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Joint inversion of EM and magnetic data
for near-surface studies

Christophe Benech ∗, Alain Tabbagh∗,
and Guy Desvignes∗

ABSTRACT

Magnetic and electromagnetic measurements are in-
fluenced by magnetic susceptibility and, thus, are widely
used in geophysical surveys for archeology or pedology.
To date, the data inversion is performed separately. A
filtering process incorporating both types of data is pre-
sented here. After testing the algorithm with synthetic
data, the algorithm is used in several case studies in
archeological prospecting. This approach presents two
advantages: establishing the presence of remanent mag-
netizations (viscous or thermoremanent), and achieving
more refined depth analysis of the anomaly.

INTRODUCTION

Magnetic properties of soils and weathered surficial forma-
tions can be significantly different from those of the parent
rock. This fact, observed 50 years ago (Leborgne, 1955; Cook
and Carts, 1962), was at the origin of significant developments
in both archaeological prospecting (Aitken et al., 1958; Scollar
et al., 1990) and so-called environmental magnetism (Thomson
and Oldfield, 1986; Verosub and Roberts, 1995).

Beside the well-known magnetic method, several electro-
magnetic (EM) methods can be used for measuring and map-
ping magnetic properties. A Slingram low-frequency appara-
tus (Tabbagh, 1986a) is efficient for susceptibility measurement
over the first meter in depth, and it has been shown (Benech and
Marmet, 1999) that this type of apparatus has a better depth of
investigation and a more precise susceptibility determination
than coincident or concentric loop devices.

Many studies have considered the benefits and limitations
of magnetic and EM techniques in geophysical surveys (e.g.,
Howell, 1968; Tite and Mullins, 1969; Tabbagh, 1974, 1984;
Tabbagh et al., 1988; Desvignes and Tabbagh, 1995). For ex-
ample, compared to the magnetic method, the EM Slingram
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method allows a better reconstruction of the geometry of the
features revealed by a survey, brings direct quantitative in-
formation about the apparent magnetic susceptibility, and can
also detect lenslike features, but it is only sensitive to induced
magnetization. The magnetic method allows a greater depth of
investigation than the EM method. Nevertheless, it is not possi-
ble to distinguish between the different types of magnetization
with magnetic data; these data can only be interpreted in terms
of lateral variations of magnetization. Practically, the extent of
disturbance generated by the presence of ferrous objects in the
soil is greater for magnetic than for EM measurements.

Our aim in the present work is to enhance the quality of
interpretation by simultaneous use of EM and magnetic data,
and to exploit their complementarity. An equivalent approach
has already been achieved for borehole data using the 1-D
approximation (Desvignes et al., 1992). In this paper (as we
did in Desvignes. et al., 1992), we use linear filtering to sep-
arate the induced magnetisation from the remanent effects.
Because the geometrical factor that governs the magnitude of
the response of a given point underground is different in the
magnetic method and in each type of EM instrument, observed
variations in the induced magnetization reflect the geometry
of the source.

FILTERING PROCESS

In the magnetic method, if one neglects the demagnetizing
field and considers only the induced magnetization, the mag-
netic response can be expressed as a convolution product:

1T(x, y)=
∫ ∞

0
χ(x, y, z0)⊗ Rm(x, y, z0) dz0; (1)

where1T (x, y) is the anomalous magnetic field, χ (x, y, z0)

is the 3-D distribution of anomalous susceptibility, and
Rm (x, y, z0) is the magnetic impulse response i.e., the response
of a dipole located at z0 depth and aligned with the incident
field. This approximation is generally acceptable for the study
of a subsurface structure where the demagnetizing field is
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negligible; that is, with the exception of very magnetic rocks
(e.g., basic or ultrabasic) (Telford et al., 1990).

