wd* In? [H(z, @)/ H,(z;, ®)]
2.2)

where j is the imaginary unit. This function
also provides the actual resistivity in case of a
uniform medium, while for more general resis-
tivity distributions it exhibits a frequency be-
havior different from P} (w).

The experimental evaluation of eq. (2.2) re-
quires the estimation of both gain G.(w) and
phase ¢.(w) of the transfer function A,(w) =
= H,(z,, W)/H,.(z;, ®). We find it then useful to
rewrite eq. (2.2) in a form showing the explicit
dependence on these parameters. As a mat-
ter of fact, putting [H,(z,, ®)/H,(z;, ®)] =
= G, () &% and omitting the dependance on
frequency, we obtain

p, wd?

In® G, + ¢?

lpa 1= (23)

In? G, — ¢}
Arg (plt:/lV) = tan_l (W . (24)

The two quantities ¢, and In G, which ap-
pear in egs. (2.3) and (2.4) are usually affected
by approximately equal statistical errors (Ben-
dat and Piersol, 1971). However, they may be
affected by different bias errors: for instance,
G, may be biased downward by the presence
of noise in the input measurements while @,
may be biased by time syncronization error
(Ar) between sites (A@, = wAf). We find it then
useful to introduce two additional definitions
of apparent resistivity p¢ and p¢, respectively
depending on the gain and phase of the transfer

1446



Some theoretical aspects of the two-level magnetovariational method

Case 1 Case 2
pP1 =50 (m ; p, = 10 Om p1 =50 (m ; p, = 250 Qm
o o)
= @ g M o
[ — < S s
(CRN SN 4 M [ e 4
\\ o \\ o
8 |- \ — —40 8 - ~ — -40
\ N
- \ — — \\ ~
6 \ — -80° 6 |- N, — -80°
\ N
- \\ - — \\ 7
o (]
4 —  ————- Gy \ —-120 4 \ ——-120
- \ % -1 _ \ 4 n
N o AR o
2 4 —(-160 2 \ 1 —-160
- AN L AN
N AN
0 — "-:——-200o 0 — :,F..-zog“

S Ohm m

1

[ 111 II

10

Frequency (Hz) Frequency (Hz)

Fig. 1. Top panels: frequency behaviour of gain and phase (with respect to the surface) of the underground
horizontal magnetic field for two different two-layer Earth models; a thickness of 3000 m for the first layer
and a depth of 1500 m for the underground level have been assumed in both cases. Bottom panels: the corre-
sponding behaviour of the magnetovariational apparent resistivity functions; the behaviour of the magnetotel-
luric apparent resistivity function is also shown.

1447




Massimo Vellante

function A,, namely

6 M0d?

G- o7 25

p 21n% G, ()
wd?

g L2020 : (2.6)
2¢;

which derive straightforwardly from the uni-
form half-space case where ¢, = In G, at all
frequencies. From previous definitions it fol-
lows that

1108 | = (1/p8 + 1/p¢)12 2.7

i.e., the absolute value of the apparent conduc-
tivity defined by Patella and Siniscalchi (1994)
is the average of the two apparent conductivi-
ties given by egs. (2.5) and (2.6).

In order to illustrate the frequency be-
haviour of the different apparent resistivity
functions, we consider in fig. 1 two differ-
ent two-layer Earth models: p; =50 Q- m,
hy=3000 m, p,=10 Q-m, hy,=c (case 1),
and an opposite situation in case 2 (second
layer less conductive than the first layer: p, =
=250 Q-m, all other parameters being the
same). The levels of the two measuring points
have been assumed to be at the Earth’s surface
(z; =0) and at a depth z, = d = 1500 m. On the
top panels we show the frequency behaviour of
both gain and phase of the transfer function A,
and on the bottom panels we show pMT, | pMV |,
P, pf. As expected, all apparent resistivity
functions provide the resistivity of the surface
layer at high frequencies. At low frequencies,
while the magnetotelluric function tends
asymptotically to the resistivity of the second
layer, the magnetovariational functions tend to
a value which can be shown to be equal to
p}/p, (this asymptotic behaviour for p}V was
derived analytically by Patella and Siniscalchi,
1994). It is worth noting that in the low fre-
quency range (< 0.1 Hz) p? varies faster than
pY; in magnetovariational experiments con-
ducted at depths of few kilometers in the mi-
cropulsation band, like those reported by
Meyer (1986) and Spitzer (1993), p? would be
then a more sensitive indicator (with respect to

