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ABSTRACT

Helicopter-borne aeromagnetic surveys at two different times
separated by three years were conducted to better understand the
shallow subsurface structure of the Vulcano and Lipari volcanic
complex, Aeolian Islands, southern Italy, and also to monitor the
volcanic activity of the area. As there was no meaningful difference
between the two magnetic datasets to imply an apparent change
of the volcanic activity, the datasets were merged to produce
an aeromagnetic map with wider coverage than was given by a
single dataset. Apparent magnetisation intensity mapping was
applied to terrain-corrected magnetic anomalies, and showed
local magnetisation highs in and around Fossa Cone, suggesting
heterogeneity of the cone. Magnetic modelling was conducted for
three of those magnetisation highs.

Each model implied the presence of concealed volcanic products
overlain by pyroclastic rocks from the Fossa crater. The model for
the Fossa crater area suggests a buried trachytic lava flow on the
southern edge of the present crater. The magnetic model at Forgia
Vecchia suggests that phreatic cones can be interpreted as resulting
from a concealed eruptive centre, with thick latitic lavas that fill
up Fossa Caldera. However, the distribution of lavas seems to be
limited to a smaller area than was expected from drilling results.
This can be explained partly by alteration of the lavas by intense
hydrothermal activity, as seen at geothermal areas close to Porto
Levante. The magnetic model at the north-eastern Fossa Cone
implies that thick lavas accumulated as another eruption centre in
the early stage of the activity of Fossa. Recent geoelectric surveys
showed high-resistivity zones in the areas of the last two magnetic
models.

INTRODUCTION

The Aeolian Island Arc is located in the Tyrrhenian Sea,
southern Italy, and is composed of seven volcanic islands: Alicudi,
Filicudi, Salina, Lipari, Vulcano, Panarea, and Stromboli from
west to east (Figure 1). The volcanic activity of the islands is
thought to originate from the subduction of the African Plate
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beneath the European Plate at the southern edge of the Tyrrhenian
Sea (Gasparini et al., 1982). Since ancient Greek times, Stromboli
in particular has been noted for its effusive eruptions of mainly
lava products, and Vulcano was noted for its violent “Vulcanian”
eruptions that emitted large quantities of volcanic bombs and ash.

Activity at Vulcano has been unusually quiet since the last
eruption took place between 1880 and 1890. This relatively long
period of inactivity has caused concern that a future eruption could
be explosive and cause severe damage. To predict and mitigate
future eruptions, it is important to know the detailed subsurface
structure of the volcano as well as to monitor its activity. Barberi
et al. (1994) conducted a geophysical study in the central sector of
the Aeolian Arc, collecting gravity, magnetic, and volcanological
data, and focused chiefly on revealing the deep subsurface
structure of the arc. Helicopter-borne aeromagnetic surveys have
been conducted at two different times to help better understand
the shallow subvolcanic structure of the Vulcano and Lipari
complex, and to monitor the volcanic activity of the area (Supper
et al., 2001, 2004; Okuma et al., 2003). The aim of this study is to
interpret the aeromagnetic data in terms of the shallow structure of
the Vulcano-Lipari complex.

GEOLOGICAL SETTING

The Vulcano and Lipari volcanic complex belongs to the
Aeolian volcanic island arc and is located inside a regional graben
structure aligned with the NNW-SSE trending Tindarri-Letojanni
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Fig. 1. The map of the study area shows the Aeolian Islands located
between Sicily and the southern tip of the Italian Peninsula in the
Tyrrhenian Sea. It also indicates the distribution of volcanic rocks of
the age younger than 1.3 Ma (after Furukawa et al., 2000).
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right-lateral strike slip fault in the Tyrrhenian Sea (Barberi et al,,
1994; Ventura, 1994).

Figures 2 and 3 show topographical and surface geological
maps of the Vulcano-Lipari complex, respectively.