In the EM domain, if the demagnetizing field is negligible and
if the crosscoupling between electrical and magnetic sources is
also negligible (Tabbagh, 1985), the response of the appara-
tus, in terms of the apparent magnetic susceptibility, can be
expressed by another convolution product:

χa(x, y)=
∫ ∞

0
χ(x, y, z0)⊗ Rem(x, y, z0) dz0, (2)

where Rem (x, y, z0) is the EM impulse response. In the spectral
domain, the convolution products of equations (1) and (2) are
direct products:

1T̂(u, v) =
∫ ∞

0
χ̂(u, v, z0)R̂m(u, v, z0) dz0, (3)

χ̂a(u, v) =
∫ ∞

0
χ̂(u, v, z0)R̂em(u, v, z0) dz0, (4)

where u and v are the spatial frequencies corresponding to
the x and y directions, respectively, and F̂(u, v) is the Fourier
transform of F(x, y). For an induced magnetization, the im-
pulse magnetic response is simple, and its Fourier transform is
known:

R̂m(u, v, z) = 4π2 e−2πz
√

u2+v2

√
u2 + v2

(iu cos D cos I

+ iv sin D cos I +
√

u2 + v2 sin I )2, (5)

where I is the inclination of the earth magnetic field, and D
is the declination. The impulse EM response has a complex
expression that depends on the characteristics of the appara-
tus and on electrical and magnetic properties of the surround-
ing soil. Knowing the transmitter magnitude and orientation,
one calculates the transmitted field at the dipole location; each
component generated by the induced magnetic dipole is then
calculated at the location of the receiver and projected on its
axis. The analytical expressions, which correspond to Hankel
transforms, have been already published (Tabbagh, 1985). This
calculation is performed at each point of the measurement grid.
Then, the 2-D numerical Fourier transform is calculated.

By taking the ratio of equations (3) and (4), we obtain a
linear relation between the Fourier transform of an induced
magnetization magnetic anomaly and the Fourier transform of
an apparent susceptibility anomaly:

1T̂(u, v)
χ̂a(u, v)

=
∫∞

0 χ̂(u, v, z0)R̂m(u, v, z0) dz0∫∞
0 χ̂(u, v, z0)R̂em(u, v, z0) dz0

. (6)

Equation (6) can be simplified in two cases. If χ̂(u, v, z0) is
assumed to be independent of z0, then

1T̂(u, v)
χ̂a(u, v)

=
∫∞

0 R̂m(u, v, z0) dz0∫∞
0 R̂em(u, v, z0) dz0

. (7)

This equation will be used for the synthetic and experimental
test data presented below.

If χ̂(u, v, z0)=χ1(u, v)δ(z0 − z1), when all the susceptibility
contrast is localized in a thin layer at z2, then

1T̂(u, v)
χ̂0(u, v)

= R̂m(u, v, z2)

R̂em(u, v, z2)
. (8)

Several tests on synthetic data (see the following section)
have established that either equation (7) or equation (8) , if
the z2 value is correctly chosen, can give sufficiently accurate
results. Both can be used as a filter function allowing us to
deduce the magnetic anomaly generated by induced magneti-
zation from the EM anomaly.

Rm and Rem can be calculated using two methods: use one
dipole located at a mean depth representation of the anoma-
lous feature, or use a vertical series of dipoles extending over
the thickness of the feature. The difference in investigation
depth between magnetic and EM methods must also be taken
into account for the choice of the dipole(s) depth because some
deep features may influence the magnetic response but not the
EM one (this situation will generate a difference between the
measured magnetic anomaly and the magnetic anomaly ob-
tained by filtering the EM data). The choice of the dipole(s)
depth will require successive trials but, in turn, the agree-
ment between the original magnetic anomaly and the magnetic
anomaly obtained by filtering EM data can be used as a crite-
rion for estimating the depth of a source.

TEST ON SYNTHETIC DATA

“L”-shaped feature

We first consider a “L”-shaped feature (Figure 1) and an
induced magnetization only. Our interest in this geometry is

FIG. 1. Geometry and properties of a “L”-shaped test model.
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to present two different horizontal branch orientations which
take into account the absence of lateral isotropy of both the
primary fields and the measured components.

Figures 2a and 2b show the results obtained, respectively,
for the CS150 apparatus (perpendicular-to-each-other coil con-
figuration, 4.4-and 10-kHz frequencies, 1.50-m separation be-
tween the coils, coils at 0.22-m altitude) (Beaussillon et al.,
1996) and for a total field magnetometer with a sensor at 0.30 m
above the ground. In the CS150 results, the anomaly maximum
obtained for the branch perpendicular to the profiles is slightly
offset, the perpendicular configuration of the coils delivering a
weakly assymmetric response (Tabbagh, 1986b).

