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Abstract

The VLF-EM prospecting technique is currently applied to various topics, e.g. archaeological and hydrogeo-
logical surveys, evaluation of environmental impact and monitoring of active volcanic areas. We are now sug-
gesting a critical re-examination of a commonly accepted hypothesis, which has not been confirmed experi-
mentally. In particular, we have investigated: the role of topographic irregularities on the measurement of the
analyzed components; the coupling of data derived from different sources; the correlation between some com-
ponents of the resulting field; the relationship between non-linearity in the signal transmission power, meteo-
rological perturbations and scatter of measurements; the effects of conductive covers and finally the influx of
the orientation of the sensors on the polarity of the measured components.
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1. Introduction

As already known, measuring the intensity
of radio waves is one of the oldest electromag-
netic methods of exploration geophysics (e.g.
Cloos, 1934). Of course, the intensity of the
field measured during the exploration was in-
fluenced by some factors not related to the lo-
cal geology. The availability of powerful trans-
mitters operating in the 15-30 kHz band pro-
vided the VLF-EM technique with an operative
standard for exploration geophysics in non-
conductive environments.

The electromagnetic primary field generated
by VLF transmitters propagates within a spher-
ical wave guide, between the Earth’s surface
and the lower ionosphere. At a distance of
about 100 km from the source, the magnetic
component is roughly horizontal and perpen-
dicular to the azimuth of the source; in the
presence of a conductor its penetration in the
subsoil generates a secondary field that inter-
acts with the primary one. Thus, a resultant
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field, controlled by the electrical structure of
the ground, is measured. This field is ellipti-
cally polarized and the characteristics of the
secondary field can be referred to the parame-
ter of the polarization ellipse. In particular, a
tilt T (inclination of the major axis) and an ec-
centricity €= b/a (i.e. the ratio between the mi-
nor and major axis) can be determined. More-
over, since the intensity of the secondary field
is always less than that of the primary field, we
can write (see e.g. Saydam, 1981; Sinha,
1990a)

T=R,/H, (1.1)

e=1,/H, (1.2)
and therefore, the in-phase component R, and
the in-quadrature 1, components, normalized
with reference to the main field H,, can be
evaluated.

Our Scintrex Eda-Omni instrumentation sup-
plies the in-phase and in-quadrature compo-
nents, normalized to the main field, together
with complementary information, such as the
intensity of the primary field and the tilt angle
T of the polarization ellipse.
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Both electrical and magnetic components
can be utilized in VLF geophysical prospect-
ing. However, only the magnetic component H
is currently used, since it is easier to calculate.
In fact the vertical H, component is analyzed,
since it is generated only by induction phe-
nomena, because the main field H, lies almost
in the horizontal plane.

The maximum effective depth reached by
an electromagnetic wave, in relation to the fre-
quency of the transmitter and the electrical re-
sistivity of the medium, is called «skin
depth».

2. A comparison between measurements
at different frequencies
For an electromagnetic wave propagating
vertically downwards, in an isotropic half-
space, we have (see e.g. Sharma, 1986)
$=503.8(p/w)"? (2.1)

where S is the skin depth in meters, o the fre-
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quency (in Hz) of the source and p the resistiv-
ity (in ohm*m) of the medium.

Although the frequency of the VLF primary
field varies between 15 and 30 kHz, for a
given resistivity the difference between the
maximum and minimum values of the skin
depth is less than 20%. Thus signals at differ-
ent frequencies can be utilized for the explo-
ration of a subsoil with a similar thickness,
provided that the azimuth of the location of the
corresponding sources is consistent in relation
to the measuring station. In this case, the infor-
mation coming from different frequencies can
be compared and a variation of the intensity of
the resultant is ascribed only to the modified
pattern of the system formed by the conductor,
profile of measurement and direction of maxi-
mum intensity of the VLF magnetic compo-
nent.

