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Abstract

Magnetotelluric (MT) soundings performed in the past in the volcanic area of Mt. Vesuvius by two independent
research groups showed in the same places MT apparent resistivity curves with very similar shape, but statical-
ly shifted by one order of magnitude, at least. To try to resolve this ambiguity new controlled source audio-mag-
netotelluric (CSAMT) measurements have been carried out in the same MT sites. The interpretation of the
CSAMT dataset, combined with that of two shallow dipole-dipole geoelectrical resistivity tomographies previ-
ously carried out in the area have allowed a reliable electrical structure to be recovered down to a few km of
depth, which will next be used for a best constrained re-interpretation of the deep MT soundings.

Key words Vesuvius volcanic area — CSAMT sur-
vey — resistivity tomography — shallow 2D electrical
structure

1. Introduction

Mt. Vesuvius is considered a highly haz-
ardous volcano and is among the most surveyed
active volcanoes in the world for the great con-
cern due to the high level of urbanization exist-
ing all around its slopes, mainly those facing
closest to the south-eastern suburbs of Naples.

As is well known, geophysics is considered
a powerful tool both for modelling the structure
and controlling the dynamics of active volca-
noes. In particular, the application of electro-
magnetic (EM) geophysical methods to vol-
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canology is a topic of great interest, given the
strong dependence of the electrical resistivity
on the shallow and deep physical characteristics
of a volcanic apparatus.

The EM method used to explore deep
crustal structures is magnetotellurics (MT),
whose investigation depth ranges from a few
hundred meters to tens of kilometres. MT was
applied to Vesuvius by Di Maio et al. (1998)
and subsequently by Manzella et al. (2004).
The MT apparent resistivity curves drawn by
the two research teams, while showing essen-
tially the same pattern and an intermediate min-
imum localized at about the same frequency,
appear vertically shifted by one up to two or-
ders of magnitude even in some common sta-
tions, without significant differences in phases.

Indeed, the problem of finding the correct
level of the MT curves has been, and still is a
crucial step for a reliable resistivity modelling
of the explored structures. As is well known, a
change in level of a curve leads to a dramatic
change in the depth of allocation of the resistiv-
ity sequences, just as documented by the inter-
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preted sections provided by the two research
groups across a nearly coincident N-S profile
through the Vesuvius edifice. In fact, Di Maio
et al. (1998) interpreted the intermediate appar-
ent resistivity minimum they found in the MT
curves, as due to a deep conductor around 12
km of mean depth b.s.1. (below sea level), rising
up to about 8 km of mean depth bsl beneath the
Vesuvius cone. Manzella ef al. (2004), instead,
interpreted the similarly shaped, but downshift-
ed minimum of their MT curves, as due to a
conductive zone at around 1 km of mean depth
bgl (below ground level). As a consequence, the
volcanological attribute of this intermediate
conductive zone turned out to be quite different,
depending on the depth at which it was located,
i.e. possible evidence of an ascending in-
tracrustal molten layer (Di Maio et al., 1998),
or a shallow hydrothermal reservoir (Manzella
et al., 2004).

Di Maio et al. (1998) maintain that the lev-
el of their MT curves is confirmed by the com-
parison with a nearby N-S Dipole-Dipole (DD)
Electrical Resistivity Tomography (ERT) re-
ported in their same paper. Manzella et al.
(2004), after making recourse to TDEM meas-
urements to control the static level of their MT
curves, maintain that their joint TDEM-MT in-
terpreted resistivity model is in good agreement
with the same N-S DD ERT reported in Di
Maio et al. (1998). It is thus evident that the two
groups made a quite different use of the N-S
DD ERT image reported in Di Maio et al.
(1998), which actually is nothing but a pseudo-
section.