The EM data were filtered with a function Rem calculated
using one dipole at the mean depth of 0.50 m (Figure 2c) and
also using a series of three dipoles located at 0.45, 0.55, and
0.65 m depths (Figure 2d), this latter distribution correspond-
ing to the entire thickness of the feature. In both cases, the

FIG. 2. Maps of the “L”-shaped feature with the CS150 apparatus (4.4 kHz): (a) EM apparent susceptibility (the original data),
(b) magnetic data, (c) filtered data from one dipole, (d) filtered data from three dipoles. The × symbols indicate the limits of the
“L”-shaped test feature.

shape and location of the magnetic anomaly obtained by fil-
tering the EM data is very similar to the one obtained with
synthetic magnetic data. The data obtained by using the three-
dipole filter function show only minor differences with the syn-
thetic magnetic data (Table 1). In the case of one dipole, the
minimum and the maximum are a little overestimated, and
the standard deviation of the data is a little more significant
(∼0.1 nT).

Table 1. Characteristics of magnetic and EM data for the “L”-
shaped feature with the CS150 apparatus.

Minimum Maximum Standard
(nT) (nT) deviation

Magnetic data −1.18 3.32 0.69
Filtered EM data (1 dipole) −1.11 3.59 0.75
Filtered EM data (3 dipoles) −1.17 3.31 0.69
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The same simulation is performed for the SH3 appara-
tus characteristics (parallel-to-each-other coil configuration,
1.5-m separation, 8.04 kHz). As in the case of the CS150 ap-
paratus, the configuration of the coils gives an assymmetric
response, and the anomaly is slightly offset from the loca-
tion of the feature. The EM data were filtered using one- and
three-dipole filter functions. In this case too, the magnetic
anomaly obtained by filtering the EM data correctly fits
the synthetic magnetic anomaly in magnitude as well as in
location (Table 2). However, the result obtained with the
one-dipole filter is slightly better than with the three-dipole
filter.

This first test shows that at shallow depth and for features
of limited thickness, the filter calculated for only one dipole
located at a mean depth gives similar results to those obtained
with the three-dipole filter. Because of their different coil con-
figurations, the CS150 and the SH3 apparatuses give different
apparent susceptibility responses, but the magnetic anomalies
obtained by filtering these data are very similar.

Prism with a significant depth extension

The cubic prism is presented in Figure 3 and extends between
0.50 and 2.50 m in depth. The two Slingram systems (the CS150
and SH3) do not sample the totality of the feature but only its
upper part, the approximate depths of investigation of C150
and SH3 being, respectively, 1 m and 0.70 m for susceptibility
measurements. On the contrary, magnetic measurements are
affected by the entire feature.

Here, the anomaly obtained with the CS150 apparatus
does not correspond exactly to the geometry of the feature
(Figure 4a), because of the feature’s extension in depth. By
calculating an EM transfer function with a dipole located at
1-m depth, we obtained a magnetic anomaly weakly inferior
(with a 0.93 magnitude ratio) to the synthetic magnetic case.
For a dipole located at 0.60-m depth, this ratio decreases to
0.74 (Table 3). Even if the difference of amplitude between
filtered EM and magnetic data remains relatively limited, the
difference of depth of investigation between the CS150 and the
magnetic method has a clear effect (Figures 4b, c, and d). This
difference is more important in the case of the SH3 apparatus
(Figure 5a) because its depth of investigation is inferior to the
CS150 apparatus. If the transfer function is calculated with a
dipole at 0.60-m depth, the shape of the anomaly is slightly
changed, but its amplitude is four times smaller than that of
the synthetic magnetic case.

The difference in depth of investigation between the mag-
netic method and the different EM apparatus is thus a main
parameter to consider when simultaneously inverting EM and
magnetic data.

Table 2. Characteristics of magnetic and EM data for the “L”-
shaped feature with the SH3 apparatus.

Minimum Maximum Standard
(nT) (nT) deviation

Magnetic data −1.18 3.32 0.69
Filtered EM data (1 dipole) −1.11 3.43 0.76
Filtered EM data (3 dipôles) −1.04 3.13 0.67

HORIZONTAL SHEETLIKE FEATURE: THE PROBLEM OF
THE EQUIVALENT STRATUM

The equivalent stratum problem is well known in magnetism:
the magnetic response of a feature at a given depth is equivalent
to the response of a thin sheetlike feature at a shallower depth
(Pedersen, 1991). The reciprocal effect of this equivalence can
be a problem in the interpretation of the filtered EM data if
a true susceptibility variation inside the near-surface layer is
interpreted as generated by a deeper feature.

