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Modelling active audio-magnetotelluric data

G. Fischer and P.-A. Schnegg
Observatoire Cantonal, CH-2000 Neuchétel, Switzerland

Abstract. A major improvement in the new pulsed AMT
method recently proposed by the authors has been achieved
by modelling the field data with the analytic response of
layered structures to point-source excitations. The pulsed
field data can be modelled quickly to yield the best-fitting
one-dimensional model. Small departures from one-dimen-
sionality often seem to manifest themselves as a rotation
of the transmitted fields through a vertical axis. This rota-
tion can also be modelled and leads to a significant im-
provement of the fit. A trade-off analysis of the model pa-
rameters shows that these are well constrained in the practi-
cal example considered. The correct number of layers with
which to model the data can also be derived with confi-
dence.

Key words: Active audiomagnetotellurics — Modelling ac-
tive magnetotelluric data

Introduction

Electromagnetic sounding methods using artificial or con-
trolled signal sources are gaining in popularity, perhaps
as a consequence of the ever-increasing level of perturba-
tions caused by human activity. Ward (1983) has reviewed
some of these methods and their application to deep explo-
ration. Recent examples of the use of controlled sources
in magnetotellurics (MT) or audiomagnetotellurics (AMT)
have been described by Sandberg and Hohmann (1982),
Otten and Musmann (1983), Adam et al. (1983), Szarka
(1983) and Heikka et al. (1984).

Schnegg and Fischer (1984) have recently set up a meth-
od with which it is possible to perform a natural-source
and a controlled-source AMT sounding in quick succession
with the same equipment. The implementation of their
method to one-dimensional (1D) or layered structures was
based on the following observation. If, at constant period
T, the logarithm of the apparent resistivity, log p,(r, T),
and the phase, ¢(r, T), are plotted against the inverse dis-
tance, 1/r, to a grounded dipole source (cf. Fig. 1), a linear
behaviour is usually observed over a broad range of large
source-receiver separations r. As the distance r is allowed
to become larger still, the signal strength becomes weaker
and the data scatter increases. It was tempting, therefore,
to assume that the 1/r trend was the limiting asymptotic
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behaviour of log p, and ¢ when r becomes very large. This
was questioned (Musmann, personal communication), how-
ever, and indeed a number of analytical computations of
the response of 1D structures to grounded dipole excitation
(Sunde, 1949; Goldstein and Strangway, 1975; Kauahik-
aua, 1978) show that the behaviour of log p,(r, T) and
o(r, T) is in fact more complicated than Schnegg and
Fischer (1984) had assumed. Figure 2, which illustrates this
point, was computed with an analytical program kindly
supplied by Dr. Weidelt (personal communication). This
figure confirms both the more complicated behaviour at
large distances and the apparently linear trend observed
experimentally over a wide range of inverse distances. It
also shows, however, that extrapolating the linear portion
toward the 1/r=0 limit does not yield the correct far-field
or MT values.

Because of limitations in the signal power available, the
far-field condition between source and receiver can often
not be achieved. We have thus asked ourselves whether
it was possible, under the assumption of one-dimensiona-
lity, to model the near-field data with Weidelt’s forward
analytical program.
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Fig. 1. Sketch of the configurations for broadside and collinear
soundings in controlled-source AMT
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Fig. 2. a Logarithm of apparent resistivity and phase
versus the inverse distance from a 100-Hz ac
grounded dipole source at the surface of a uniform
half-space of 100-Qm resistivity. The phase plotted
is 45° minus the lag of the electric versus the
magnetic fields (cf. Fischer et al., 1981). The full
curve refers to broadside excitation, the dashed curve
belongs to the collinear geometry (cf. Fig. 1). b Plot
similar to Fig. 24, but for a half-space with 1-Qm
resistivity, covered with a 250-m overburden of
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Modelling near-field MT data

