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Abstract

Hydrothermal venting occurs on numerous volcanoes of various age, setting, topographic and structural expression.
Vent locations are commonly found not within volcanic craters only, but predominantly at the crater margins and
topographic highs. A case example is Vulcano Island, Italy, where the control on such vent locations along crater
margins remained poorly understood, however. This paper describes numerical models combined with field
observations and infrared imaging to explore the mechanisms that control the ascent paths of fluids in the Fossa cone
on Vulcano. Using finite element modelling we calculate the gravitational stress in the volcanic edifice imposed by the
topography. Results predict hydrofractures to be arranged in radial patterns at depth and in concentric patterns close to
the surface. Furthermore, low compressive stress values are found at the rims of the nested craters. We compare the
stress models to fumarole field data: Using a forward looking infrared camera we recorded images of the entire cone.
Images were assembled to a mosaic and geocoded, providing the first map of a remotely sensed temperature field in
high resolution at La Fossa. The degassing and high temperature anomalies are found to be located mainly at the crests
of the craters, predominately in the northern and southern sector of the main crater. Therefore, the stress distribution
favours and indeed corresponds to the occurrence of fumaroles at La Fossa. The stress models also yield compression
at the bottom of the crater where temperatures are cool. Thus, we consider that the overall distribution of the fumaroles
at the Fossa cone is controlled by topography. Additional mechanisms contribute to the exact position of the degassing
sites: The influence of the lithological control seems to be strong in the southwestern part of the crater where the
fumaroles are located 10-20 m below the inner crater rim in bedded strata. In the northern part of the crater, the
exhalation sites can mainly be found at surface fractures and cracks emphasizing the structural control on the location
of the fumaroles at this sector of the Fossa cone. Using combined theoretical modelling and field observations, this
study helps to shed light into the processes directing fluids in volcanic edifices elsewhere and might contribute to the
evaluation of upcoming hazard scenarios.

1. Introduction

Fumarolic activity, the exhalation of steam and gases at the Earth's surface, is observed at many
volcanic centres. The understanding of these is of major importance, as inference about



geothermal and ore exploitation is based on locations and expressions of fumaroles. The exact
position of the degassing sites, however, is poorly understood and may be controlled by several
interacting factors.

The most discussed control is tectonic in origin, including volcano- tectonic and regional tectonic
structures: Fluids follow the least effort principle thus preferably migrate along faults where the
permeability is high. The volcano-tectonic control on the position of fumaroles is obvious at
calderas where the exhalation sites are often bound to the ring faults (e. g. Chesner and Rose,
1991). The regional tectonic control is obvious on the Reykjanes Peninsula in Iceland, where the
geothermal areas follow the trends of rift related faults (Arndrsson, 1995).

Although most fumarolic sites are thought to be controlled by structures alone, we herein explore
also alternative possibilities. One is derived from magma ascent studies that assume a strong
influence of the stress field induced by topography. The body load of a volcanic pile might affect
paths of hydrofractures filled with gases, waters and magmas. As such hydrofractures form
parallel to the maximum compressive principal stress and normal to the minimum compressive
principal stress (Anderson, 1951) the stress field imposed by the load of gravity in the volcanic
structure might have a strong influence on the location and intensity of upcoming vents.
Hydrofractures filled with magma (dikes) and with hydrothermal fluids are thought to follow the
same physical principles (Gudmundsson, 2009).