An experimental check of the above situa-
tion is illustrated in fig. 1, showing simultane-
ous measurement of the in-phase and in-
quadrature components from the transmitting
stations, at 16.0 kHz (Rugby, U.K.) and 19.0
kHz (Oxford, U.K.), with an almost identical
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Fig. 1. A comparison between different frequencies (in-phase and in-quadrature component), received at two
stations with different originating azimuths (from hydrogeological prospecting at Bonassola, La Spezia, NW

Italy).
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Fig. 2. The polarity of VLF signals, as a function of the orientation of the source (from prospecting on an

active lava tube, Etna volcano, S Italy).

arrival azimuth. The behaviour of the two sig-
nals coincides and this allows experiments to
be continued on the ground, also when one
transmitter is interrupted.

Further experimental results show that for
VLF signals with similar arrival azimuths there
is a certain kind of «changeability principle».

This leads to an increase in the temporal inter-

val utilizable to take measurements.

3. Polarities in VLF measurements

Within a set of field data, the direction pa-
rameter is defined as the angle between the pri-
mary field and the sensor. This parameter
makes it possible to verify the orientation of
the sensor during the measurements along the
profile. Such a control is requested on an irreg-
ular soil, where the trim of the apparatus can
hardly remain constant. For changes of direc-

1217

tion up to +30°, the signal variations remain
negligible; but for greater changes the mea-
surements are no longer comparable.

With the aim of checking some precautions
in using VLF instruments, especially under
particular conditions, we compared some ex-
perimental results with others available in liter-
ature.

A significant example of how the polarity of
the signal depends on the orientation of the
sensor is given in fig. 2. A profile, showing a
strong anomaly on both components, was re-
peated by changing the orientation of the sen-
sor by 180°. The behaviour of the in-phase and
in-quadrature components is symmetrical; thus
profiles are overlapped by reversing the sign of
one data set.

To obtain the optimum answer, the measure-
ment profile should be parallel to the lines of
the primary field, i.e. perpendicular to the az-
imuth of the transmitter. During our surveys,
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Fig. 3a,b. Measurements performed with orienta-
tion of the sensor near the critical direction: a) ex-
perimental data; b) corrected data (from prospecting
in a mineralized sulphur area at Molini di Voltaggio,
Alessandria, NW Italy).

we realized that often, for logistic reasons, it is
impossible to operate under optimal conditions,
SO0 measurements are taken at any angle with
respect to the station. However one must take
care not to follow the critical orientation of
+45° from the direction of the transmitter, that
is very sensitive to even small changes in the
orientation of the sensor.

Figure 3a shows a VLF profile performed
under these conditions. A small variation in di-
rection at the 5 m progressive, led to a cross-
over of both components; such a drawback can
be eliminated by reversing the sign of the mea-
sured values (fig. 3b). This requires an a priori
control, of the cross-over nature, which can be
performed by graphing the value of the direc-
tion parameter along the profile. If the cross-
over is coupled to a sign reversal of the direc-
tion parameter, it has no physical meaning and
should be corrected, as in fig. 3b. If one oper-
ates simultaneously with many frequencies and
the morphology of the profiles and direction at
various frequencies are different, only those
which show a direction reversal will be af-
fected by an incorrect cross-over. This is the
case shown in fig. 4, where the direction pa-
rameter, for the frequencies 16.0 kHz and 19.0
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Fig. 4. A comparison of the angle between source and sensor, for simultaneous recordings of two frequencies
(from prospecting for an environmental audit, Borghetto S.S., Savona, NW Italy).
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Fig. 5a,b. a) A comparative analysis of the in-phase and in-quadrature parameters and the tilt along a profile;

b) correlation between phase and
S Italy).

kHz, is opposite between 0 and 35 m. The in-
version occurs at a frequency of 19.0 kHz,
whose parameters should therefore be cor-
rected. The graph shows that the direction of
the profile is critical only for a frequency of
19.0 kHz, even if both transmitters have simi-
lar arrival azimuths (see fig. 1).