Vulcano consists of four major volcanic structures whose
activity developed between 120 ka and historical times (Ventura,
1994). The southernmost and the oldest structure (120-100 ka;
Keller, 1980) is a shoshonitic stratovolcano called Primordial
Vulcano (South Vulcano) (Figure 3). At around 100 ka, the upper
part of this stratovolcano collapsed and formed a caldera (Piano
Caldera) of about 2.5 km in diameter. Piano Caldera was filled by
later volcanic activity with tephritic and trachybasaltic lavas, and
their pyroclastic deposits. About 24 ka ago, the Lentia volcanic
complex was formed by rhyolitic lava, with subordinated latitic
and trachytic lavas north of South Vulcano (De Astis et al., 1997).
After 15 ka, a collapse of the complex occurred and Fossa Caldera
was formed. In the collapsed area, Fossa Cone, a pyroclastic cone
with subordinate lava flows, trachytic and rhyolitic in composition,
developed in the last 6000 years. In the meantime, the leucite-
tephritic activity of Vulcanello occurred at sea north of Fossa
Caldera and formed a lava platform covered with pyroclastic
deposits (Keller, 1980).

Volcanic activity at Lipari started at around 220 ka (Criscietal.,
1991), with andesitic products on the western coast (Pichler, 1980).
The activity of Mt. Sant Angelo volcano in the centre of Lipari
lasted until 92 ka (Crisci et al., 1991). After a long quiet period,
activity resumed at about 42 ka on the southern part of the island,
with rhyolitic lava domes and pyroclastic deposits (Gioncada et al.,
2003). After 23.5 ka, the activity yielded rhyolitic fall and surge
deposits followed by the extrusion of lava domes (Mt. Guardia and
Giardina; Crisci et al., 1991). In the same phase that formed Mt.
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Guardia and Giardina, rhyolitic domes (Castello and San Nicola)
were formed on the south-eastern side of the island. The most
recent volcanic activity on Lipari moved northward (Sheridan et
al., 1987). The rhyolitic eruptions occurred from vents aligned
along a N-S direction on the east coast, and produced pyroclastic
deposits and obsidian lava flows (Gioncada et al., 2003). The latest
phase ended with the formation of pyroclastic deposits and a lava
flow of the Forgia Vecchia, and a pumice cone (Mt. Pilato) with an
obsidian flow (Rocche Rosse).

As described here, the Vulcano and Lipari volcanic complex
has been a very active volcanic area and has been studied by many
authors. However, the study area, especially close to Fossa Cone
on Vulcano, is covered by thick pyroclastic rocks from Fossa and
the subsurface structure of the area is not clear. The volcanic rocks
on both islands have a wide variety in chemical composition,
ranging from rhyolitic to tephritic. However, more mafic rocks are
exposed on Vulcano than on Lipari (e.g., Keller, 1980). As mafic
rocks are magnetic in general, they can cause apparent magnetic
anomalies. Therefore, we conducted acromagnetic surveys to
better understand the subsurface structure of the area.

AEROMAGNETIC SURVEYS

The first helicopter-borne aeromagnetic survey in the Aeolian
Islands was conducted over Vulcano and southern part of Lipari

1
RLQC"G Rosse | | agend for Lipari |
I
D Alluvial deposit ‘
92ka -AD 580 i
[ mhyotite tavas
i
- v.] Rhyolite | 200 Ay
< pyroclastics 38°30°N |
220 - 92ka |
k7] Andesite lavas |
and pyroclastics |
Lipari Is.
Legend for Vulcano
[ Anuvial deposit
Vulcanello (BC183 - AD1550)
|:| Pyroclastics
- Trachyte lava flows ‘
|| ko<2]  Tephrite lava flows | 38°26'N
Fossa Cone (6ka - AD1890)
[____I Pyroclastics
D Lava flows
Products of Syn-caldera stage
of Fossa Caldera (15 - 8ka)
Pyroclastics and lavas
Lentia Complex (24 - 15ka)
Rhyolite lavas
100 - 20ka
mI[I Products of Post-caldera
stage of Piano Caldera
Gelso, Luccia Complex
H Primordial Vuicano (120 - 100ka) | 38°22'N
Gelso
E Pyroclastics and lavas ‘
L
I \
Crater Volcano-tectonic ‘ Tjrrrhenian Sea
LD depression ! 2k
) orcaldera | ‘ L m )
1454 B \ 100 B