To try to solve this problem, a shallow 2D re-
sistivity imaging of the Vesuvius area, where the
MT stations were located is provided in this pa-
per, by combining the interpretation of the al-
ready existing DD ERT data and a new Con-
trolled Source Audio-Magnetotelluric (CSAMT)
dataset. In particular, the 2D inversion of the al-
ready mentioned N-S DD ERT profile (Di Maio
et al., 1998) and an E-W DD ERT profile, also
previously performed in the area (Patella and
Mauriello, 1999) is illustrated and discussed, fol-
lowed by that of the new CSAMT profile per-
formed in the Vesuvius central western area.

The choice of the CSAMT method is moti-
vated by the fact that it uses an artificial EM
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field to estimate the impedances in the 10-10°
Hz frequency band, where the natural MT sig-
nals are typically weak, thus allowing shallow
targets to be most reliably detected.

The combined CSAMT and DD ERT inter-
pretation down to a few km of depth is here pro-
posed for the level of the MT curves to be con-
strained in an optimal way, and hence the deep-
er electrical structures to be more reliably im-
aged. The MT re-interpretation will be the top-
ic of a future paper.

2. Previous geoelectrical surveys revisited

Besides the shallow DD ERT reported in Di
Maio et al. (1998) and Patella and Mauriello
(1999), a near-surface DD ERT was also per-
formed in the Vesuvius area by Supper and
Seiberl (2000). We consider here only the near-
surface curved ERT profile, about 7.9 km long
(black line in fig. 1), located very close to the
CSAMT survey. Following Supper and Seiberl’s
(2000) interpretation down to the investigation
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Fig. 1. Sketch map of the Vesuvius volcanic area.
UTM coordinates are shown on both axes in figure.
Red ellipses: CSAMT stations. Green lines: shallow
DD ERT profiles. Black curved line: near-surface
ERT profile.
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Fig. 2. 2D resistivity models across the N-S and E-W shallow DD ERT profiles (green straight lines in fig. 1).
Black arrows indicate the profiles intersection.
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Fig. 3. Pseudosections of the N-S and E-W DD ERT profiles and responses of the best fit N-S and E-W mod-
els shown in fig. 2. Data are fitted with an rms of 3.9 and 3.6 respectively.
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Fig. 4. Swift’s skew as a function of period and
CSAMT site number. Skew values below 0.2 indi-
cate a 1D/2D nature of the dataset.
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Fig. 5. Rose diagram of the estimated strike direc-
tion and of the telluric distortion parameter (shear
and twist) for the eight CSAMT sites. Each line cor-
responds to a single site. In each diagram different
estimates of the parameters, relative to different fre-
quencies, are shown.

depth of 150 m bgl, the top northwestern branch
of the profile is generally dominated by a bottom
layer with high resistivity ranging between 750
and 2000 £2m, overlain by an outcropping layer
showing a still higher resistivity in the range
6000-20000 2m and a thickness ranging be-
tween a few m and about 60 m. Along the south-
eastern branch of the profile, the general appear-
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ance changes completely. Only in some segments
is there a high resistivity top layer as in the for-
mer branch. Generally, the top portion of the sec-
tion is represented by a lower resistivity layer
(200-2000 €2m) extending down to a depth of
about 60 m, followed by an extremely high resis-
tivity layer (12000-60000 2m). From this near-
surface resistivity overview, it clearly emerges
that, in this zone of the volcano and within the top
150 m of depth, the relatively lower resistivity
zones have a limited extension and an average re-
sistivity of about 1000 2m, whereas the highest
resistivity zones have average resistivity of even
some ten thousands Qm.