Among the first to study this problem, Fiske and Jackson (1972) suggested that the development
of the Hawaiian rift zones is rather influenced by the load of the volcanic edifices than by the
regional tectonic fabrics. As they observed that dikes propagate parallel to the long axis of their
ridge shaped gelatin models, they inferred that the minimum compressive principal stress is
orientated horizontally and perpendicular to the long axis of a volcano. Furthermore, Fiske and
Jackson (1972) noticed that further injected dikes follow their predecessor on parallel paths and
assume that the orientation of newly developing dikes and rifts will be parallel to topographic
contours of the older volcanic piles. McGuire and Pullen (1989) studied the orientation of
eruptive fissures at Mt. Etna and proposed that the gravitational stress regime in most parts of the
volcanic edifice directs dikes parallel to the headwall of the Valle del Bove. Similar was observed
at the Canary Islands (Walter and Schmincke, 2002), at Stromboli (Acocella et al., 2006) and at
the Galapagos Islands of Fernandina and Isabela (Chadwick and Dieterich, 1995) where eruptive
fissures are circumscribing calderas and/or landslide headwalls.

Taken forward to fumarolic activity at volcanic craters, this may lead us to the testable hypothesis
if crater rims are sites of fumarolic activity. According to the results of McGuire and Pullen
(1989) it might even be possible to predict the propagation paths of new fissures what would
make a large contribution to upcoming hazard scenarios.

A new phase of activity at Vulcano Island, one of the best-known cratered volcanoes displaying
fumarolic activity, motivates our closer look at this edifice. Vulcano was also chosen because of
the pronounced topography of the edifice of La Fossa with relatively steep slopes and the
presence of fumaroles detectable at high spatial resolution by modern temperature cameras. The
active Fossa cone, visited by thousands of tourists each year, holds a large hazard potential as its
explosive eruptions are accompanied with bomb fallout, pyroclastic surges and phreatic
explosions (Revil et al., 2008).

To better understand the paths of ascending fluids at the Fossa cone, we designed numerical
models to test the influence of the gravitational load on the stress field within the volcanic pile.
For a three-dimensional model, the real topography of Vulcano Island was extracted from a



digital elevation model. The positions of degassing sites predicted by the numerical models were
compared with infrared field observations.

2. Geological setting

Vulcano Island is part of the Aeolian Arc, a highly active volcanic region in the Tyrrhenian Sea,
southern Italy. Seven main islands, Stromboli, Panarea, Vulcano, Lipari, Salina, Filicudi and
Alicudi, and several seamounts belong to the Aeolian archipelago that is located north of Sicily
(Fig. 1). Volcanism of the Aeolian Volcanic District started during the Quaternary and is still
lasting today.

Vulcano is the southernmost of the Aeolian Islands located in the central sector of the arc parallel
to the Tindari—Letojanni escarpment (De Astis et al., 1997). Together with Salina and Lipari, it
forms a volcanic ridge striking NW—SE. Whereas Mazzuoli et al. (1995) and Bonaccorso (2002)
report regional extension in the central sector of the Aeolian Arc, Argnani et al. (2007) attribute
the NW-SE trending faults in this region as part of a transpressive belt.

The island of Vulcano represents the emerged part of a voluminous stratovolcano rising from the
abyssal plane of the South Tyrrhenian Sea basin from 1240 m below sea level to its highest peak
Monte Aria 481 m above sea level (Favalli et al., 2005). After Lipari and Salina, Vulcano is the

third largest of the Aeolian Islands with an area of 21 km? (Favalli et al., 2005). The island was
created during the last 120 ka (Santacroce et al., 2003).

In the north of Vulcano Island, the Fossa cone (Fig. 2) sits in the 2.5 km wide Caldera della Fossa
(Favalli et al., 2005). It is a subcircular composite tuff cone (Santacroce et al., 2003) with a basal
diameter of about 2 km and a maximum elevation of 391 m above sea level. The volcanic centre
of La Fossa became active 6 ka ago (Pareschi et al., 1999; Revil et al., 2008) and is still active
today as inferred from fumarolic activity.

The stratigraphy of the Fossa cone is subdivided into six eruptive stages, i.e. Punte Nere, Grotta
dei Palizzi, Commenda/Caruggi, Forgia Vecchia, Pietre Cotte and Gran Cratere (Fig. 2) (De Astis
et al., 2006). Each stage had different vent localities but underwent a comparable eruptive history
with pyroclastic surges at the beginning and the effusion of viscous lava flows at the end of each
stage (Revil et al., 2008). Eruptive activity of the Fossa cone shifted from NE to SW, which is
evidenced by the intersecting crater rims of different ages (Fig. 2) (Blanco-Montenegro et al.,
2007).

