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Summary

The article consists of three parts. The first one gives the average amplitudes of the
earth currents in mV/km for different periods calculated from the apparent resistivity
values of the magnetotelluric sounding curves measured in the Pannonian Basin at
middle latitude. After that, it characterizes the different types of earth current variations.

The second part is devoted to the electromagnetic (EM) induction technique with which
the distribution of the resistivity of rocks and minerals can be determined underground,
with different penetration depths depending on the period of the electromagnetic field
(magnetotellurics, geomagnetic deep sounding, and tellurics).

In the third part, there is a short summary on the resistivity of the rocks and minerals on
the surface, and their dependence on the temperature, pressure, water content, and
partial melting. A description of the main conductivity anomalies (CA) follows, with
their causes determined by EM induction techniques in Earth’s crust and the upper
mantle of a young orogen (Carpatho-Pannonian region) and of a very old cratogene
(Fennoscandian shield). This description gives a possibility for comparison of the
resistivity distribution in two extreme continental cases of Earth’s history, and limits the
resistivity in Earth’s interior in connection with its physical conditions, therefore
determining the earth current amplitudes of different penetration depths.

1. Introduction
The connection between the geomagnetic and geoelectric fields is described by the
Maxwell equations, which result in quite simple equations for a homogeneous half-

space and for a vertically incident plane electromagnetic wave. According to these
equations, the direction of the geoelectric field vector is perpendicular to the
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geomagnetic field vector. The ratio of the two fields is the impedance, which depends
on the period of the variation and on the conductivity of the underlying half-space. This
rather strong simplification gets less and less valid for variations with longer and longer
periods. The inhomogeneity of the underlying layers may distort both the amplitude
ratio and the direction of the electric field vector. The exploration of such
inhomogeneities is exactly the task of geoelectric exploration methods, and the
detection of the inhomogeneity is possible because of the deviation from the field in a
homogeneous half-space.

Thus in the following, the geoelectric field is described in outline for a geomagnetic
source field supposed to be a vertically incident plane wave and for a homogeneous
half-space under the station. Then, more sophisticated formulas for the geoelectric field
are summarized, and information concerning the distribution of the conductivity
depending on the tectonic setting of the area is given, taking as examples the Carpatho-
Pannonian orogen region and of the cratogene Baltic Shield.

2. The Electric Field as it Appears in Telluric and Magnetotelluric Studies

The electric field E corresponding to known geomagnetic variations H of period T is
connected to these variations by the following relation (see also Section 3, Eq. (4)):

E =7 (T).H,+Z,,(T). 1
E,=Z,(I).H, +Z,(T).H, M

where Z-s are components of the complex impedance tensor depending on the period of
the variation, 7. These equations are simplified in the case of a homogeneous half-space
to:

E.=ZH,
E,=ZH @
y — oy
The apparent resistivity, p, and the electric field vector E are:
h
2
p=0277% E= H.(ST’O) 3)

(The same formula applies if E is in the direction of an axis of the telluric absolute
ellipse and this direction is not distorted, that is, it remains perpendicular to H). Using
this formula, the electric field can be computed for an arbitrary distribution of the
resistivity for a given spectrum of the magnetic variations.

Figure 1 represents a magnetotelluric (MT) sounding curve above a homogenous half-

space of p=20 Q m, and three (omin) MT sounding curves from the Carpathian Basin:
that for the Nagycenk Observatory is about the average of the basin, and the two curves
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at the uppermost and lowermost resistivity levels are both at stations with sedimentary
cover.

Figure 2 shows the supposed spectrum of the magnetic variations at (geomagnetic)
latitudes around 45° to 50°, with an exponential connection between amplitude and
period. This approximation is a very crude one: the upper line indicates the maximum
amplitudes that can be expected in intervals without geomagnetic storms (the
geomagnetic field may be rather inhomogeneous in geomagnetic storms, therefore it is
not advisable to use such intervals in MT studies). Amplitudes well below the bottom
line may also be experienced in geomagnetically quiet times. Moreover, geomagnetic
amplitudes increase, at least in certain frequency ranges, toward higher latitudes.
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Figure 1. Some typical (pmin ) MT sounding curves from the Carpathian Basin
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Figure 2. Supposed “average” and “maximum” amplitudes in H
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Figure 3. “Average” H amplitudes and corresponding E amplitudes for the resistivities

plotted in Figure 1

Using the data of Figures 1 and 2, electric amplitudes can be computed for different
geological situations. Figure 3 is based on the ‘“average” spectrum from Figure 2:
different geomagnetic amplitudes—for example, those of the “maximum” curve in
Figure 2—can be logarithmically transferred into this plot (same ratio of the H and E
amplitudes).

Table 1 summarizes the expected amplitudes, occurrence, and noise sources in the
different period ranges (GM means in the Table 1 “geomagnetic”).