To infer the resistivity behavior below 150 m
of depth bgl down to a few km of depth bgl, at
most, we now show the 2D inversion models
which have been elaborated across the shallow N-
S (Di Maio et al., 1998) and E-W (Mauriello and
Patella, 1999) DD ERT, located as in fig. 1. Both
ERT profiles were surveyed using a dipole spread
of 500 m, and the spacing between the centre of
the emitting and receiving dipoles was enlarged
at the constant step of 500 m, starting from 1 km
up to 4.5 km, at most. The two DD ERT have
been inverted using the method and computer
code proposed by Oldenburg and Li (1994,
1999). We have chosen a uniform half-space as
background reference model and made subse-
quent inversions with different values for its resis-
tivity, ranging between 10 Qm and 10000 Qm.
This procedure allows the depth of investigation
(termed DOI index) to be evaluated until the
model is controlled by the experimental data. In
practice, the DOI index, which ranges between 0
and 1, quantifies the change between the models
obtained by the different background resistivity.
DOI values not exceeding 0.1, for reference resis-
tivities differing by two orders of magnitude, in-
dicate that the area is well constrained by the da-
ta. We have found that reference resistivities be-
low 100 2m do not let the inversion converge.
The resistivity models finally obtained along the
two DD ERT profiles are shown in fig. 2, while
fig. 3 shows the comparison between experimen-
tal and modelled responses.

Assigning a 25% average error on the data,
a rms values of 3.9 and 3.6 has been recovered
respectively for the N-S and WE profiles.

The two sections display a nearly continu-
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ous conductive horizon with a resistivity rang-
ing from 30 up to 300 Qm, underlying a more
resistive and discontinuous cover, undersam-
pled by the dipole length. The thickness of the
conductor, probably related to the aquifer, in-
creases coming towards the NW sector, reach-
ing depths of about 1500 m b.s.l. A bedrock
with a resistivity not less than about 2000 Q2m
and up 20000 Qm is recovered in the deepest
portion of the model. In the N-S section, be-
neath Vesuvius, a more conductive zone inter-
rupts this horizon, likely ascribable to local hy-
drothermal systems (Caliro ef al., 2005).

3. The CSAMT survey

CSAMT data were acquired in single site
mode at eight stations distributed along a near-
ly straight NW-SE transect, about 5 km long
and passing about 2 km south of the Vesuvius
crater, as shown in fig. 1, in the same central
area previously explored by Di Maio et al
(1998) and Manzella et al. (2004). A Stratagem
(Geometrics/EMI) system has been used. The
controlled source emits in a band from 1 kHz to
100 kHz and for the lower frequencies the nat-
ural source is utilised. The antennas were
placed near the receiver, at a distance such that
both the s/n were high and no near source ef-
fects were present. The DD ERT dataset was
used to validate the level of the apparent resis-
tivity curves.

The rotationally invariant skew parameter
(Swift, 1967) was derived from the MT imped-
ance tensor in order to measure the deviation
from 1D or 2D structures. As shown in fig. 4, at
almost all the periods the skew values are less
than 0.2, with the exception of sites 3 and 4,
thus globally indicating a 1D/2D nature of the
data.

The occurrence of near-surface anomalies
also poses a problem for the determination of
the true regional strike direction. We used
Groom and Bailey’s approach (Groom and Bai-
ley, 1989) to recover the 2D regional strike and
the telluric distortion parameters. In particular,
we have analyzed the three decomposition pa-
rameters, namely shear, twist and regional strike
angle, by the rose diagrams in fig. 5. Shear and
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twist nearly vanish at almost all sites (no local
distortion), with the exception of the sites with
high skew values. The regional strike angle is
approximately 60°N or, equivalently, 30°N, due
to the 90° ambiguity in the strike direction, at all
the sites. The ambiguity about the strike direc-
tion has been removed using the ERT 2D inver-
sion (fig. 2), which across the E-W profile
shows a more homogeneous behavior than
across the N-S profile. The CSAMT apparent
resistivity and phase pseudo-sections relative to
the TM and TE modes are shown in fig. 8.