Consider a thin horizontal magnetic stratum with later-
ally varying values of susceptibility, located at 0.10-m depth
(Figure 6). The corresponding apparent susceptibility map
presents an asymmetry when considering, for example, the
parallel orientation of the SH3 apparatus (Figure 7a). By fil-
tering the EM data with a filter calculated with one dipole
at 0.10-m depth, one reconstructs the magnetic anomaly
(Figure 7b).

Starting from this anomaly, if one first calculates the equiv-
alent stratum at 0.10-m depth, the original susceptibility dis-
tribution is recovered. This corresponds to the fact that the
equivalent stratum concept applies also in EM measurements
and that the inverse problem has an infinite number of so-
lutions. A given EM apparent susceptibility anomaly can be
interpreted as resulting from a thin layer located at any chosen
depth; the lateral susceptibility variation inside the layer can
be calculated by filtering.

Secondly, if one tries to estimate the depth of the mag-
netic source by using Euler’s deconvolution (Hood, 1965;
Thompson, 1982), one obtains a result equal to 0.32 m with

FIG. 3. Location and characteristics of prism feature.
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a structural index, N, equal to 2 (Desvignes et al., 1999), which
is a likely value for nonelongated features. In this case, the
depth of the source is overestimated. As we will see later, such
a situation can be met in specific experimental cases where
farmers ploughing the field may have scattered the upper parts
of a magnetic feature in the soil layer.

TESTS ON EXPERIMENTAL DATA

Pottery workshop of Dampierre sous Bouhy (Nièvre, France)

This pottery workshop from the 17th century was first sur-
veyed with the SH3 apparatus and a TDEM apparatus (Decco,
Littlemore Ltd.) using a coarse survey grid (5×5 m2) and later
with both the SH3 apparatus and a cesium gradiometer (G858
Geometrics) using a 1×1 m2 grid. To test the simultaneous
inversion using linear filtering, we chose a marked anomaly
(thought to be a kiln) likely having a high remanent magneti-

FIG. 4. Maps of a prism feature with the CS150 apparatus: (a) EM apparent susceptibility (the original data), (b) magnetic data,
(c) filtered data from one dipole at 1-m depth, (d) filtered data from one dipole at 0.60-m depth.

zation. According to EM data, the apparent magnetic suscep-
tibility of this feature is about 400×10−5 SI (Figure 8a). The
magnetic anomaly presents a high (peak-to-peak) amplitude
about 500 nT (Figure 8b).
For this study, we proceed step by step:

1) Determine the magnetic source depth using Euler’s de-
convolution.

Table 3. Characteristics of magnetic and EM data for the
prism with great depth extension with the CS150 apparatus.

Minimum Maximum Standard
(nT) (nT) deviation

Magnetic data −1.31 7.21 1.47
Filtered EM data −1.39 6.53 1.29

(1 dipole at 1 m)
Filtered EM data −1.41 4.86 0.93

(1 dipole at 0.60 m)
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2) Linear filter the EM data with a dipole at this depth.
3) Verify the magnetic source depth of the magnetic

anomaly obtained by filtering the EM data again using
Euler’s deconvolution.

We should expect to obtain the same depth in steps 1 and 3. If it
is not the case, we repeat the same steps with various structural
indices for the Euler deconvolution.

4) Subtract the magnetic anomaly obtained by filtering the
EM data from the measured magnetic data.

