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Abstract

In the context of an interdisciplinary science convention, the Europlanet Vulcano Summer
School 2019, joint SIP and TEM measurements were realized on an active fumarole field
within a fault zone in the northern part of the island Vulcano (Italy). The aim of the
field survey was to investigate the applicability of the two methods for imaging subsurface
features such as gas migration paths and alteration products. The present work exam-
ines characteristics of fumaroles and draws a first positive balance from the preliminary
evaluation of the observed EM data.

1 Introduction

The Vulcano Summer School is an interdisciplinary science congress that has now been
organized for the fifth time by Jacobs University (Bremen) and DLR (Berlin). It aims
at bringing together scientists from geology, astrobiology, oceanography, volcanology, geo-
physics and robotics as well as students and technicians from all over the world. The
main concern is to test measuring equipment and robots under extreme conditions (high
temperatures, dry ash and acidifying gases) in order to simulate interplanetary research
cruises. Therefore, Vulcano acts as a Moon / Mars analogue site due to its volcanic ac-
tivity including dry and rocky plateaus, fumaroles ejecting sulphuric gases among others
and an allover dry and hostile environment. Besides that, the Vulcano Summer School
enables students to undertake interdisciplinary training with a special focus on practical
application. Due to its scientific value, funding is provided by the Europlanet program of
the European Union (Unnithan et al., 2019).
The island of Vulcano (Fig. 1) is the third largest island of the Aeolian archipelago,
situated approximately 20 km north of Sicily, Italy. Its seamount morphology built up in
the last 150 000 years, but geologic formations get younger moving north and north-west
(De Astis et al., 2013). The volcanism that is active up to the present time is driven by
the subduction process of the African plate which is converging with the Apulian plate.
This process becomes visible also in the known volcanoes Etna and Mount Vesuvius. The
shape of Vulcano is dominated by the cone La Fossa di Vulcano, an active volcano that is
located within two intersecting multi-stage calderas. Its last eruption took place in 1890.
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Fig. 1: Vulcano island: its location, geological features and the location of the measure-
ment site marked as a red rectangle (De Astis et al., 2013).

The northernmost part of the island is formed by a three-stage vulcano, the Vulcanello,
which is connected to the main part of the island by an isthmus, the so called ‘Dead Field’.
The measurement site was located at the eastern beach, right within the area of the Dead
Field. The place is characterized by various active fumaroles which affect the electrical
conductivity of the subsurface by migration of volcanic gases in saline water. This results
in an highly conductive, corrosive regime that is coupled with resistive gas bubbling - a
challenge for both SIP and TEM.

2 Vulcano Porto Beach Fumaroles

Beneath the Dead Field, a broad fault zone is located striking from SW to NE. This
area provides various migration paths for volcanic gases. Rising gases pass through a
thermal aquifer in approximately 200m depth and heat up. Depending on whether they
mix with shallow groundwater and infiltrated sea water on their further rise or not, the
resulting gas discharges can be both hot and cool. Therefore, both discharge phenomena
are characterized by temperatures between 40 – 100°C, which may vary at very small
spatial distances over the entire temperature range (Baubron et al., 1990; Capasso et al.,
2001; Taran, 2011). They further occur both onshore and offshore (Fig. 2). Since they
originate from the same deep source, the escaping gases are all composed of CO2 and up
to 0.4% H2S. Due to the acidifying gases, waters close by the fumaroles have reduced pH
values (3 - 4.5 at the investigated fumarole field).
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Fig. 2: Schematic classification of the current fumaroles at the Dead Field based on
(Baubron et al., 1990; Capasso et al., 2001; Taran, 2011; Merkel et al., 2011). Top
right figure from Merkel et al. (2011).

3 Electrical conductivity

In general, the electrical conductivity of rocks and soils σ∗ has to be considered as a
frequency dependent, i.e. complex quantity (Olhoeft, 1985). σ∗, which is related to
complex resistivity ρ∗ by the reciprocal, can be expressed in terms of real and imaginary
part (σ′, σ′′) or as amplitude and phase shift (|σ∗|, ϕ).