14°5TE

Fig. 2. Topographic map of Vulcano and Southern Lipari, drawn from
the 10 m DEM (Gwinner et al., 2000) and a digitised marine chart
(Istituto Idrografhico Della Marina, 1999). Contour interval is 25 m.
The rectangle shows the detailed study area (Figure 8). Open circles
indicate the locations of deep geothermal exploration wells.
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Fig. 3. Simplified geological map of Vulcano and Lipari Islands, Italy,
modified from Pichler (1980) and Guest et al. (2003) for Lipari Island,
and from Keller (1980) and De Astis et al. (1997) for Vulcano Island.
Numbers from 1 to 6 on Vulcano correspond to lava flows — 1:
Punta Roia (Tephrite), 2: Punte Nere (Trachyte) , 3: Campo Sportivo
(Trachyte), 4: Palizzi (Trachyte), 5: Commenda (Rhyolitic Obsidian), 6:
Pietre Cotte (Rhyolitic Obsidian).
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in 1999 (Supper et al, 2001). The survey was flown with a
GLONAS-GPS satellite navigation system at a mean altitude of
about 150 m above terrain, along NW-SE flight lines spaced 250 m
apart. The magnetic sensor in a bird was suspended 30 m below the
survey helicopter. Magnetic data was measured using a Caesium
magnetometer at a sampling rate of 10 Hz and with a resolution of
0.01 nT or better. The horizontal location of the flight paths were
recovered from GPS data, while terrain clearance was determined
using a laser altimeter. The helicopter was also equipped with
an infrared video camera to measure the surface signs related
to volcanic activity. During the survey period, daily magnetic
variation and reference GPS data were observed at a temporary
base station next to the heliport on Vulcanello Peninsula.

The second survey was flown in 2002, three years after the
first survey, along almost the same flight lines as those of previous
survey. In 2002 the locations (latitude, longitude and altitude) of
flight line path were determined using real-time Differential GPS.
Other survey specifications were basically the same as for the
1999 survey.

MAGNETIC ANOMALIES AND APPARENT
MAGNETISATION MAPPING

Observed data were processed and some corrections such as
daily magnetic variation, heading error, and IGRF were applied.
Magnetic anomalies on a smoothed observed surface were
calculated by the reduction method, assuming equivalent anomalies
below the observed surface (Makino et al., 1993; Nakatsuka and
Okuma, 2005).

The comparison between these magnetic anomaly datasets,
observed at two different times separated by three years, identified
no meaningful difference related to volcanic activity (Okuma et al.,
in preparation). On the basis of this result, the two datasets have
been merged and total magnetic intensity anomalies on a common
surface at an altitude of 150 m above sea level were compiled
(Figure 4). The 2002 survey profiles were mainly used for this
compilation, with the additional inclusion of four profiles from the
1999 survey to cover a larger area than the individual surveys.

Magnetic terrain corrections (Grauch, 1987) were applied to
the merged magnetic anomalies (Figure 4) to reduce the magnetic
effects of the terrain, assuming a magnetic structure comprised of
an ensemble of prism models extending from the ground surface
to a depth of 2000 m below sea level. The depth to bottom was
assumed from the observation of a temperature of more than
419° C at the bottom (1975 m BSL) of a geothermal drill hole in
the southern foot of Fossa Cone (e.g., Faraone et al., 1986). The
optimum magnetisation intensity depends on the area chosen for
calculation. It was calculated to be 2.0 A/m for the whole study
area, but 3.3 A/m for a limited area of 3.5 km by 3.5 km centred
at Fossa Cone. These values seem to be too large for Fossa Cone,
which is believed to be composed mainly of pyroclastics (Sheridan
et al.,, 1987). However, the calculated average magnetisation
intensity tends to be affected by strongly magnetised bodies even
though the size of those bodies is not large. Therefore, an average
value for pyroclastics (0.37 A/m; Barberi et al., 1994) was adopted
for the terrain correction, and terrain-corrected anomalies were
calculated by subtraction of synthetic anomalies from the merged
anomalies (Figure 4).