p%) of the underlying conductivity structure. In
this same frequency range, the two opposite
cases can be also distinguished by comparing
p% and p? (p¢ is greater or less then p¢ depend-
ing whether the more conductive layer is the
second or the first, respectively).

3. Effects of a finite wavelength
of the source field

In the previous section we adopted the basic
assumption in magnetotelluric theory (Cagniard,
1953) of a horizontally uniform source field.
Wait (1954) and Price (1962) showed that the
source field structure should be taken into ac-
count in the magnetotelluric method when the
horizontal scale length of the variations -be-
comes comparable to the skin depth of the sig-
nal in the Earth. It can be then important to in-
vestigate such effects also in the framework of
the two-level magnetovariational method. For
instance, since an arbitrary source also gener-
ates a vertical component of the magnetic field,
it can be useful to study also the depth depen-
dence of this component which, except for the
uniform half-space case, is generally different
from that of the horizontal component.

This can be done by adopting the approach
of Price (1962) who showed that, inside a hori-
zontally stratified Earth, the electric and mag-
netic fields resulting from an inducing source
of arbitrary distribution can be built up from
elementary solutions of form

oP oP ;
E={0—, -0—, 0}e’* 3.1
(Q PR Q . )e @3.1)

gt (anP do op

=——[—==—, —= =, v’QP|e*. (32
Uow\ dz ox dz dy Q)e @2

In these expressions Q is a function only of the
depth z and within each layer (n) satisfies the
Helmbholtz equation:

e

= =ko (3.3)

where k2 = V2+j 11, 0,, 0, is the conductivity
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Fig. 2a. Gain and phase behaviour of the magnetic field components inside the first layer for two different
two-layer Earth models; the ratio h,/8; between the thickness and the skin depth of the first layer, and the
product vd; between the horizontal wave number and the skin depth of the first layer have been both set equal
to 0.2.
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Fig. 2b. The same as fig. 2a but for k;/5, = 0.6.
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of the n™ layer, and v is a constant. The recip-
rocal of v is a measure of the horizontal scale
length of the inducing field as shown by the
equation governing the behaviour of the func-
tion P(x, y)

2 2

a—P+a—P+v2P=0. (3.4)
x> 9y?
By requiring the field components to be con-
tinuous across each layer interface and to tend
to zero as z —> oo, it is possible to obtain the
depth dependence for any particular v value.
The solutions for the horizontal components
have the same form as those obtained in the
standard magnetotelluric theory where the
wave number k, = (ju,®c,)"* is replaced by
the quantity (v?+ju, ®o,)"*. For instance, for
a two-layer model we easily obtain within the
first layer (0 < z < hy)

H, (2) B H() e™(1- y6—2k,(/11—z))

H©0)  H,0) 1—yen 3.5)
H(z) e"(1+ye?9) g
H,(0) ~ 1+ ye2hh (3.6)

where y=(1 -k, /k))/ (1 +k, / k).

Price (1967) discussed only the particular
case of a two-layer medium consisting of an
ocean and a much less conductive substra-
tum and showed that the vertical component
throughout the first layer experiences a smaller
attenuation than the horizontal component.