4. Equivalence between different VLF
parameters

The VLF instruments, as mentioned above,
measure the behaviour of the polarization el-
lipse related to the interaction between the pri-
mary field and the ground. Useful parameters
may include the tilt and ellipticity, the in-phase
and the in-quadrature components and also the
resultant total field. The in-phase component
R, and the tilt angle 7 are often proportional
(eq. 1.1): this feature, which is theoretically
predicted, is experimentally confirmed.

Figure 5a reports the behaviour of the tilt
(%), with the in-phase and in-quadrature com-
ponents: the parallelism between the first two
is evident, although it is related to a scale con-
stant. Thus it is possible to operate only with

tilt in an area investigation (from an archaeological prospecting,

Selinunte,

the in-phase component,
namic extension.

The statistical analysis was performed on
many data sets, coming from different applica-
tions, which provide significant correlation in-
dices. The example in fig. 5b refers to a sam-
ple of 15 profiles, each consisting of 30 mniea-
surements made in the archaeological area of
Selinunte (Western Sicily) (Bozzo et al., 1992).
The very high correlation coefficient confirms
the qualitative findings, which were formerly
obtained from a smaller sample (fig. 5a).

providing greater dy-

5. The role of topography

Aside from the reduced dimensions and
weight, the VLF instrumentation can also be
utilized over an uneven topography. However,
the uneven terrain generates distortions in the
measured field, since it lacks the vertical inci-
dence of the wave front on the ground surface.
Such distortions are responsible for significant
errors. Under these circumstances, it is neces-
sary to evaluate and possibly eliminate the to-
pographic effects from the ones arising from
the buried structures to be investigated. A re-
view of the techniques to reduce the topo-
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graphic effect is given by Eppelbaum (1991);
these techniques, however, are mainly based
on an analytic development of models which
often disagree with the survey data.

On the profiles performed in the direction of
increasing height, the intensity of the in-phase
and in-quadrature components generally show
an apparent increase, and the contrary occurs
in the direction of decreasing height.

Moreover, the topographic effect varies
with the dip of the possible conductor: if the
latter is vertical, the effect of the topographic
dip only causes a shift in the point of flexion
(Baker and Myers, 1980), while the morphol-
ogy of the anomaly remains unchanged. The
effect may be quite marked for inclinations
from the vertical greater than 60° and topo-
graphic slopes greater than 15°. The experi-
ments conducted using different methods, as
proposed by Eppelbaum (1991), showed that
the topographic correction of Eberle (1981) is
satisfactory; thus the amount of the correction
dR (%) for the in-phase and in-quadrature
components is given by

dR = 6 (sin a/sin ) (5.1)

where 6 is the topographic slope, o the angle
between the geological strike and-the measure-
ment profile, 8 the angle between the geologi-
cal strike and the direction of maximum inten-
sity of the magnetic field.

Optimum conditions correspond to o= 90°
and =90°.

If the experimental conditions approximate
the ideal ones, the relation (5.1) becomes

dR=10

which corresponds to the relationship of Baker
and Myers (1980)

dR=K®6

If the topography is irregular the correction
is more important because the final trend of the
profile could be very different from the mea-
sured one. Unfortunately the proposed method
is effective only in case of monotone slope;
otherwise the sign inversion of the value of

slopes gives rise to anomalies of interference
that need another kind of analytical correction.
Nevertheless, topographic profiles with regular
slopes can be considered monotone and so it is
possible to perform the proposed correction.

The example shown in fig. 6 refers to VLF
prospecting performed in a hilly area. The to-
pographic profile is reported together with
those of the in-phase component. The measure-
ments were made in the direction of increasing
height; therefore the correction should be sub-
tracted from the observed values. Since the to-
pographic slope along the profile is monotone
and regular, a mean value of the slope, of
about 17%, was adopted and the corresponding
value dR(%) of about 20 was applied to all
measurements.

The behaviour of the in-phase component,
corrected for topography, is also reported in
fig. 6, where the trends, before and after cor-
rections, concur.

This profile also shows the effect of a
conducting body not developed vertically: the
measured anomaly becomes asymmetric.