σ∗ =
1

ρ∗
= σ′ + σ′′ = |σ∗| · eiϕ (1)

The real part σ′ is dominated by the electrolytic conductivity, which is commonly described
by the empirical Archie’s law. It depends on porosity Φ, pore water conductivity σw and
brine saturation Sw = 1 − Sgas (Archie, 1942). Archie’s law only fully for clay-free,
sedimentary rocks.
The imaginary part σ′′ originates from the interface conductivity and reflects the polar-
ization properties of mineral-water interfaces. σ′′ depends on pore water conductivity, the
pH, the occurrance of highly polarizable minerals θpol (such as e.g. some sulphides), and
the internal surface area A.
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Fig. 3: Measurement site at the Dead Field beach. Yellow loops denoting the current
coils of the TEM measurements, colored lines denote the SIP profiles and the points
on those the respective electrode position.

The presence of fumaroles, i.e. the associated CO2-rich gas discharges, can have multiple
impacts on the complex conductivity σ∗. For instance, changes in the local porosity due
to fluid migration pathways or mineral precipitation and partial saturation (Sgas > 0)
due to gas bubbles strongly modify the electrolytic conductivity. Variations of pore water
conductivity σw due to groundwater or seawater mixing as well as reactive gas dissolution
and dissociation affect both the electrolytic and interface conductivity. Gas dissolution
or dissociation processes moreover cause acidification which mainly act on σ′′ (Börner et
al., 2015, 2017). Furthermore, variations in the internal surface area A due to mineral
alteration or precipitation processes and an increase in polarizable components θpol due
to the presence of either organic matter (e.g. from dead plants), altered minerals (e.g.
clay minerals), or precipitated minerals (e.g. pyrite, limonite) can influence the interface
conductivity.

Börner et al., Joint SIP and TEM Measurements on an active Fumarole Field - Results from the 5th Vulcano Summer
School 2019

48



Fig. 4: Measured SIP data (top row), resulting model response (middle row) and data
fit for Profile 1 at 23.4 Hz.

4 SIP measurements

To grasp the presence of the fumaroles by its polarization effects, SIP measurements on
5 profiles (see Fig. 3) were carried out, using a SIP 256D (Radic Research) instrument.
The survey comprised dipole-dipole configuration measurements with a spacing of 1 m and
a frequency range of 91.5 mHz to 20 kHz. Because of the special setting of the Vulcano
Porto beach fumaroles it was necessary to face many experimental challenges. The mea-
suring device was endangered by the corrosive environment (low pH) and the high surface
temperatures due to insolation. The high conductivity of the upper layer and the noise
(anthropogenic as well as from the gas bubbling) had a big influence on data quality and
feasibility of the measurements in general.
The received data was processed with a single frequency inversion using the PyGimli
framework and a two-step IP inversion approach (Oldenburg & Li, 1994; Rücker et al.,
2017). The underlying algorithm is based on a Gauss-Newton (GN) approach with a
CGLS solver, incorporating a data weighting based on the measured errors. Furthermore,
smoothness constraints, a regularization parameter reduction at each GN step, and a line
search approach for controlling the model updates were exploited. 4 a data selection
on Profile 1, illustrating the challenging, highly conductive environment in the raw data
already. In particular, the phase measurements turned out to be difficult due to the
high conductivities. Data with errors above 20% have been discarded. The inversion
result, shown in Fig. 5, considers Profile 1 and is exemplary for the whole survey. The
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Fig. 5: Inversion results for Profile 1 at 23.4 Hz

illustrated spatial parameter distributions are obtained after 5 GN iterations (relative final
objective function: 0.67%) for the apparent resistivity and 27 GN iterations (relative final
objective function: 0.41%) for the imaginary part of resistivity. The phase and imaginary
conductivity have been computed during post-processing.
Focusing on the profile section between 8 and 11 m, i.e. the area where the visible fumarole
is located at the surface, an indication on it is given as a zone of increased real conductivity
and polarization strength at depth. It is assumed that these characteristics mainly arise
from the local gas discharge. The high porosity at the uppermost layers favour a high
saturation with the highly conductive groundwater which lead to an increase in σ′ close
to the surface. Furthermore, the presence of organic matter and iron-rich precipitations
lead to high amplitudes, also in the components of σ′′ and ϕ.
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Fig. 6: Data (blue) and inversion result (red) of the separate loop measurements at a
distance of r = 40 m.