In order to provide useful indications for
two-level magnetovariational measurements,
we consider a two-layer model under more
general conditions. Figures 2a-c show some
examples of the behaviour (amplitude and
phase) of both the horizontal and the vertical
component inside the first layer. The different
figures refer to different values of the ratio
between the thickness %, and the skin depth
8, = (2/u, w6,)"* of the first layer. In each ex-
ample we assume a moderate horizontal varia-
tion of the field (v, = 0.2) and we consider,

as in the previous section, two opposite distri-
butions of the underground electrical resistiv-
ity: 1 =p,/p; =0.2 and n = 5. Note that in all
examples there is an exchange of the depth
profile between the two components when
moving from the case 1=0.2 to the case
n=>5. This feature follows immediately from
egs. (3.5) and (3.6), as the y parameter satisfies
the property: y(1/n) = — y(n) when vd; < 1.
In particular, the first example (fig. 2a) shows
that larger attenuations and phase delays are
experienced by the horizontal or the vertical
component depending on whether the more
conductive layer is the first or the second, re-
spectively. In the intermediate case (fig. 2b)
these features still hold inside the whole first
layer for the gain, but only beyond ~ 0.6 &, for
the phase. In the last case (fig. 2c) the gain
curves begin to diverge at z/h; = 0.4 and, in
contrast to the first case, the component with
the larger phase delay is H, when 1 =0.2 and
H, when 1 =35.

These features are better illustrated in fig. 3
where phase and gain values of the two com-
ponents are compared as a function of h/9,
and z/h;. As can be seen, four regions with dif-
ferent characteristics can be identified. It must
be pointed out, however, that in the top region
of both panels the differences between vertical
and horizontal components are very small (as
in the range 0 < z/h; < 0.4 in fig. 2¢). In this re-
gion, indeed, the conditions of a depth level far
from the layer interface and h,/8, > 1, make
the signal attenuation similar to that of a uni-
form half-space.

The results of fig. 3 refer to two particular
resistivity distributions and a particular v,
value. More general results are shown in fig. 4
where different p,/p, values (curve labels) and
two different v8; values are considered. As in
fig. 3, the solid and dashed curves represent
contour lines where G, =G, and @, = ¢,, re-
spectively. It can be noted that the ¢, = ¢, con-
tour lines are much more dependent on the re-
sistivity structure of the medium.

Let us now examine the effects of a finite
source wavelength on the apparent resistivities
defined by egs. (2.1), (2.3), (2.5) and (2.6). Us-
ing the elementary solutions of Price (egs. (3.1),
(3.2) and (3.3)), we easily obtain in the case of
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Fig. 3. Gain and phase comparison between H, and H, within th

e top layer of a two-layer medium with

P2/py = 0.2 (left) and p,/p; = 5 (right). v&, = 0.2 in both cases.

a medium of uniform resistivity p

of=p { [1 + % (v5)4] 4 % (v5)2}_1 3.7)
_ l 4 1/2_1 5 -1

;"_p{[l + ) (vo) ] 3 (Vo) } (3.8)

|PM = pT = p [1 1 <v5>4]‘“2. (3.9)

It follows that pS, |pMV|, pMT all provide
downward biased estimates of the medium re-
sistivity p, while p? provides an upward biased
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estimate. For small values of the parameter v&
we obtain at a first order of approximation

G

00 = p[l —%(va)z] (3.10)
a“’zp[l+%(v6)2] G.11)
| | = pT = [1 —%(vé)“]. (3.12)

These expressions show that small departures
from the plane wave approximation affect o

(0] MV MT :
and p7 much more than |p)" | and p)T. 1t is
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Fig. 4. Contour lines where G, = G, (solid lines) and ¢, = ¢, (dashed lines) within the top layer of different

two-layer models. Curve labels indicate the ratio p,/p;.

however interesting to note that from eqs. (3.7)
and (3.8), it follows

pa= (P P =p (3.13)
i.e., we obtain a new function p, which pro-
vides the real resistivity of a uniform medium
regardless of the v value.