Recommended
T, s Type Occurrence H amplitude Typical noise time of
measurements
0.01 ELF always tens of pT electric network
0.03 ELF always tens of pT electric network
and harmonics
0.1 | Schumann | nearly always, | tens of pT, in Q impulses from the
resonance strong Q events up to 100 electric network,
events about pT or more lightning
once an hour
0.3 noise random tens of pT impulses from the
electric network,
lightning
1 Pcl not too often “pearls” with impulses from the night (and
(pearl) during night | duration of about 1 | electric network autumn or
and winter, | min, amplitudes of winter)
solar minimum | a tenth to a few nT
3 Pil during night, a tenth of anT impulses from the night
high GM and electric network
solar activities
10 Pc2 high GM and | seldom, extremely early morning

solar activities

variable, in GM
storms may be a
few nT
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30 Pc3 daytime nearly | mostly less than 1 anti-corrosion day (avoid
always, nT, but seldom currents to protect | winter in high
attenuation exceeding it pipelines; solar activity
during solar movement of years)
maximum vehicles (only
winters magnetic)
100 Pc4, Pi2 | Pc4: daytime, | Pc4: mostly less anti-corrosion Pc4 day, Pi2
quiet GM, than Pc3. currents to protect night
Pi2: nighttime | Pi2: impulsive, up pipelines;
to 5nT movement of
vehicles (only
magnetic)
300 Pc5 during high | in quiet GM field, movement of
GM activity, some nT, but vehicles (only
also during “giant pulsations” magnetic)
daytime with | seldom may reach
Pc3 a few tens of nT
1000 | substorm | short period a few nT, in GM night
part of storm by order(s)
substorms, | of magnitude larger
night-time
3000 | substorm | night-time, impulsive events polarization of night
especially during GM electrodes (only
during high activity, electric)
GM activity | exceptionally up to
500 nT
10000 noise sometimes in | seldom occurring, polarization of
GM storm | but amplitudes may electrodes,
be large, up to 100 | streaming water
nT from heavy rain
and melting snow
(only electric)
30000 So harmonics of quite regularly polarization of summer
Sq.amplitudes | changing, spectral electrodes,
increase with lines at the streaming water
solar activity | harmonics of the from heavy rain
and in summer | day,up to 20 nT | and melting snow
(only electric)
100000 S amplitudes quite regularly streaming water summer
increase with | changing, up to 40 | from heavy rain
solar activity nT and melting snow
and in summer (only electric)

Table 1. Expected amplitudes, occurrence, and noise sources

Concerning the electric field, it should be remarked that among the roughly two hundred
stations measured by the Sopron group in the Carpathian Basin, in the Alps, and in
Finland, the number of exceptional situations was about 2 %. In two cases, the
minimum electric field was nearly zero due to a ratio of about two orders of magnitude
between maximum and minimum resistivity, one of them at an Alpine earthquake zone
at Murau, and one at the Eastern boundary fault of the Alps near Sopron. In two cases,
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the distortions in the electric field were strong enough to make computations
impossible, one of them in the center of the Transdanubian anomaly where storm-time
variations at the Nagycenk Observatory were filtered into Pc2 signals, and one in the
Gail Valley, at the Alpine suture zone with exceptionally high conductivity. In the fifth
case, inexplicable electric variations were present at a station in the volcanic,
mountainous area of northeast Hungary, which were not correlated with the magnetic
field and had no apparent source. All of these points are in mountainous areas with thin
or non-existent sedimentary cover. From the point of view of MT soundings they
represent very small areas, thus the real occurrence of these exceptional cases is less
than the 2 % indicated above.

3. Methods for the Determination of the Geoelectric Structure(s) of the Earth
3.1 About the Physical Properties of Earth Materials

The electromagnetic study of the subsurface structure(s) of Earth is based on
measurable differences in electromagnetic properties (electrical conductivity o,
magnetic permeability g, dielectric permittivity &) of different earth materials. The
object of electromagnetic methods is to determine the spatial distribution of these
electromagnetic properties below Earth’ surface. Mainly the electrical conductivity (or
its reciprocal function, the electrical resistivity p=1/c) is considered, since the

magnetic permeability is important only at sites with ferromagnetic minerals (otherwise
the free space value, 1, =4rl AV s/(A m) can be used). The permittivity plays role

only in case of very rapid field variations. o, x, and ¢ depend not only on position, but
also on the temperature, pressure, time, and frequency of the electromagnetic field.
They may even be (and in reality they are mostly) tensorial. Anyway, the minimum
requirement is that they should be linear quantities.