The past few years have witnessed great improvements in
the methods of modelling natural (i.e. far-field) one-dimen-
sional MT and AMT data. Among these many new
schemes, Fischer and Le Quang (1981, 1982) have proposed
an efficient search routine to find the layered model which
gives the best fit, in the least squares sense, to a given field
data set. This search routine has also been used successfully
to model other kinds of data, like Schlumberger or Wenner
apparent resistivities. It also proved very well suited to mod-
el near-field MT or AMT data, as can be seen in Fig. 3.
The data in this figure were obtained over a dried-up marsh
in the Swiss Molasse Basin. The site is level with near per-
fect horizontal layering. The top layers consist of a few
metres of peat and a succession of recent Quaternary sedi-
ments, the total thickness of which is not known exactly
at the BELE sounding site but probably does not exceed
50-100 m. This is followed by a series of sandstones typical
of the Swiss Molasse Basin, down to a depth of the order
of 500-1000 m (Axelrod, 1978; Schlanke et al., 1978) where
the transition to the much more resistive Jura limestones
takes place, with resistivities in the range 180-1000 2m.

At the site of Fig. 3, data have been gathered with the
source placed at 14 different distances from 200 to 1659 m.
At the greatest separation the data scatter is somewhat
larger than that visible in Fig. 3. As the distance of injection
is reduced the scatter decreases, but plots of log p, and
@ versus the period T also become more and more feature-
less. It seems preferable, therefore, to model intermediate
distances in the range 500-1000 m for our AMT periods
and the rather low resistivities of the BELE site.

A rather striking feature in Fig. 3 is the greater variation
with distance of the measured data when compared to the
computed data. This feature is not peculiar to the BELE
site, but has been observed repeatedly at other sites, all
of which could be considered, from independent geological
evidence, to be fairly 1D. It is worth stressing, as Fig. 3
clearly shows, that this is a systematic effect, much larger
than — and obviously distinct from — the intrinsic data scat-
ter, and it therefore contributes significantly to the rather
large standard deviation E.
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Fig. 3. Field data obtained at the BELE site with pulsed excitation
at distances of 970, 750 and 600 m in the broadside configuration
(cf. Fig. 1). These data have been modelled with a three-layer struc-
ture whose best-fitting parameters are shown in the inset, together
with the standard deviation E between computed curve and mea-
sured data. Also shown is the computed AMT curve (r=o0) for
the model found. The standard deviation E is computed according
to Fischer et al. (1981), without weighting the data. To reduce
computing time, the data from six periods only have been modelled

In attempting to identify the cause of this stronger de-
pendence of the field data on the distance separating current
source and receiver station our first idea was to check
whether it could be due to the presence of a highly conduct-
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Fig. 4. Geometrical configuration for broadside injection: the
source and receiver electrode pairs are placed at right angles to
the line joining the two sites (cf. Fig. 1). If the field at the receiving
station appears to have been rotated around a vertical axis by
an angle o, this is equivalent to assuming that the transmitter has
been moved without rotation and is seen under an azimuth a with
respect to the original direction
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Fig. 5. Plot similar to Fig. 3, but assuming that the fields at the
receiving station have been rotated through an angle a=21.3°.
This angle corresponds to the most suitable combination of broad-
side (cos &) and collinear (sin &) geometries

ing thin overburden, but this proved fruitless. We then re-
membered, as Fig. 2 shows, that the collinear geometry
yields data which vary more rapidly with distance than
broadside data. Although the data of Fig. 3 refer to the
broadside geometry (cf. Fig. 1), with current injection and
receiving electrodes both perpendicular to the line joining
the two sites, we decided to treat the received signal as
if it were a combination of broadside and collinear fields.
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In other words, we considered the fields recorded at the
receiving site as having been rotated through an angle o
around a vertical axis. Looking at Fig. 4, this is equivalent
to the assumption that the point-source has been moved
without rotation and is now seen from the receiving station
under an azimuth a with respect to the original source-
receiver direction. Our minimizing routine is therefore in-
structed to select not only the best-fitting model, but also
the most appropriate azimuth. We see in Fig. 5 that this
procedure is very effective: it brings the standard deviation
back to a value well below E=0.1, while requiring only
a modest rotation of «=21.3°. The structural model found
remains fairly close to the one achieving the best possible
fit without the rotation.

We should also like to stress that phase and apparent
resistivity appear to contribute equally to the model deter-
mination. Our graphs, as for example Fig. S, are con-
structed with ordinate scales which give log p, and ¢ the
same sensitivity (cf. Fischer et al., 1981). With such repre-
sentations one generally observes a larger scatter of the
MT or AMT phase than of the corresponding log p,. With
our pulsed technique we are able to secure phase data which
seem much less scattered, and it is gratifying to see that
our modelling scheme makes full use of these improved
phase data.