For more general resistivity distributions in
the medium, source field effects may be very
different. As an example, we show in fig. 5 the
behaviour of all apparent resistivities as a func-
tion of h,/9, for two different two-layer models
(p2/pr = 0.2, and p,/p; = 5). We also set
v8, = 0.5 and computed p¢, p?, | pMY | and p;;
by assuming the first measuring point at the
Earth’s surface and the second one at the cen-

ter of the top layer (d/h; = 0.5). All apparent
resistivity functions have been scaled by the
value corresponding to the plane wave approx-
imation (v =0). As it can be seen, the effects
of a finite v value are generally much greater
on p¢ and pf. When p,/p; = 0.2, p¢ and
p? (as for the uniform half-space case) are
respectively smaller and greater than the val-
ues corresponding to v=0. In the other case
(p,/py = 5), for small h,;/d, values, the biases of
pS and p? become opposite. Note that there are
even particular conditions (in this example:
hy /8, = 1 for p?, and h,/8, = 0.5 for p) when
the finite v value has no effect on the apparent
resistivity value. Significant effects can now be
seen also on pj,, which generally has a bias of
the same order of those of | P} | and P}

1454



Some theoretical aspects of the two-level magnetovariational method

; Vo, = 0.5
pz/p1 = 5
{III{ ! T lllllll I T ]
141> ]
RN p ]
C N ]
C NEA ]
12— N -
i « N
i . ) i
C N ]
1l A —— —]
— AN '.,-" -
B @ ;,-"'\\ — =]
8 [ ,Oa ..... /,_,/' |
C lil! | | II!\II[ l 1 I—
05 1 2 5 1 2 5
TTTT T T TTTT T T
L1 [ I | |

1.05

d/h, = 05
pz/p1 = 0.2
L TT T T TTTT T ]
N
s YE A E
N - -
< ) 7
~ C ]
A r ]
= 9 -
Q C , -
C G 4 1
SE~o P, .’ 3
L ~ < P
Cooial T‘I_I’IIHII | Ij
05 1 2 5 1 2 5
104 W! ‘ | T T | TTTT | T T ]
c MV ]
1.02 [~ o | Y RN -
—~ C ]
2 1 ]
s =
N e8P, .
Y C - ]
N [ -
< 96 =
94 " =
Covadd | |1,| Ll [ 17
05 1 2 5 1 2 5
hy/ 8,
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models.

4. Estimation of the resistivity of the inter-

lying medium

It will be shown now that the general solu-

tion of the magnetic
ered half space (eq.

field inside a plane lay-
(3.2)) also provides the

possibility to estimate the resistivity of a given

layer when two-level
surements are made

magnetovariational mea-
inside the same layer.

According to egs. (3.2) and (3.3) each compon-
ent a=x, y, z of any particular mode of the

magnetic field has

a z-dependence within

each layer (characterized by a conductivity o)
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apparent resistivities in case of two-layer

such as

Hy(2) = age + b, e “.1)
where k = (V?+ju, w o).

Let us consider, within the same layer, two
measuring points of coordinates (x,, ¥, Z,) and
(Xos Yo» 2o+ d), respectively. We can express
each component of the magnetic field at
2=2z,+d in terms of a Taylor series as fol-
lows

Hoerd)= Y LHME,)  (42)

m=0
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where H{™ denotes the derivative of order m of
H,, with respect to z. Taking advantage of the
following property

k" HY for even m
HY = 4.3)
k"~ HY for odd m

we easily obtain

k[Hy(zo+d) — Hy(z,) cosh (kd)] =
4.4)
=HY (z,) sinh (kd).

We also get from egs. (3.2) and (3.3)
HV (z,)H" (z,) = K°H, (z,) H (z,).  (4.5)

Taking o = x and z in eq. (4.4), and using
eq. (4.5) we get after a few simple steps

H.(z,)H,(z,) + H(z,+d)H (z,+d)
H,(z,)H,(z,+d) + H,(z,) H,(z,+ d)
(4.6)

cosh (kd) =

which relates the parameter £ to the magnetic
field values at two positions within the same
layer. In terms of the conductivity we get after
inverting eq. (4.6)

_ In? [w + (W? — D?] - v24?