Nowadays, fumarolic activity with “crises” of high output rates and temperatures of the exhaling
gases characterise the Fossa cone. The extensive fumarolic field is composed of numerous
sources at the surface like vents, fractures and cracks, and commonly indirectly investigated
based on the associated temperature field: high surface temperatures indicate the location of
fumaroles and the surface expression of ascending hot fluids (Harris and Maciejewski, 2000;
Chiodini et al., 2007; Harris et al., 2009). These temperature fields were measured throughout the
Fossa cone using point-wise probing and interpolation (Barde-Cabusson et al., 2009).

Fumaroles on Vulcano are predominately found at the upper slopes of the Gran Cratere crater
(Revil et al., 2008). Ventura (1994) mentioned that NE-SW striking fractures determine the
location of fumarolic vents on the Fossa cone. However, using infrared sensing, Harris and
Maciejewski (2000) could identify the exact sites of degassing, showing an activity change during
the years and that the fumarolic field migrated into the inner crater flank. Since the fumarolic
activity has intensified since 2004 (Granieri et al., 2006; Aubert et al., 2008), a deeper



understanding of the location and potential migration paths of the fumaroles is of vital interest. As
we show in the following, the gravitational load of the volcanic edifice is responsible for
hydrofracture orientation and therefore provides a first order control on ascending fluids in the
Fossa cone. Locally, lithology and tectonic features might also affect fluid ascent.

3. Finite element modelling
3.1. Methodology

A digital elevation model (DEM) from Vulcano Island with a resolution of 5 m X 5 m served as a
base to extract topographic data of the Fossa cone (Baldi et al., 2000). The DEM was loaded as a
three- dimensional model in the Structural Mechanics module of the commercial FEM program
COMSOL Multiphysics, to examine the orien- tation and magnitude of gravitational stresses in
the volcanic edifice.

We defined the load of gravity F = pgh where p is the density of the material, g the gravitational
acceleration of the Earth and h the height of the topographic feature. No other force acts on the
boundaries of the topographic feature in the model. A linear elastic and isotropic body is
considered, with elastic properties set to values suitable for extrusive and intrusive rocks; density

p was 2700 kg/rn3 , Poisson's ratio v was 0.25 and Young's modulus E was 50 GPa (Bell, 1992).

Boundary conditions were set as follows: The bottom of the model needed to be placed in large
but finite depth (cf. Iverson and Reid, 1992) that its influence on the stresses near the surface of
the topography is irrelevant. Therefore, the lower boundary was set at a depth ten times the
elevation of the topographic feature (maximum elevation is 400 m). This value was chosen by
testing the effect of the lower boundary on the stresses in the topographic feature.

No vertical displacement was allowed at the lower boundary of the model. Correspondingly, the
vertical boundaries were free to move only in vertical direction. Tests showed that these spatial
dimensions and settings are sufficient and that the outer limits of the model do not disturb the
results. The results presented in this work are based on the assumption that the island of Vulcano
was already in equilibrium with the underlying crust when the Fossa cone was emplaced. This
assumption rules out a large flexural response. Consequently, the vertical boundaries of the model
are constructed at the limits of the topographic features. With the lateral extent of the Fossa cone,
the three-dimensional model had the size of 2250 m x 2250 m x (4000 m + elevation). As shown
in Fig. 3, the mesh is finer at the upper part of the model where we analysed the stress field. A
convergence test was performed by moving the boundaries and changing the size of the mesh
elements, confirming that the chosen type, position and size of the boundaries and the mesh did
not affect the numerical solution.