Next, apparent magnetisation intensity mapping (Nakatsuka,
1995) was applied to the terrain-corrected magnetic anomalies.
Apparent magnetisation intensities (Figure 5) were calculated
assuming the same model as the magnetic terrain correction.
Reduction to the pole anomalies on the common surface (Figure
6) were also calculated at the same time as the calculation
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Fig. 4. Aeromagnetic anomaly (total magnetic intensity) map of
Vulcano and Southern Lipari, compiled from the merged data from
two aeromagnetic surveys which were flown at an altitade of 150 m
above terrain with track lines spaced 250 m apart in October, 1999 and
November, 2002, respectively. The observed data were reduced onto a
smoothed surface 150 m above terrain on land and above sea level at
sea. Contour interval is 50 nT. Open red circles indicate the locations
of geothermal exploration wells.

of magnetisation intensity (Nakatsuka and Okuma, 2005).
Magnetisation intensity mapping is a useful tool to evaluate
surface geology and the shallow subsurface structure, as was
demonstrated at Izu-Oshima volcano, Japan (Okuma et al., 1994)
and at the Kitakami plutons (Okuma and Kanaya, 2005).

The apparent magnetisation intensity map (Figure 5) shows
detailed geological signatures. By comparison with a geological
map (Figure 3), it can be seen that magnetisation highs lie on
trachybasaltic-trachyandesitic lava flows on the flank of Primordial
Vulcano. Magnetisation highs (A in Figure 5) are also distributed
east and north-east of Sommata inside Piano Caldera, suggesting
underlying thick lava flows. Along the rim of Piano Caldera,
magnetisation highs also exist, corresponding to exposures of
leucite-tephritic lava flows within Piano Caldera (Keller, 1980).
These exposures are Schiena Conigliara (B) along the south-
western rim, and Mt. Rosso, Mt. Molineddo (C), and the east
flank of Mt. Saraceno (D) along the north-western cliff. A local
magnetisation high (E) lies at and around Mt. Lentia, suggesting the
existence of a mafic part of the Lentia complex, which is composed
mainly of rhyolitic lavas.

Inside Fossa Caldera, scattered magnetisation highs can be
identified on and around Fossa Cone. Some of these apparently
correspond to lava flows from the Fossa volcano: trachytic lava
flows at Punta Nere (F; 54001300 YBP) (Frazzetta and La
Volpe, 1991; Figure 3) and Campo Sportivo (G; 46001950
YBP). No specific signatures were found over a rhyolitic flow
(H; Commenda flow; 785 AD) or a trachytic flow (I; Palizzi flow;
1600+£1000 YBP) in the southern flank or an obsidian flow (J;
Pietre Cotte; 1739 AD) in the northern flank.

An apparent magnetisation high (K) is located east and north-
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east of the present crater rim, suggesting the subsurface existence
of lava flows covered by younger pyroclastic deposits. A local
magnetisation low (L) lies over a cliff between Punte Nere and
Punta Roia, corresponding to the April 1988 landslide area (Rasa
and Villari, 1991).

A magnetisation high (M) lies on the northern flank between
the phreatic craters, Forgia Vecchia I and II (1727 AD) and
Porto Levante, suggesting the subsurface existence of magnetic
rocks such as lava flows. This area is actually underlain by thick
(~400m) latitic lava flows, as confirmed by deep drilling (Vulcano
Porto 1; Giocanda and Sbrana, 1991). The results of modelling of
this magnetisation high are explained in the next section.

The tephritic-trachytic lava platform in the Vulcanello Peninsula
is fringed by several magnetisation highs, while a magnetisation
low (N) coincides with pyroclastic cones and their surrounding
area, indicating magnetic difference in the geology. One of
magnetisation highs (O) on the east coast seems to connect to
another offshore high (P).

On the west coast of Lipari, magnetisation highs (Q) are
distributed in the Mt. Mazzacaruso area, corresponding to the
exposure of andesitic lavas (cycle I; Pichler, 1980).