In the present case, the measured magnetic data resulted in
a source depth of 0.36 m using a structural index of N= 1.8.
The index suggests a lenslike geometry of the magnetic part of
the feature (Desvignes et al., 1999), and we obtained the same
result with Euler’s deconvolution of electromagnetic data fil-
tered with one dipole at 0.36-m depth (Figure 9). The anomaly

FIG. 5. Maps of a prism feature with the SH3 apparatus: (a) EM apparent susceptibility (the original data), (b) magnetic data,
(c) filtered data from one dipole at 0.60-m depth.

source is therefore likely located in the range of depth of in-
vestigation of the SH3 apparatus, and we can conclude that
the differences observed between measured and filtered mag-
netic anomalies are due to the presence of some remanent
magnetization. The part of the magnetic anomaly due to this
magnetization (mapped in Figure 10) is 12.4 times higher in
amplitude than that of the induced magnetization. By inter-
preting it as a thermoremanent magnetization, the amplitude
ratio corresponds to a global Koenigsberger’s ratio, Q, for the
whole feature. The literature reports that Q ratios for kiln ele-
ments are usually between 4 and 100 (Chauvin et al., 2000).

Iron Age site of Verdun sur le Doubs (Saône et Loire, France)

This site is situated on an alluvial plain downstream from
the confluence of the Doubs and Saône rivers in France. Lim-
ited archeological excavations have shown pits and semipit
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habitations at about 0.50-m depth. Two hectares were sur-
veyed with a cesium gradiometer (G858 Geometrics). We
selected a 20× 20m2 area where significant magnetic anomalies
were found previously (Figure 11a).

This survey was the first archeological application of the
CS150 Slingram apparatus built at the Centre de Recherches
Géophysiques of Garchy, France (Beaussillon et al., 1996).
The map obtained with the CS150 apparatus (Figure 11b) cor-
responds well with the magnetic map. An archeological ex-
cavation performed on three main anomalies identified Iron
Age pits (Figure 12). The infills of pits 1, 2, and 3 are 1.50 m,
0.50 m, and 2.20 m thick (two of them thus exceed the CS150
depth of investigation). This type of feature have probably no
thermoremanent magnetization, but the presence of a viscous
magnetization is likely.

Euler’s deconvolution on magnetic data delivers a depth of
0.25 m for N= 1 and 0.60 m for N= 2. Even if these features
are thick, the magnetic sources are located in the upper part of
the feature at a depth shallower than the CS150 depth of inves-
tigation. The differences observed between magnetic measure-
ments and magnetic data obtained by filtering the EM data thus
will indicate in the presence of another type of magnetization.

The best agreement in source-depth determination is ob-
tained for N= 1.1, for which we get for both magnetic anoma-
lies a depth of 0.32 m. This result was confirmed by excavation,
which showed that the major part of the archeological arte-
facts occurs around this depth. Measured magnetic anomalies
present amplitudes 1.76 times higher than those obtained by

FIG. 6. Location and characteristics of sheet-shaped feature.

filtering the EM data (Table 4). This difference can be inter-
preted by the presence of a viscous magnetization of the fea-
ture which has remained in place for 2000 years. Using the
theory of dispersed single-domain grains (Néel, 1949; Dabas
and Skinner, 1993), it is possible to calculate the time domain
coefficient of viscosity, s, using the formula.

χ(t)=χac

[
1+ s ln

(
t
ω

π

)]
,

where χacis the susceptibility at ω angular frequency. With an
experimental ratio (χ(t)/χac

) equal to 1.76 for t = 2000 years,
one deduces s= 0.022.

The corresponding quadrature to in-phase susceptibility ra-
tio would be: χq/χp= (π/2)s= 3.5%. This ratio is in good

FIG. 7. Maps of sheet-shaped feature with the SH3 apparatus:
(a) EM apparent susceptibility (the original data), (b) filtered
data from one dipole at 0.20-m depth.
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agreement with the values already published (Mullins, 1974;
Dabas and Skinner, 1993). The presence of a viscous magne-
tization is crucial for the archeological interpretation because
it proves that, despite its shallow depth, the upper part of the
feature is in situ and has not been disturbed by agricultural
work over twenty centuries.

Neolithic ring ditch in Viecht (Bavaria, Germany)

These neolithic rings were discovered by aerial photogra-
phy at Viecht, near Landshut in Bavaria (Germany) (Braasch,
1983). A geophysical survey was then done with both mag-
netic and EM methods (Tabbagh et al., 1988). For the mag-

FIG. 8. Detailed map survey on the pottery workshop of
Dampierre sous Bouhy (Nièvre, France): (a) SH3 survey
(apparent magnetic susceptibility), (b) magnetic survey.

netic survey, an optically pumped vapor magnetometer was
used with measurements every 0.1 s (Figure 13). For the
electromagnetic survey, the SH3 apparatus was used with a
grid mesh of 1.41×1.41 m2 (Figure 14). These surveys re-
vealed ditches and pits which have been partly disturbed by
plowing.