3.2 Theory of Electromagnetic Methods

The Maxwell equations can be formally transformed into wave equations (the so called
Helmholtz equations), but the high-frequency electromagnetic waves—because of the
conductivity of earth materials—cannot penetrate under Earth’s surface into the depth
ranges that are the most interesting for geophysical research and exploration. The
electromagnetic field at such subsurface depths (that is, at a few tens, hundreds,
thousands, or tens of thousands of meters) may only vary at a small rate. Thus, the
displacement currents 6D/0¢t become negligible in comparison with the conduction
currents j. In other words, in a typical geophysical problem, the Helmholtz equations
become diffusion equations.

Consequently, in electromagnetic geophysics, instead of the general Maxwell equations,
the so-called quasi-stationary field equations (0D/0t << j and 00t # 0), or the stationary
field equations (00t = 0) are usually used. In Table 2, all these three cases are shown,
together with two other (from our point of view, extreme) situations.
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Classification of Electromagnetic waves General Static fields
electrodynamics ma(]ll)electrlcs el(;,cl::.lol(\l/[y;x“w:lfs Quasi-stationary field Stationary field j -0 g -0
—_—>> j equations) i ot
ot oD G G
—<<jand —#0 j#z0, —=0
ot ot ot
Notations: oD oD rot H= j rot H=j rot H=0
‘ rot H=— rot H=j+— ] ]
H: magnetic field ot ot divB=0 divB=0 divB=0
B: magnetic induction divB =0 divB =0
E: electric field 1V b = VD= B=uH B=uH B=uH
o u % Iz
D: displ t vect
j: cuﬁgnicgé?;iy"ec . B-= IIJH B= ,LlH (The magnetostatic field)
o: conductivity _
4 magnetic permeability ot E = _a_B ot E = _a_B ot E = _a_B ot E=0 rot E=0
& dielectric permittivity ot ot Ot div D = S = constai
& volumetric charge i i . : — 5 —
densiy divD=0 (5=0) divD=6 divD=6 div D =6 = constant D :E
D=¢E D=¢E D=¢E D=¢E
(The electrostatic field)
o 00 .. 00 . o 00 . 00
divj=0,—=0 divj+—=0 divj+—=0 divj=0,—=0 divj=0,—=0
ot ot ot ot ot
j=0,0=0 j=cE j=cE j=cE j=0,0=0
Application in geophysics: Atmospheric propagation Geoprobing radar Electromagnetic geophysical methods:

Electromagnetic induction:
(1) By using natural source: magnetotellurics,
geomagnetic deep sounding, tellurics, audio-
magnetotellurics
(2) By using artificial source: sounding,
profiling, and mapping techniques

Geoelectrics:
sounding, profiling, and
mapping techniques

Magnetic methods and
electrostatic analogy of
geoelectric methods

Table 2. Place of electromagnetic geophysical methods (electromagnetic induction and geoelectrics) in classical electrodynamics, and
application of different forms of the Maxwell equations in geophysics
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Electromagnetic methods may be either frequency-domain or time-domain ones. Table
3 illustrates the quasi-stationary electromagnetic field components in a homogeneous
conducting half-space (which is considered as the simplest model of the subsurface) due
to an infinitely large plane source. The characteristic depth parameters provide a useful
estimation of the depth of investigation at a given frequency and half-space
conductivity.

An illustration for the determination of the skindepth (a widely known parameter in the
frequency domain) is given in Figure 4.

In the case of a non-plane source, the depth of investigation is significantly influenced
by the geometry of the configuration, and mainly by the transmitter—receiver distance.
In order to have larger and larger depths of investigation, larger and more distant
sources are needed. Fortunately, Earth produces electromagnetic field variations in just
the period range that is the most suitable for crustal, lithospheric, and asthenospheric
studies.

The diffusion Direction of propagation: z
equations )
Components: £, and H,
O*E OE oH oH
2"—/10' £ =0 and Zy—,ua L-0
0z ot 0z Ot
The two domains Frequency domain Time domain
are
Fourier-transform
pairs
Field generation | harmonic (¢), @ =27 f =27/T step-like [ u(f)] magnetic
field
(w)a 1/2 P
==z i e 172 1/2
E —Epe \ 2 ] : ( _ 2 (#o
Exand Hyas a X(Z’a)) 0¢ ¢ Ex(z,t) 225\ 21

function of depth z

_(#wd)mz : 1
o O
Hy(zow)z—,/w—#Eoe 2 ' Hy(ZJ)ZE—eff (Z_z)

The depth where the amplitudes are | The depth where for a fixed

Characteristic depth | ¢ (e ~2.7) times less than at z =0 is time the field reaches a
parameters 5 1/2 maximum is
o= (—j , where & skindepth 2 /2
WHO Zmax T| T _
MO

Table 3. Quasi-stationary (88_0 <<f j electromagnetic fields in the frequency and in the
¢

time domains in conducting half-space due to a plane wave source
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