The offshore area between Lipari and Vulcano islands is
occupied mostly by magnetisation highs but the relationship
between magnetisation and submarine topography (Figure 2) is not
clear. Offshore and south-west of Lipari, a pair of magnetisation
highs (R) occur on the north and south flanks of a ridge. This
ridge was identified as a minor volcanic structure during an
oceanographic survey (Gabbianelli et al., 1991). Offshore and
north-west of Vulcano, magnetisation highs (S) extend from the
coast and might indicate basaltic parts of the Lentia volcanic

complex. Offshore of the south-eastern edge of Vulcano lies a
magnetisation high (T), which corresponds to a submarine terrace
(Gabbianelli et al., 1991), implying its volcanic origin.

The reduction to the pole anomaly map (Figure 6) was used
for magnetic modelling. According to the map, there is an obvious
regional magnetic difference between the southern Lipari and
Vulcano. Magnetic highs are found mainly over Vulcano, though
intense volcanic activity has occurred on both islands. This can bz
interpreted as a petrologic difference between the volcanic rocks
composing the two islands. Lipari Island is composed mainly of
silicic volcanic rocks such as rhyolites, apart from some andesitic
rocks on the west coast, whereas Vulcano Island is composed
chiefly of volcanic rocks from trachyte to tephrite, with some
minor rhyolite flows.

A similar regional characteristic is also seen in a Bouguer
gravity map with an assumed density of 1.8x10%kg/m? (Figure 7).
A regional gravity low lies between Fossa Caldera of Vulcano and
Southern Lipari. This feature can be explained by the distribution
of rhyolitic volcanic rocks, and the basin-like subsurface structure
implied by a velocity model by Ventura et al. (1999). Gravity low
areas also occupy the eastern part of Lipari and correspond to the
distribution of rhyolitic pyroclastics.

MAGNETIC MODELLING

The apparent magnetisation intensity map (Figure 5) clearly
shows the existence and petrographic difference of lava flows
at the surface. For instance, the Campo Sportivo trachytic lava
flow (Figure 3) corresponds to a magnetisation high while the
Pietre Cotte obsidian flow (Figure 3) does not show an obvious
magnetic signature. This means that magnetic anomalies can reveal
subsurface structure such as concealed magnetic lava flows.
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Fig. 5. Shaded relief apparent magnetisation intensity map of Vulcano
and Southern Lipari, calculated from terrain-corrected magnetic
anomalies with an assumed magnetisation intensity of 0.43 A/m.
Letters (A — T) denote characteristics of magnetisation which are
referred to in the text. Solid lines, broken lines, and toothed solid lines
indicate craters and calderas as in Figure 3.
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Fig. 6. Reduction to the pole anomaly map of Vulcano and Southern
Lipari, calculated from the apparent magnetisation intensity map
(Figure 5). The data was reduced onto a smoothed surface 150 m above
terrain on land and above sea level at sea. Contour interval is 50 nT.
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Magnetic modelling was conducted to constrain the shallow
subsurface structure of the Fossa Cone area. We assumed an
ensemble of vertical prisms for each layer with the horizontal
boundaries deduced from the apparent magnetisation intensity
map (Figure 8(a)). This approach is the same as that used by as
Okuma and Kanaya (2005) when they conducted modelling of the
Kitakami plutons. We allowed variations of top and bottom depths
of vertical prisms for each layer. Synthetic magnetic anomalies,
which best fit the observed anomalies, were calculated by trial and
error, varying also the rock magnetisation data (Barberi et al., 1994,
Table 1; Zanella and Lanza, 1994). According to the rock magnetic
data reported by Barberi et al. (1994), the mean total magnetisation
(the sum of induced and remanent magnetisations) of volcanic
rocks from the Aeolian Islands ranges from 0.37 A/m (pyroclastic
rocks) to 6.46 A/m (leucite-tephrite). Another study by Zanella
and Lanza (1994) reported the measurement of more intense rock
magnetic properties on Lipari and Vulcano, although these results
were reported without detailed petrographic information.

We used the term “goodness-of-fit” (r) (Blakely, 1995, p224) to

judge how well synthetic anomalies (G) fit the observed anomalies
(F): the larger the ratio, the better the fit. The goodness-of-fit (r)

is defined as
27|
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We show here the results of magnetic modelling for three areas
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Fig. 7. Bouguer gravity map of Vulcano and Southern Lipari (Sugihara
et al., 2002; Komazawa et al., 2003). Assumed density is 1.80x10°kg/m>.
Contour interval is 1 mGal. Crosses indicate gravity stations.

on Vulcano: Forgia Vecchia, Fossa Crater, and the NE Fossa Cone.
Parameters employed for the magnetic modelling are summarised
in Table 2.