4.7
Jju,0d?
where
AA+1 H (z,+d)
COA+AT YT H(z)
(4.8)
_ HZ (Zo + d)
© o H(z,)
We can now define from eq. (4.7)
2 2_ 1y
5o n° [w+ (w )] 4.9)

Ju,0d?

which can be computed from two-level mea-

surements and is related to the actual conduc-
tivity o by the following expression

~ V2
O'=O'(1—j )
u,wo

This expression shows that when the horizontal
scale length 1/v is large in comparison to the
skin depth (2/u, @ 6)"* in the layer, & approxi-
mates the real conductivity whatever the con-
ductivity of the other layers is. It is also worth
noting that for any single wave mode the real
part of & coincides with 0, no matter how large
v is. Strictly speaking, this is no longer true
when real source fields with a continuous spec-
trum of elementary wave modes are consid-
ered. We can expect however that, when the
main contribution to the source field comes
from wave modes whose wavelength is signifi-
cantly larger than the skin depth (as for most
natural sources) Re (o) still provides a good es-
timate of 0. A numerical example is given in
the next section.

(4.10)

5. A numerical example

In order to test the theoretical results of the
previous section in a realistic case, we consider
a source field produced by a horizontal current
sheet located at a height 2 = 120 km above the
Earth’s surface (i.e., at the height of the iono-
spheric E-layer); the surface current is assumed
to flow along the y direction and to depend on
the x-coordinate and time as follows:

K, (x, ) =Ky (1—jxle)" e, z=-h (5.1)

where K, is the current per unit length. The
corresponding magnetic potential Q can be
written in the form

Q =jg(K0/2)ejwtj vlevEhaD iva gy,
0

z>—h. (5.2)

On the Earth’s surface (z = 0) the primary field

1456



Some theoretical aspects of the two-level magnetovariational method

associated with this source is
H,(x, 1) = (eKo/2) (e + h—jx)" &/, 7= 0 (5.3)

H (x, ) = jH,(x, 1), z=0. (5.4)

The expression (5.3) corresponds to the
meridional profile of the geomagnetic pulsa-
tion field (N-S component) as predicted from
the Field Line Resonance (FLR) theory (South-
wood, 1974). This spatial structure has been
confirmed by numerous observations at merid-
ional arrays on the ground (Menk ef al., 1994).
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According to eq. (5.3) the amplitude has a
maximum at x = 0, i.e., at the meridional coor-
dinate of the foot of the magnetic field line
whose resonant frequency matches the source
frequency @. The quantity €+ A represents the
width of the resonance region on the ground
and, for the present purpose, it can be simply
considered a measure of the scale of variation
of the source field. Assuming € = 80 km we
get €+ h =200 km, in agreement with typically
observed resonance widths (Menk et al., 1994).
We also assume for this numerical example
a period wave T = 27/w = 20 s which cor-
responds to the typical resonant period obser-
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Fig. 6a-d. Numerical results of a model consisting of a time varying inhomogeneous current sheet above a
4-layer geoelectric structure: underground vertical profile of the amplitude (a) and phase (b) of the magnetic field;
| H,/H, | ratio (c); real part of & (dots) and average conductivity (continuous curve) are shown in panel (d).
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ved at geomagnetic latitudes of ~45° (Menk
et al., 1994).