Justification of a non-vanishing azimuth

As we said above, the respective configurations of the
grounded dipole source and of the receiving electrodes and
magnetic sensing coil refer to the broadside geometry as
defined in Fig. 1. If the structure were perfectly one-dimen-
sional, the data could be expected to yield a strictly broad-
side response. Several factors, however, are likely to distort
the transmitted field which, at the receiving station, would
then appear as a mixture of broadside and collinear compo-
nents: (1) small misalignment errors at the transmitting and
receiving stations are unavoidable, amounting to perhaps
a degree or two; (2) naturally occurring structures are never
ideally 1D and both lateral variations of geometry as well
as of resistivity, even in the same formation, must be ex-
pected to lead to rotations of the field; (3) another frequent
departure from ideal 1D conditions lies in the topography
which is seldom perfectly level; (4) the field may also suffer
distortions and will therefore appear as having been ro-
tated, because of artificial sub-surface metal structures like
drainage pipes and other conduits.

As was said before, the data displayed in Fig. 5 were
obtained at the surface of a dried-up marsh. This site is
therefore quite level, but the sounding area is crossed by
a number of drainage channels and the sediments at depth
cannot be taken as forming a perfect horizontal layering
(Axelrod, 1978). After modelling the entire data set with
a single model structure and a single azimuth «, the fit
cannot be improved much if a different azimuth is allowed
for each distance r. A different azimuth a(r) for different
injection distances r must be expected, however, as the four
factors listed above will contribute differently when the in-
jection site is moved. As an example of this we give, in
Table 1, the azimuths obtained when we model data sets
arising from groups of three injection distances, where these
distances are systematically decreased. We note in this table
that the azimuth appears to become smaller when the
sources move closer. This is what one would expect from
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Table 1. Model parameters and azimuths obtained at the BELE
site when the signal sources are moved closer to the receiving sta-
tion

hy Azimuth

(m]

)
[m]

Injection p,
distances [©2m]

[m]

970
750
600

750
600
500

600
500
429

500
429
375

429
375
333

P3 E
[Qm]

P2
[Qm]

293 197 126 609 483 0.0681 21.3°

29.6 201 132 654 583 0.0772 18.5°

296 199 140 835 359 0.0787 17.2°

304 188 149 844 39.7 0.0883 16.0°

30.8 177 162 882 359 0.0995 16.5°

the major causes of field rotation we have envisaged. Ta-
ble 1 also shows that the five model parameters are quite
stable with respect to the varying distance of the source.
As we have said before, however, the response curves are
less well featured when the sources move closer to the re-
ceiver, and modelling then loses resolution.

The results displayed in Table 1 also suggest that it will
generally suffice to acquire data with the dipole source
placed at two or three different locations, with distances
approximately in the range of one half to one skin-depth
for the longer periods recorded. For the BELE site the
MT apparent resistivity is about 20 Qm (cf. Fig. 5) and,
with long periods of around 0.1s, we have an apparent
skin-depth of about 700 m in agreement with our observa-
tion that injection distances in the range from 500 to 1000 m

PARAMETER SENSITIVITY

3 LAYERS

STATION BEL,

seemed most appropriate for this site. Distances larger than
these would of course also be suitable, but they would re-
quire a more powerful signal source than ours.

Parameter trade-off

When geophysical data are modelled it is crucial to ask
whether a given sounding method leads to models which
are well constrained or whether the model parameters one
derives are susceptible of large variations, i.e. are poorly
resolved. Because the new pulsed AMT technique leads to
data which are far less scattered than those of traditional
AMT, it is of interest to determine the range of definition
of the derived model parameters. As we have shown else-
where (Fischer and Le Quang, 1982), this can best be done
by way of a parameter trade-off analysis in which one looks
for the family of models whose standard deviation E re-
mains within 10% of the minimum value E,. Taking the
data of Fig. 5 as an example, with E,=0.068, each of the
model parameters in turn is varied systematically to larger
or smaller values. Under the constraint of the imposed vari-
ation all the other parameters are adjusted to minimize E.
The set of limiting parameters are obtained when E=
1.1 E,. These limiting parameters can be expressed in terms
of those of the best-fitting model and are represented in
the form of a parameter trade-off diagram as shown in
Fig. 6. In this diagram the trade-off limits are given by
the full lines. The dashed lines define the narrower ranges
where E reaches 1.1 E, when a given model parameter is
varied without adjusting the other parameters to minimize
E.