Total Magnetisation Bulk Density

Lithology Number of Samples (A/m) (x10°kg/m?)
chyolites-dacites 22 2.33 2.31
andesites 24 422 : 2.56
basalts 2 4.88 2.68
trachytes 2 4.81 2.66
latites-latiandesites 14 4.24 2.56
trachybasalts-trachyandesites 9 4.54 2.66
leucite-tephrites 7 6.46 2.13
pyroclastites 12 0.37 N.A.
monzodioritic rock 3 13.58 2.77

Table 1. Petrophysical properties of volcanic rocks from the Aeolian Islands, southern Italy (modified from Barberi et al., 1994).

Parameters Area A Area B Area C
Forgia Vecchia Fossa Crater NE Fossa Cone
_ Top Depth* (m) 50 m ASL 20 10
:‘% Bottom Depth* (m) Sea Level 45 20
- Total Magnetisation (A/m) 8.0 4.81 4.81
. Top Depth* (m) Sea Level 45 30
S Bottom Depth* (m) 100 m BSL 65 80
a Total Magnetisation (A/m) 8.0 4.81 4.81
= Top Depth* (m) 210 m BSL N.A. 110
:‘% Bottom Depth* (m) 600 m BSL N.A. 25 m ASL
- Total Magnetisation (A/m) 8.0 N.A. 8.0

Table 2. Parameters used for magnetic modelling. *: Depths are from the ground surface except where noted.
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The magnetic model (Figure 9; r = 1.6) was constructed by
trail and error calculation for Forgia Vecchia on Vulcano (area
A in Figure 8), where two phreatic craters reside. An intense
magnetisation high is distributed in this area (Figure 8 (a)),
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Fig. 8. a) Apparent magnetisation intensity map of the Fossa Caldera
area with topographic shading (Gwinner et al., 2000) superimposed.
The rectangles indicate magnetic modelling areas. A: Forgia Vecchia
area, B: Fossa Crater area, C: NE Fossa Cone area. Craters and
volcano-tectonic depressions or calderas are from Keller (1980) and
De Astis et al. (1997). The area indicated by a white line shows the
distribution of lavas which fill Fossa Caldera, inferred from drilling.
Red lines show the survey lines of the geoelectric survey (Supper et
al., 2005). Crosses indicate gravity stations. Red open circles labelled
VP-1 and IV-1 indicate locations of geothermal exploration wells.
See also Figure 3. b) Residual Bouguer gravity anomaly map of the
Fossa Caldera area with topographic shading. The first-order regional
trend was removed from the Bouguer gravity map (Figure 7). Crosses
indicate gravity stations.
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although no outcrops associated with magnetic anomalies have
been mapped except for an outcrop of Punte Nere trachytic lava
flow along the coastline. Information about the lithology obtained
from a drill hole (Giocanda and Sbrana, 1991) and residual gravity
anomalies (Figure 8(b)) was incorporated into the modelling. The
averaged total magnetisation for trachytes of 4.81 A/m (Barberi et
al., 1994) was not large enough to explain the magnetic anomalies.
Instead, 8.0 A/m, which is an averaged value of tephrites (Zanella
and Lanza, 1994), was employed for each layer to fit the anomalies
(Table 2). The top and bottom depths of layers 2 and 3 were
constrained by drilling. The latitic hyaloclastic layer, at a depth
from 100 m to 210 m BSL, was assumed to be non-magnetic.
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Fig. 9. Magnetic model of the Forgia Vecchia area. a) Reduction to the
pole anomalies of the Forgia Vecchia area. Contour interval is 25 nT.
The first-order regional trend was removed. Solid lines indicate the
horizontal extent of the magnetic models (1-3). The thick solid line
shows the coastline. The location of the area corresponds to A in Figure
8(a). See also Figure 8(a). b) Calculated reduction to the pole anomalies
of the Forgia Vecchia area. (c) N-S cross section of the magnetic mociel
of the Forgia Vecchia area.
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The top and bottom depths of layer 3 are 210 m and 600 m BSL,
respectively. The most significant part of this model is layer 1, and
the magnetic anomaly cannot be explained without this layer.