The magnetic and EM maps are similar, revealing three rings
and some pits located inside these rings for the most part. The
maximum of the EM anomalies is around 120×10−5 SI. The

FIG. 9. SH3 filtered data from one dipole at 0.36-m depth.

FIG. 10. Map of magnetic remanent magnetization anomaly of
the kiln of Dampierre sous Bouhy.
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susceptibility measurements on soil samples collected between
0 and 0.80 m in depth are slightly lower than this maximum
(around 80×10−5 SI for the pits). The top soil layer is between
0.20 and 0.40 m thick. The features are located between 0.40 and
0.80 m in depth and are thus within the depth of investigation
of the SH3 apparatus .

The EM data were filtered with a function calculated for
one dipole at 0.60-m depth (Figure 15). The filtered data are
weaker than the magnetic data by a 1.83 ratio. Again, this
phenomenon can be explained by the viscous magnetization
acquired during 4000 years. The s value here is 0.023
and corresponds to 3.7% ratio of quadrature to in-phase
susceptibility.

FIG. 11. Survey maps of Verdun sur le Doubs (Saône et Loire, France): (a) magnetic map with gradiometer GS858, (b) EM map
with CS150 apparatus. Location of pits revealed by archeological sounding above magnetic map (c) and electromagnetic map (d).

In the present case, however, the upper parts of the features
have been disturbed by ploughing which destroyed the viscous
magnetization. The first Euler’s deconvolution is done on one
of the anomalies inside the rings (Figure 13a). By using a struc-
tural index equal to 2, we obtain a depth of 0.70 m for magnetic
data and 1.50 m for EM filtered data. The result for magnetic
data is in agreement with observations made using hand-
augered holes at the location of this anomaly (the filling of the
pit extends from 0.20 to 0.80 m in depth). The result for EM fil-
tered data is strongly overestimated. This phenomenon can be
explained by the scattering of high-susceptibility soil in the top
layer by plowing. Due to its shape, such an artificial sheetlike
feature has quite a limited effect on magnetic measurements
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Table 4. Comparison between magnetic and electromagnetic
filtered data for the Verdun sur le Doubs site.

Minimum Maximum Standard
(nT) (nT) deviation

Magnetic data −13.74 35.89 5.34
Filtered EM data −10.27 18.94 4.80

(1 dipole at 0.32 m)

FIG. 12. Map of CS150 filtered data from one dipole at 0.32-m
depth.

FIG. 13. Magnetic map of neolithic rings from Viecht (Bavaria,
Germany) and location of hand-augered holes for magnetic
susceptibility measurements.

but a strong effect on EM measurements. The same phe-
nomenon is observed for the ditch (Figure 13b), where Euler’s
deconvolution suggests a 0.70-m source depth for magnetic
data and a 1.55-m source depth for EM filtered data.

DISCUSSION AND CONCLUSIONS

The aim of this paper is to present the first tests of simulta-
neous inversion of magnetic and EM surface data by linear fil-
tering. We must first take into account the differences between
magnetic and EM measurements, particularly in terms of depth
of investigation. The depth of the feature can be first estimated
by Euler’s deconvolution on magnetic data. If the feature is lo-
cated within the depth of investigation of the EM apparatus, it
may be possible to differentiate the different types of magneti-
zation which generate the magnetic anomaly. Remanent mag-
netization is the easiest one to map, and the Koenigsberger’s

FIG. 14. EM map of neolithic rings from Viecht with SH3
apparatus.

FIG. 15. SH3 filtered data from one dipole at 0.60 m depth.
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ratio can be deduced. Viscous magnetization generally has a
weaker influence and will strongly depend on the age of the
structure. The study of this type of magnetization will likely
require more experience over archeological sites of different
periods with follow-up excavations. Viscous magnetization is
an important parameter to assess the age of the features and
to control if the feature has been totally or partly disturbed by
agricultural work. In such a case, the magnitude of the mea-
sured magnetic anomaly will be reduced, and the source depth
corresponding to the magnetic anomaly deduced by filtering
from the EM data will be increased.
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