The expression (5.2) of the magnetic poten-
tial of the inducing field allows the formalism
described in section 3 to be used to obtain the
field inside a horizontally stratified Earth by
integrating the elementary solutions in the v
domain (Price, 1967). As a matter of fact, for
the present spatial field structure, it was suffi-
cient to integrate in the interval 0-1/20 km™.
The computation was made for the following
4-layer model: p; =200 Q-m; h = 1 km;
hs;=1km; p, = 100 Q - m; h, = o. The vertical
profiles at x = 0 of both H, and H, are shown
in figs. 6a,b up to a depth of 5 km. Figure 6¢
shows the behaviour of the ratio |H,/H, |. Be-
cause of the large horizontal scale length with
respect to the skin depth ((e+ h)/d = 10), the
vertical component turns out to be rather small:
|H,/H,| = 0.07. The vertical profiles of H, and
H, were finally used to compute o (eq. (4.9)).
The first measuring site was assumed to be at
the Earth’s surface (zy = 0) and the second site
at a depth d varying between 0.1 km and 5 km.
In fig. 6d the dots correspond to the real part of
o and the continuous curve represents the
quantity (1/d) JS o0(z)dz, i.e., the average con-
ductivity between the surface and the depth d.
We can see that, as expected from the theoreti-
cal results of the previous section, when the
two measuring points are within the same layer
(d < 1 km) Re(0) coincides with the layer con-
ductivity; besides, when the interlying medium
is not uniform (d > 1 km) Re(0) provides a
very good estimate of the average conductivity
(the largest discrepancy, =3%, occurs at the
interface between the second and third layer).

It must be remarked, however, that in the
case of too small depths, this agreement can be
purely theoretical because unavoidable noise
contributions in the measurements may prevent
the detection of small differences between sur-
face and underground signals; for instance the
maximum attenuation experienced by H, and
H, in the first layer of the present example (2%
and 4% respectively, fig. 6a) would be too
small for a confident estimate of the layer con-
ductivity. More significant attenuations would
be obtained in more conductive structures or at

higher frequencies, but this would also cause a
smaller vertical signal. It should also be
pointed out that, due to its relatively short
wavelength, the source field generated by the
FLR mechanism probably represents the best
case for the present method. Therefore, for a
practical use of this technique, a careful selec-
tion of events characterized by strong FLR ef-
fects is required.

6. Summary and discussion

In this paper we have discussed some theo-
retical aspects of the two-level magnetovaria-
tional method for the determination of the un-
derground electrical structure. In particular we
have introduced two useful apparent resistivity
functions p¢ and p?, respectively depending on
gain and phase of the transfer function of the
horizontal magnetic field between the Earth’s
surface and a given depth. A similar function
PMV. depending on both gain and phase, was
previously defined by Patella and Siniscalchi
(1994). All these functions contain essentially
the same information about the electrical prop-
erties of the medium, so in principle each of
them can be used for modelling the under-
ground electrical structure. However, in case
one of the two parameters (gain or phase) is
not well determined, the present double defini-
tion of apparent resistivity gives the opportu-
nity to use a function depending only on the
best determined parameter. On the other hand,
we also found that p} is usually much less af-
fected by a finite wavelength in the source
field.

We have also investigated, for a two-layer
Earth model, the behaviour of a vertical mag-
netic field generated by a source of finite
wavelength determining the conditions for
which this component inside the top layer is
more or less attenuated (or phase delayed) than
the horizontal component.

Lastly, we have suggested a method for de-
termining the conductivity of a uniform layer
from the measurements of the horizontal and
vertical magnetic field variations at two levels
inside the layer. We have also shown in a real-
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istic source field example that when the con-
ductivity varies within the two levels a very
good estimate of the depth-integrated conduc-
tivity of the interlying medium can be ob-
tained. The possibility to obtain an estimate of
the conductance of the «roof rock» in mines
was already proposed by Schmucker (unpub-
lished report, 1985) who considered, however,
measurements of the surface electric field in-
stead of two-level measurements of the vertical
magnetic field.

The measurement of the attenuation of the
vertical component is not a simple task be-
cause, for typical conditions, this component is
quite small and the effect of the source field
can be masked by anomalous fields produced
by lateral variations of the Earth’s conductivity
(Gough and Ingham, 1983). There have been,
however, several cases in the past where, as-
suming a negligible anomalous field, surface
measurements of this component were used
(together with measurements of the horizontal
gradients of the horizontal magnetic field) to
provide alternative estimates of the wave
impedance (Connerney and Kuckes, 1980;
Lilley ef al., 1981; Jones, 1983b). In case the
anomalous field cannot be neglected, its contri-
bution can still be reduced as proposed by
Cochrane and Hyndman (1970) and Lilley and
Sloane (1976).
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