The CSAMT soundings were inverted to
find the best model m; justifying the whole
dataset along the profile. We employed the reg-
ularized algorithm by Rodi and Mackie (2001),
which is based on the conjugate gradients
method for the iterative minimization of the fol-
lowing objective function

b=P,+7-D, 3.1
where @, is the y*-like function
2

®, = ‘ d '{T(’”) (3.2)

with d being the data vector, f(m) the forward
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Fig. 6. The rms error as a function of model rough-
ness relative to different values of the trade-off pa-
rameter 7.
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solution of the trial model m, o the data errors,
and d,, is a term of the kind

@, = D(m-m) | (3.3)
called model roughness, realized by a first or
second order operator D calculating the differ-
ences between adjacent grid elements in verti-
cal and horizontal directions, related to the trial
model m and an initial model m,,. Finally, 7 is a
parameter which controls the balance between
data fit and model roughness.

The idea behind the minimization of such a
functional, due to Tikhonov and Arsenin (1977),
who named the general procedure regulariza-
tion, was introduced to overcome mathematical
difficulties in the theory of ill-posed problem.
Regularization has enormous practical benefits
in the interpretation of experimental data.
Specifically, ®,, has a smoothing effect on the
inversion results, in the sense that, minimizing a
functional of this kind, one finds a minimum
structure model (low ®,,) with a reasonably low
data misfit ®@,. Other models will be able to sat-
isfy the observation, due to the non-uniqueness
of the problem, but this approach avoids unnec-
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Fig. 7. 2D resistivity ending models obtained by
the joint inversion of the CSAMT TM and TE
modes, using a homogeneous half-space with resis-
tivity po=10000 Qm and 7=1 for the regularization
parameter.

186

essary complex solutions. The best model m;
depends strongly on the structural information
of the initial model m,, which may lead to bi-
ased inversion results if it is not consistent with
the data. A homogeneous half space with a
properly chosen electrical resistivity p, can be
used as initial model m,, (Tauber et al., 2003).
The inversion results depend significantly also
on the trade-off parameter 7.

In order to perform a correct evaluation of
the best model m;, we applied a minimum error
floor of 10 per cent on log(p,) and 5 per cent on
the phases using different starting models for
the inversion, and found that the least rms error
corresponds with p,=10000 Qm. Moreover this
high p, value agrees with the very resistive
bedrock indicated by DD ERT section shown in
fig. 2 and by the near-surface DD ERT per-
formed in the Vesuvius area by Supper and
Seiberl (2000). Furthermore, we analyzed the
behavior of the rms error versus the regulariza-
tion term ®,,, at different t values, as plotted in
fig. 6. The best compromise between a low da-
ta misfit and a smooth model is obtained for
7=1. Therefore, we have at last accepted as best
model m; the one with p;=10000 m and 7=1,
shown in fig. 7. The final rms achieved is of
about 3.3, while the response curves of the best
fit model are compared with the data in fig. 8.

As previously said, due to the non-unique-
ness of the CSAMT data inversion problem,
other 2D models may result consistent with the
given dataset. To explore this aspect, we con-
sider now the behavior of the so-called sensitiv-
ity matrix S in the accepted best model m;, de-
fined as (Scwalenberg et al., 2002)

S = 9f(m) /9ml m=m, (3.4)
which describes the influence of an infinitesi-
mal resistivity variation in any block of the 2D
best model, on the data. Although the sensitivi-
ty matrix calculation represents the most time-
consuming phase of the inversion, its analysis is
indispensable to understand which of the mod-
el parameters are less resolved by the data, in
the sense that different values of these model
parameters may generate a final model fitting
the data as adequately as the chosen best mod-
el. In practice, each element of the sensitivity
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Fig. 8. Pseudosection for the CSAMT profile and response of the best fit model shown in fig. 7. Data are fit-

ted with an rms of 3.3.
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Fig. 9. Plot of the normalized sensitivity matrix re-
lated to the model of fig. 6. Blocks in the sections
where the common log of sensitivity takes values be-
low =5 are not interpretable.
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matrix S is normalized by data error, grid size
and the maximum value (Scwalenberg et al.,
2002). The results are shown in fig. 9.