Magnetic modelling was conducted for the Fossa Crater area
(area B) (Figure 10; r = 1.7). The total magnetisation of each
layer was assumed to be 4.81 A/m. The top and bottom depths of
layer 1 are 20 m and 50 m from the surface, respectively (Table 2),
and those of layer 2 are 50 m and 70 m, respectively. This model
might imply a concealed trachytic lava flow on the southern edge
of the present crater. This model occupies the southern edge of
the crater rim of Fossa Cone but is a short distance away from the
Commenda rhyolitic lava flow further down the slope.

The magnetic model in Figure 11 (» = 2.1) was obtained for the
NE Fossa Cone (area C). At first, an averaged total magnetisation
of 4.81 A/m for trachytes (Barberi et al., 1994) was employed for
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all three layers. In this case, the bottom depth of layer 3 would be
as deep as 500 m BSL to fit the observed anomalies. The resultant
thickness of this layer might be too thick to explain the gravity low
(Figure 8 (b)) lying close to the area. For plutonic rocks, density
is roughly proportional to magnetic properties (e.g., Kanaya
and Okuma, 2003). However, this relationship does not apply to
volcanic rocks such as lavas. Vesicular lavas, or brecciated parts
of lava flows like aa lava, are usually magnetic but of relatively
low density. This means magnetic but less dense lavas could
contribute to high magnetic and low gravity anomalies. However
the averaged densities of lavas from the Aeolian Islands are not
small (e.g., leucite-tephrites: 2.13x10°kg/m?; Table 1) compared
to those of pyroclastic rocks (~1.8x10%kg/m?). This implies that
vesicular or brecciated lavas might be denser than the surrounding
pyroclastic rocks in this area. If those lavas are thick, they could
cause high gravity anomalies instead of low ones, no matter how
deep is the basement of Fossa Caldera in this area. Therefore, to
estimate a reasonable thickness, a total magnetisation of 8.0 A/m,
which corresponds to an average of tephrite (Zanella and Lanza,
1994), was attributed to layer 3. Magnetisation highs lie on the
northern and north-eastern flanks of Fossa Cone and the northern
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Fig. 10. Magnetic model of the Fossa Crater area. a) Reduction to the
pole anomalies of the Fossa Crater area. Contour interval is 25 nT.
The first-order regional trend was removed. Solid lines indicate the
horizontal extent of the magnetic models (1-2). The location of the area
corresponds to B in Figure 8(a). See also Figure 8(a). b) Calculated
reduction to the pole anomalies of the Fossa Crater area. c) N-S cross
section of the magnetic model of the Fossa Crater area.

Fig. 11. Magnetic model of the NE Fossa Cone area. a) Reduction to
the pole anomalies of the NE Fossa Cone area. Contour interval is 25
nT. Solid lines indicate the horizontal extent of the magnetic models
(1-3). The thick solid line shows the coastline. The location of the
area corresponds to C in Figure 8(a). b) Calculated reduction to the
pole anomalies of the NE Fossa Cone area. (¢) N-S cross section of the
magnetic model of the NE Fossa Cone area.
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part seems to reach the distribution area of the Punte Nere trachytic
lava flow (Keller, 1980) (Figures 8 and 11). As shown in Figure
8(a), past crater rims were also assumed as well as the present one
in this area. The model can account for the subsurface existence
of lava flows from past craters, like the Punte Nere lava flow.
The north-eastern portion of layer 2 implies another concealed
lava flow down to Punta Roia and might be related to the leucite-
tephritic lava flow (Punta Roia lava flow; Keller, 1980) which
outcrops on the coast from Punta Roia to Punta Luccia.

DISCUSSION

We have conducted magnetic modelling for detailed
aeromagnetic anomalies in and around Fossa Cone on Vulcano.
The theory of potential fields, applied to magnetic and gravity
anomalies, does not guarantee the uniqueness of any solution.
Therefore, optimum magnetic models were constructed in areas
A, B, and C incorporating rock magnetic data and information
from drilling. However, further information is necessary to refine
the magnetic models.