In the example of fig. 6, we can assume that
the anomaly is centred over the 145 m progres-
sive. By means of the diagrams of Baker and
Myers (1980), derived from numerical simula-
tions on models, we can ascribe to the source a
depth of about 12 m and a dipping of about
60° in the direction opposite to those of the
profile, i.e. towards the increasing heights.

On the basis of the drilling performed in
this area, the conductor appears to correspond
to water contributions confined in sub vertical
fractures, whose top lies at a mean depth of
10 m. This agrees with the profile interpreta-
tion.

The true location of the source along the
profile can be determined by taking into ac-
count the effect caused by the dip of the con-
ductor from the vertical (asymmetry of the in-
phase curve with the greater amplitude on the
immersion side of the conductor), as well as
those ascribed to the topographic slope (shift
of the cross-over point with the zero in the
«up-hill» direction and distortion of the signal
amplitude).

With our approach the above mentioned to-
pographic correction can only compensate for
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Fig. 6. An example of topographic correction applied to the in-phase component on an up-hill profile (from
hydrogeological prospecting at Bonassola, La Spezia, NW Italy).

the vertical shift of the intensity, whereas the
horizontal shift can be evaluated on the basis
of the theoretical diagrams of Abdul-Malik er
al. (1985).

In our case (a sub vertical conductor and a
local slope of about 17°), there is a shift of
about 1 m in the up-hill direction.

6. VLF primary field variations

The time and space variations of the VLF
primary magnetic field may affect the interpre-
tation of VLF data. The time variations can be
recorded at a base station and utilized for cor-
rections. This technique should be applied in
airborne and ground VLF measurements when

the value of the total resultant field is uti-
lized.

However, for a wide investigation area, the
time variations cannot be simply correlated.
The behaviour of the time and space variations
of the primary field over great distances and
their implications in airborne prospecting are
described by Vallée er al. (1992a); the varia-
tions of the intensity of the primary field are
studied theoretically on the basis of radio wave
propagation models. These models are based
on the hypothesis of uniform conductivity of
the upper layers of the Earth and a stratified
ionosphere. Direct waves, i.e. transmitted by
the ground, and waves reflected by the iono-
sphere, contribute to the total field. The EM
ground wave prevails up to a distance of about
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400-500 km from the transmitter; beyond this
distance, the reflected waves become predomi-
nant and the total field becomes steady. The
phase difference between the two contributions
decreases with an increase in distance from the
transmitter. If transmitting stations at distances
greater than 500 km are used, such effects are
negligible. This occurs in our experiments,
where ground measurements are made over a
not too large area and transmitting stations are
located at a distance greater than 1000 km.

The irradiation characteristics of the trans-
mitters also control the intensity of the primary
VLF field. The main causes of instability of
the primary VLF field are changes in transmis-
sion power, however changes in the propaga-
tion of the radio waves, related to geomagnetic
activity, may also play a role (Vallée et al.,
1992b). Therefore, changes in the intensity of
the VLF primary field during prospecting may
occur.

Normalization of the in-phase and in-
quadrature components of the field, with refer-
ence to the primary field at the same time, is
sufficient to eliminate this kind of anomaly.
However a good instrument must measure the
total field too. This allows the signal level and
the minimum instrumental one to be com-
pared.

25

The simultaneous recordings of two trans-
mitters, i.e. 19.6 kHz (Rugby, U.K.) and 23.4
kHz (Rhauderfehn, D), showing remarkable
fluctuations of the total field, are reported in
fig. 7. The 19.6 kHz signal, in spite of its drop
at 644 min time, can be processed, as far as the
normalized components are concerned, because
it exceeds the minimum instrumental level of
10 uA/m. Conversely, the 23.4 kHz failure, ei-
ther due to an interruption of the transmitter or
to propagation phenomena, prevents prospect-
ing from continuing. More generally, the tem-
poral variations can be investigated with refer-
ence to all frequencies received in a given
area; this is performed by recording the signal
spectrum in the 15-30 kHz band, at regular
time intervals. This method furnishes supple-
mentary information, such as interruptions of
the transmitters, number and frequencies of the
stations that can be used in the prospecting
area, accidental variations in the transmission
power, propagation characteristics related to
the geographical position of the source, and so
on.