5 TEM measurements

The TEM soundings were conducted using a Geonics PROTEM 47 device. Two different
loop positions were set up. Loop 1 (see Fig. 3) with a side length of approx. 3 m in
order to investigate the temporal effect in TEM measurements of the underlying fumarole
exhibiting strong gas bubbling, and Loop 2 (see Fig. 3) with a side length of 40 m to map
the 1D background conductivity structure. Two different measurement configurations
were used at each site: an inloop configuration in the center of the transmitter loop and
a separate loop configuration at a distance of 40 m north of the center of the transmitter
loop. During the measuring process, current monitoring was applied to successfully correct
temperature induced power anomalies during data processing.
Due to the abundance of meteoric and salt water as well as corrosive gases, the whole
measurement had to be handled with extreme care to avoid damage to the instrumenta-
tion. Furthermore, a highly conductive regime limits the accessible depth range of TEM
measurements. The TEM signal is provided by eddy currents in the underground propa-
gating downward in time. However, in high conductivity regimes the current propagates
with low velocities, it is trapped within the conductive layer. Additionally, several noise
sources were present at the location. In addition to anthropogenic noise including water
supply pumps, buried pipes and power cables, the fumaroles’ gas bubbling contributes to
an intermediate signal-to-noise-ratio.
For TEM data inversion, a stack of ten time series of the data measured in separate loop
configuration using Loop 2 was chosen. They were accomplished using a square transmitter
loop source of length 23 m by 23 m and a current of 3 A. The receiver was located 40 m
north of the center of the transmitter loop. Taking into account a low resistivity of
1 Ωm, the penetration depth is approximately 30 m. As a starting model for inversion a
10 layered homogeneous half-space of 10 Ωm was defined. The inversion based on a 1D
damped Gauss-Newton approach terminated after 28 iterations. The result is shown in
Fig. 6. The inversion result fits the data clearly visible. The corresponding final relative
objective function has a value of 2.55%.
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Fig. 7: Resistivity distribution as suggested by the inversion result.

As can be seen in the final resistivity model in Fig. 7, the subsurface at the location
consists of three main layers: The uppermost layer seems to be a highly conductive 0.3 Ωm
layer of 0.5 m thickness followed by a more resistive 2-3 m layer of 1.7 Ωm thickness. The
underlying half-space appears to have a resistivity of 0.6 Ωm. Overall, this section can be
regarded as a highly conductive regime.

6 Discussion and conclusion

The resulting conductivity models from both methods (Figs 5 and 7) show very consistent
results despite their different length scales and sensitivities. Both methods reconstruct a
conductivity of approximately 3 S/m close to the surface. Given the muddy, highly-porous
ground and the surface water conductivity of 3.53 S/m (cf. Fig. 2), this can be considered
realistic. Furthermore, both methods show a zone of slightly lower conductivity in 1 to 5
m depth. The TEM, which has the greater penetration depth, reconstructs a conductivity
increase below 5 m. The overall very high conductivities and the therefore low penetration
depth do not allow for resolving the bed rock. The slight conductivity variations below
1 m depth could e.g. be caused by the mixing of sea and ground water.
The present article reports on a successful joint application of SIP and TEM measurements
in a noisy and highly corrosive environment of a fumarole field. Preliminary inversion
results of both EM methods show a high consistency in the background conductivity.
Furthermore, these results allow for first implications that small scale CO2 discharges in
a highly conductive environment can be mapped with electromagnetic methods.
Future investigations will first include a comparison with SIP lab measurements of local
soil. Furthermore, 3D inversion of the entire SIP data set and 1D inversion of all TEM
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components (x, y, z) as well as an attempt of a SIP-TEM joint inversion are considered.
In case of validation of the first evidence of detectability, investigation of gas discharges
at different life stages by a monitoring are planned.
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