To fix a threshold for the sensitivity, an
analysis of the resolved part of the model was
performed. In fig. 10 we have plotted the rms ob-
tained imposing different values of resistivity be-
low a chosen isoline of the sensitivity. Isolines
above 107 show some variation of the relative
rms, when the resistivity of part of the model is
changed, while below 10~ the rms remains quite
constant, showing that the relative part of the
model is not well resolved. Therefore, zones
with sensitivity below this threshold are likely to
be excluded from the interpretation.

Sensitivity generally decreases rapidly with
depth, as shown in fig. 9, where, excluding
some zones with sensitivity values below the
said threshold, the structures down to 2 km of
depth appear well imaged.

Accounting for this last conclusion, we have
redrawn in fig. 11 the final best model derived
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from the inversion of the CSAMT, where the
lowest sensitivity zones have been excluded
from model parameterization.

The uppermost part of the section appears
characterized by a heterogeneous layer, consist-
ing of a conductive region, with resistivities not
exceeding 200 €m, locally as low as a few tens
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v

10
resistivity (2m)

Fig. 10. Analysis of the resolved part of the model
of fig. 6. The rms are obtained imposing constant
values of resistivity below a chosen isoline of the
sensitivity in the model of fig. 6. Isolines above 107
show some variation of the relative rms, while below
107 the rms remains quite constant, showing that the
relative part of the model was not well resolved.
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Fig. 11. 2D joint inversion of CSAMT TM and TE
modes across the profile in fig. 1, relative to 10000
Qm for the resistivity po of the starting model, 7=1
for the trade-off parameter. A horizon of 2 km bgl is
assumed.
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Qm, associated with hydrothermal or a mix of
groundwater and hydrothermal systems (Caliro ez
al., 2005), broken by zones of resistivities up to
some thousands Q2m, related to cold, compact
volcanic rocks. A nearly continuous bedrock with
a high resistivity extends at depths below 1 km
b.s.l. The general resistivity pattern across the
CSAMT profile appears reasonably similar to
that emerging from the shallow DD ERT profiles
roughly in the same area (see fig. 2).

4. Conclusions

We have approached the inversion of DD
ERT and CSAMT datasets collected in the Mt.
Vesuvius area to provide a basis to resolve the
ambiguity related to static shift effects in some
MT apparent resistivity curves, previously ob-
tained in the same area by two different research
teams (Di Maio er al.,, 1998; Manzella et al.,
2004). MT apparent resistivity curves vertically
shifted by one up to two orders of magnitude
were indeed displayed even in some common sta-
tions, while showing the same pattern, an inter-
mediate minimum localized at about the same
frequency and no significant differences in phas-
es.

The choice of the ERT and CSAMT methods
was motivated as follows. ERT is not afflicted by
static shift effects, and, in conjunction with
CSAMT, which in the 10-10° Hz band is charac-
terized by a high signal-to-noise ratio, provides
the optimum way to fix unambiguously the level
of the MT apparent resistivity curves.

The shallow ERT and CSAMT interpreted
sections have shown in the whole volcanic cen-
tral area the existence of very similar behavior
of the resistivity, which spans over five orders
of magnitude, from less than 10 Qm up to 10°
Qm. A first heterogeneous layer appeared in
both sections, confined within the first km of
depth bsl and consisting of a conductive zone,
with resistivities ranging between a few tens
Qm and some hundreds Qm. It was associated
with a sequence of hydrothermal or mixed
groundwater-hydrothermal systems, separated
by more resistive parts, likely related to cold,
compact volcanic rocks. This layer overlies a
very highly resistive bedrock, showing resistiv-
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ities ranging from a few thousands Qm up to
some ten thousands Qm.

The high resolution level of this shallow
part of the volcanic structure is definitely as-
sumed to provide the required strong con-
straints in view of a re-interpretation of the MT
soundings available in this area, for the explo-
ration of the deeper lithosphere structure, which
will be the topic of a future paper.
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