Recently, geoelectric surveys have been conducted to determine
the structure of hydrothermal systems in Vulcano (Supper et al.,
2005). Geoelectric profiles cross the magnetic models in the area
A and C and make it possible to compare resistivity and magnetic
cross sections. The modelled depths of the resistivity cross-
sections are, in practice, 150 to 200 m in these surveys. In area A,
a resistivity high of ~100 .m is distributed below Forgia Vecchia,
ranging from the bottom right of the cross section (50 m ASL) up
to the depth of 25 m below the surface (Figure 12). This resistivity
high corresponds to layer 1 of the magnetic model of the area A
(Figure 9).

In area C, a resistivity high of 50 to 180 Q.m also lies below the
former rim of the north-east cone. This resistivity high coincides
with layer 3 of the magnetic model of the area C (Figure 11).

These magnetic models suggest the presence of volcanic rocks,
composed mainly of lavas, overlain by pyroclastics. The Forgia
Vecchia satellite cone was produced by two phreatic events that
are not directly related to the main eruptive cycles of Fossa Cone

(Frazzetta et al., 1983). No juvenile products were obtained from
Forgia Vecchia. However, our results imply magnetic rocks such
as lavas (or intrusives) have accumulated both above and below
sea level, and these conclusions are supported by the presence
of the high-resistivity zone (Supper et al., 2005). It suggests that
there might have been very shallow magma intrusions to cause ths
phreatic explosions which formed Forgia Vecchia, though there is
no direct evidence. A local gravity high lies almost in the sams
area (Figure 8(b)) and suggests some thickness of volcanic layers
underneath. This area might be an eruptive centre, obscured by
thick pyroclastic products of Fossa.

Giocanda and Sbrana (1991) constructed a N-S geological
cross-section of Vulcano, inferred from deep drilling, and showed
a distribution of latite rocks within Fossa Caldera which resembled
the lava platform of Vulcanello (Figure 8). Our result implies
that this distribution is limited to a relatively smaller area than
was expected by them. There are two possibilities to explain
the difference. One is that intense hydrothermal activity, seen
at geothermal areas close to Porto Levante (Figure 3), has
caused alteration of the lavas and resulted in the reduction of
magnetisation. Another possibility is that thick lavas themselves
actually lie within a limited area, although the reason is not clear.

_ On the other hand, layer 3 of area C implies the presence of
thick lavas with high porosity, such as vesicular or brecciated lavas,
because relatively low gravity anomalies lie there. The thickness of
the lavas was estimated to be about 200 m by magnetic modelling
(Figure 11) and at least 175 m by the geoelectric survey (Supper
et al., 2005). One of the older rims, right above the magnetic body,
is found outside Fossa Cone, (Figure 8) and is thought to be the
oldest part of the cone (Frazzeta and La Volpe, 1991). The Punte
Nere lava flow (5400+1300YBP; Figure 3) on the northern slope is
thought to have been extruded from the oldest crater. The northern
part of layer 2 of area C corresponds to the Punte Nere lava flow.
To the north-east of the oldest part of the cone, the Punta Roia
lava flow (14 000+6000 YBP) is exposed on the coastline between
Punte Nere and Punta Luccia. On the basis of this information, the
magnetic model implies that thick lavas (or intrusives) underlie
this area, and may have been another eruptive centre during the
period between the extrusion of the Punta Roia and the Punte Nerz
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Fig. 12. Geoelectric cross section of Forgia Vecchia (after Supper et al. 2005). Solid lines indicate
interpreted faults. Layer 1 of the magnetic model of area A is superimposed. See the location of the

cross section in Figure 8.
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the cone and north-east of Fossa Cone imply thick lavas overlain
by pyroclastic rocks and can be interpreted as eruptive centres in
the early stage of the activity of Fossa. As these magnetic models
have been found to coincide with high-resistivity zones found by
geoelectric surveys, the high-resolution aeromagnetic surveys have
successfully revealed the shallow subsurface structure of the area.
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