What Fig. 6 shows is that, with the exception of the
basement resistivity ps, all the model parameters are ex-
tremely well constrained: p,, ky, and p, have variation
ranges of less than 10% around their best-fitting values;
for h, the limits are —17% and +28%; and while there
is a very large upper bound at 3000 Qm for p;, its lower
bound at 23 Qm is only a factor of two below the best-
fitting value of 48.3 2m. The trade-off analysis also yields
a range of permitted azimuths o. This range, from a=17.2°

Fig. 6. Trade-off diagram for the data and model of
Fig. 5 (cf. Fischer and Le Quang, 1982). The radii
refer to distances in the space of model parameters.
The scales are logarithmic and normalized to the

parameters of the best-fitting model. The diagram
gives the parameter range within which the standard
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to «=24.0° is very narrow and therefore rather supports
the assumption that the fields at the receiving station have
undergone a small rotation around a vertical axis.

It is of interest to compare the trade-off diagram of
Fig. 6 with similar diagrams for typical MT data (cf. Fig. 4
of Fischer and Le Quang, 1982). Quite clearly the new
pulsed AMT method leads to model parameters which are
far more precisely defined. In part this is of course a conse-
quence of the much smaller scatter of the data, possible
with a controlled-source technique, but it is probably also
an inherent property of this particular method based on
a grounded dipole source.

How many layers are resolved?

The trade-off diagram of Fig. 6 makes it clear that the resis-
tivity p; of the lowermost layer is poorly resolved. It may
therefore seem questionable whether the data support a
structure with three layers, or whether a model with only
two layers would not explain them equally well. There is
more reason to ask such a question with the controlled-
source method than with natural MT or AMT, because
the shape of the response curves does not immediately sug-
gest a minimum number of necessary layers. This is true
equally for the shape of the responses as function of dis-
tance (cf. Fig. 2a and b) and for their shape when plotted
versus the period (cf. Fig. 5). The natural AMT curves in
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Fig. 7. Model responses for the structure given in the inset. The
Sfull lines correspond to /i, = o0, i.¢. a structure with only two layers.
The dotted curves refer to h, =500 m and the dashed curves to
h, =150 m. The sets of three curves each correspond to source-
receiver distances of 970 m and infinity. This graph illustrates the
difficulty of deciding visually whether a given response is caused
by structures with two or three layers
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Table 2. Modelling the field data with a varying number of layers.
These data demonstrate that three layers are appropriate. With
four layers the standard deviation E decreases by 0.5% ; with only
two layers it increases by 42%

nopy hy pa h, P3 hs Pa Azimuth F
[2m] [m] [€m] [m] [©2m] [m] [©2m] [degrees]

1 198 1.8 0.5238

2 297 187 139 o 20.6 0.0964

3 293 197 126 609 483 oo 21.3 0.0681

4 294 195 129 487 184 345 575 214 0.0677

Fig. 5, labelled r= o0, are quite clearly three-layer curves.
That this is not self-evident for the controlled-source curves
can be seen in Fig. 7, where the analytical response has
been plotted for a two-layer model which turns gradually
into a three-layer model. Again the far-field curves (r=o0)
at once suggest the correct number of layers, whereas noth-
ing similar can be deduced from the near-field curves.

In spite of the impossibility of establishing a realistic
estimation of the correct number of layers merely by look-
ing at the observed response curves, other arguments can
be called upon to derive this number with confidence. We
propose to show with the example of Fig. 5 that these data
indeed give evidence in favour of a three-layer structure.

While the trade-off diagram of Fig. 6 does show p; to
be poorly determined, it gives all the other model parame-
ters as very well resolved; in particular s, and A, +h,, i.e.
the depth to the basement layer. An even more powerful
argument is obtained when we attempt to model the field
data with different numbers of layers, as seen in Table 2.
The standard deviation E between field and model data
can be reduced to E=0.0681 if a three-layer model is postu-
lated. This value can almost not be reduced further with
a four-layer model, but it jumps by 42% to E=0.0964 when
modelling with only two layers. Obviously three layers is
the correct number to postulate.