Figure 8 illustrates an example of a spec-
trum recorded at Genova. Its systematic repeti-
tion over time makes it possible to evaluate the
reliability of each single station at the measur-
ing site. Such kind of control, performed si-

E 7

< 20 —

3/ —

A ‘ —— 19.6 kHz

c \ - — — 234 KkHz

% 10 ‘\

o A \ .

= 5 ‘ VLF profile 5

© ] \

6 . \ — - /> —

ALY B S e s B B N S iy B s s
630 640 650 660 670 680 690 700

time (minutes)

Fig. 7. An example of time variation of the total field at two different frequencies (from prospecting for a

civil purpose, Genova, NW Italy).
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Fig. 8. The spectrum of the frequencies
mined during instrument initialization.

multaneously with the recordings of fig. 7 and
in the same place, showed that the different be-
haviour of the total field, which appears in this
figure, is not due to an interruption of the
transmitter at 23.4 kHz, but to a meteorological
phenomenon, affecting the two stations differ-
ently (different frequencies, distances and
source directions).

7. Anthropic noise

Some fluctuations of the VLF measure-
ments, which are not caused by temporal or
spatial variations of the signal, often occur;
these fluctuations are ascribed to anthropic
noise and they can also be investigated to find
the buried path and geometry.

Some of these fluctuations produce noise
with a typical morphology which helps to iden-
tify them. Figure 9 illustrates the morphology
of the noise due to an aerial power line on a
measurement profile. For the first thirty meters
the signal becomes saturated and the noise still
appears up to a distance of about 80 m.
Though the frequency of the power line is very
different from that of the VLF 19.6 kHz trans-
mitter, mutual induction phenomena do occur.

The characteristics of a buried cable, with-
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which can be utilized in the zone of Genova (NW Italy), as deter-

out electric current, are different (fig. 10). The
amplitude of the noise is smaller and is quite
clearly of dipolar nature; therefore it behaves
in a way that is typical of an inductive element,
fed by the VLF electromagnetic signal. This
noise source, though not directly observable,
can be easily identified, since the perturbation
has very regular development and symmetry. A
similar behaviour is exhibited by pipelines and
aqueducts; however the greater size and cur-
rent flow, applied to prevent galvanic corro-
sion, generate stronger electromagnetic noise.

Some structures, such as telephone cables,
metallic fences, railings and intense road traf-
fic, can introduce noise in VLF prospecting.
Fences, for instance, act like polarizing anten-
nas and introduce steady components which
amplify the secondary contributions and distort
the base level of the resulting VLF field.

8. The role of surface conductivity

For the purpose of quantitative VLF inter-
pretation, the model is restrictive, that an opti-
mum, intense and non-distorted response is ex-
pected. The models of Vozoff (1971), Ward et
al. (1974) and Kaikkonen (1979) are applicable
to structural situations which are too simplified
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Fig. 9. A perturbation of anthropic origin, ascribed to an aerial high voltage electric line (from hydrogeologi-

cal prospecting at Bonassola, La Spezia, NW Italy).
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Fig. 10. A perturbation of anthropic origin, ascribed to a buried cable, without electric current (from archaeo-

logical prospecting at Poliochni, Lemnos island, Greece).
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and do not include the effect of conductive
overburdens. The high electrical conductivity
of the latter prevents the transmission of the
electromagnetic wave to depth; this causes a
reduction of the investigated thickness and a
marginal penetration of the subsoil. Olsson
(1980) studied varigus models for which the
electrical conductivity and the thickness of the
overburden are changed and the other parame-
ters remain constant: it turns out that the re-
sponse is controlled by these two parameters.
Subsequently, Sinha (1990a,b) proposed meth-
ods for evaluating the depth, thickness and dip
of laminar conductors, without conductive
overburdens. The presence of conductive over-
burdens is a major difficulty in VLF electro-
magnetic prospecting (Saydam, 1981).

If information on the resistivity of the
medium, such as overburden, substratum and
local stratigraphy, is available, VLF prospect-
ing may offer complementary data. If the resis-
tivity of the overburdens is low, experimental
results emphasize the undulations of the resis-

tive substratum, rather than the presence of
conductors having a mainly vertical extension;
L.e. the trend of the electromagnetic parameters
shows the variations in the thickness of the
conductive cover.

An example of application of VLF measure-
ments under these circumstances is given in
fig. 11, which shows a map of the in-phase
component developed at the Poliochni site,
(Lemnos Island, Northern Aegean Sea), from
some profiles performed for archaeological
purposes.

Geoelectrical prospecting previously deter-
mined the mean value of the resistivity of the
cover (about 20 ohm*m) and the depth of the
substratum (about 3-4 m), formed by a paleo-
soil with a resistivity of about 50 ohm*m.
The undulations appearing in the map of the
in-phase component are related to the maxima
and minima of the thickness of the conductive
cover, directly surveyed with drilling, which
has confirmed this information. The map of the
in-quadrature component (fig. 12), which is

EM—VLF 16.0 kHz

-100 —

—-200 —
9

(metres)

-500 —400 —=300

Fig. 11. The map of the in-phase component develo

ped for stratigraphic purposes to emphasize the morpho-

logical changes of the cover and substratum (from archaeological prospecting at Poliochni, Lemnos island,

Greece).
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Fig. 12. The map of the in-quadrature component for the same area of fig. 11.

more directly controlled by induction phenom-
ena in the overlying conductive medium
(cover), supplies information on the homo-
geneity of the latter.

9. Conclusions

The systematic application of the VLF elec-
tromagnetic prospecting technique to various
research fields, gave satisfactory operative and
methodological results. This technique was
therefore examined in terms of its intrinsic
characteristics, rather than through the obtained
results, that are presented in other works.

Besides the difficulty of fully analysing the
utilized electromagnetic field and the scarcity
of applications, apart from mining and struc-
tural geology topics, the most important con-
clusions may be summarized as follows:

— the use of multichannel receivers is sug-
gested in order to take advantage of the
changeability principle, pointed out for differ-
ent frequencies with similar arrival azimuths,

or of the simultaneous acquisition of signal
with different azimuths, that is useful when
there are no previous indications about the ori-
entation of the targets;

— the transition from the unidimensional
investigations (profiles) of VLF parameters to
two-dimensional (areal) ones requires a series
of operative mechanisms, which do not depend
only on the strike of the profile, but also on the
angle between the azimuth of the profile com-
pared to that of the transmitter. This parameter
should be systematically controlled, to ascer-
tain whether inversions in polarity are ascribed
to the subsoil conductors or to the irregular
method of performing measurements;

— the evaluation of the topographic effect
on the measured values has shown that, if the
slope of the measurement profile is uniform
(monotone), its influence on the interpretation
of the data is negligible;

— it was verified that the use of transmitters
at a distance of more than 500 km strongly re-
duces the influence of the variations of the pri-
mary field. The effect of the temporal varia-
tions is automatically eliminated by utilizing

1226



VLF prospecting: observations about field experiments

parameters normalized to the primary field. For
prospecting in the total field, a base station for
monitoring during the survey is needed. The
availability of the time recording of the signal
amplitude, besides the necessary corrections,
improves the quality control of the measured
parameters;

— the analysis of the VLF signature, with
reference to sources of anthropic noise, sug-
gests a preliminary investigation on the area to
locate sources of anomalies which should be
eliminated when processing data;

— the VLF technique used in presence of
conductive overburdens leads the morphology
of the stratigraphic relations to be enhanced.
This is the same as showing the variations in
the thickness of the conductive cover.
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