Comparison of natural and controlled source AMT

In Fig. 8 we have plotted the results of a natural AMT
sounding at the BELE site, together with the response curve
from the best-fitting model yielded by the controlled-source
sounding. Also plotted in Fig. 8 are the data resulting from
the linear extrapolation against the inverse distance de-
scribed previously (Schnegg and Fischer, 1984). As already
noted, the latter data are systematically too low, both as
regards the apparent resistivity and the phase. The compari-
son of the natural- and controlled-source responses is of
more interest. There is strong disagreement between the
two responses at the longer periods. This is not surprising
since it is precisely at the long periods that artificial pertur-
bations propagate furthest. At periods shorter than about
0.1 s, the skin-depth and thus the extent of the perturba-
tions have decreased and the two sounding methods yield
concordant results. At the very shortest periods there is
a hint that the natural sounding data again deviate from
the controlled-source response. We believe that this is of
instrumental origin: at periods below 2 ms the signal to
noise ratio of our system begins to deteriorate and generally
the amplitude of the natural signals becomes weaker toward
1 or 2 kHz.
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Fig. 8. Comparison of natural source AMT data (stars) with the
response of the model derived from the active-source AMT (smooth
curve) at the BELE site. The diagram also shows the results ob-
tained by the linear extrapolation of log p, and ¢ against 1/r (cross-
es) originally proposed by the authors (Schnegg and Fischer, 1984)

We return now to the family of models required by
the controlled-source sounding and specified jointly by the
best-fitting model given in Fig. 5 and the extremal model
parameters according to the trade-off diagram of Fig. 6.
It is of course meaningless to attribute great significance
to the parameters of the top layer. With a shortest period
of about 1.5ms and a 30-Qm resistivity, the skin-depth
is about 106 m; variation within the thin and highly con-
ducting Quaternary formations can, therefore, not be re-
solved. All that can be said is that the upper 100-200 m
behave as if they had a conductance of about 4,/p; =6.7 S,
but these top formations certainly comprise several separate
layers of different resistivities. Note that the trade-off dia-
gram gives p; and A; with uncertainties of less than +10%.
The second layer is the only one which is well resolved:
11.8<p,<13.6 2m and 520 <h, <780 m. It follows, there-
fore, that the depth to the limestones, i.e. #; + 4, is com-
prised between about 610 and 990 m, in perfect accord with
the other geophysical and geological knowledge available
for this site (Axelrod, 1978; Schlanke et al., 1978). As was
said before, with a range of 23-3000 2m, the limestone
resistivity is the least well resolved. Its true value in this
area is in the range 180-1000 Qm.

Conclusion

The new pulsed AMT method proposed by Schnegg and
Fischer (1984) is somewhat more complicated than these
authors had assumed on the basis of their experimental

observations. However, the field data which are obtained
with the new technique are clearly far more reproducible
and less scattered than natural AMT data. It was therefore
worth investigating whether the data obtained by this new
method could be modelled with a one-dimensional algo-
rithm. We were able to achieve this with the same search
routine used previously to model natural MT or AMT data
(Fischer and Le Quang, 1981). Our artificial AMT tech-
nique thus remains an efficient new electromagnetic sound-
ing tool.

The detailed study of a set of field data suggested that
the various departures from ideal one-dimensionality, like
lateral changes of the structure or topographical accidents,
seem to lead to small rotations of the polarization plane
of the field. This can easily be taken care of by determining
not only the model that fits the field data best, but also
the most appropriate azimuth.

The MT or AMT responses of layered structures to
natural, or far-field, excitations give very explicit visual in-
dications about the minimum number of layers necessary
to model measured data. With our artificial near-field data
this information is less direct, but it can be derived with
equal confidence by way of a trade-off analysis and by
modelling with fewer or more layers. The trade-off analysis
indicates that the model parameters derived are generally
well resolved.

The new method was applied to the determination of
the depth to the limestones at a site in the Swiss Molasse
Basin. It gave this depth as 800+ 190 m at that particular
site, in perfect accord with independent Schlumberger
soundings (Axelrood, 1978).
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