Our model setup was further validated by comparison to published analytical and other numerical
solutions (Schopa, 2010). In general, the results of this work match well with the solutions
presented in Savage et al. (1985), in Dieterich (1988) and also in Martel and Muller (2000).
Vertical or lateral material heterogeneities were not consid- ered, because we can only speculate
about their distribution in the volcanic pile. A description of possible effects of these and other
model limitations can be found in the Discussion section.

3.2. Modelling results

In the three-dimensional model of the Fossa cone, the orientation of the principal stresses and the
magnitudes of the horizontal and vertical



stresses were investigated. The trajectories of the principal stresses oj, 6, and o3 provide
information about the orientation of hydrofractures because they will form parallel to the most
compressive principal stress and normal to the minimum compressive principal stress (Anderson,
1951). The magnitudes of the horizontal and vertical stresses help to infer the directions whereto
fluids would ascent and hence to hypothesise about fumarole locations.

Two cross-sections, striking N—S and W-E, and cutting through the deepest point at the bottom of
the recent crater, Gran Cratere, serve as examples to depict the stress distribution at depth (Fig.
2). We use the geological convention thus compression is considered to be positive and the
maximum compressive principal stress is 7.

The o;-trajectories are vertical in the far-field and turn parallel to the topography near the slopes
(Figs. 4 and 5). Up to about 50 m beneath the crater floor, the 6;-trajectories are sub-horizontally
pointing towards the crater rim (Figs. 4a, 5a). These o;-trajectories remain sub-horizontally up to
approximately 100 m depth, then rotating perpendicular to the projection plane. In map view (Fig.
6), the o;-trajectories generally follow the curvature of the crater rims resulting in a concentric
pattern of the trajectories. The map view also shows that 6; converges towards the highest point
in the southeast of the crater rim.

Profiles show that the o3-trajectories are foremost oriented horizontal and parallel to the plane of
projection (Figs. 4b, 5b). When approaching the flanks of the volcanic edifice, o3 is oriented
perpendicular to the surface slopes. Near to the crater floor, o3 is vertical, similar as near to the
topographic crests of the crater rims.

The magnitude of the horizontal and the vertical stress in the profiles reveals that compression is
higher at the bottom of the Gran Cratere crater than at the crests (Figs. 7 and 8). At depth, the
vertical and the horizontal stresses increase in compression with one exception: Below the crater,
the horizontal stress firstly drops in compression before it increases again with growing depth.

Therefore, low horizontal compression occurs at the crests of the craters, mainly in the southwest
and northeast of the volcanic edifice (Fig. 6). In an arcuate fashion, these compression areas
follow the crater rims of Punte Nere (PN) and Palizzi (GP); almost the entire Pietre Cotte (PC)
crater from the north via the west to the south of the Fossa edifice and the recent Gran Cratere
(GC) in the northwest of the cone show low compressive horizontal stress (see Fig. 6 for
locations). The rims of the Forgia Vecchia crater (FV) at the northern flanks of La Fossa are also
visible in terms of a lower compressive horizontal stress regime but less pronounced than the
other crater rims. The bottom of the Forgia Vecchia crater, in turn, shows high compressive
horizontal stress. The amplitude of compressive stress there is almost as high as detected at the
bottom of the recent crater. Besides these regions, higher compressive values of the horizontal
stress can also be identified between other topographic highs such as in the northeast- ern part of
the Fossa cone between the Punte Nere and the Pietre Cotte crater rims and between the Pietre
Cotte crater and Gran Cratere. In the following section we shall see that the fumarole temperature
field generally follows these patterns predicted by the finite element models.

4. Fumarole temperature mapping

Infrared measurements provide a simple but sophisticated way to obtain a view about the location
of fumaroles and the fluid migration close to the surface (Harris and Maciejewski, 2000; Chiodini
et al., 2007; Harris et al., 2009). At the Fossa cone, thermal anomalies are present mainly in the
northern to northeastern and also in the southern sectors, and have been detailed by earlier



workers (cf. Barde-Cabusson et al., 2009 and Harris et al., 2009 and references therein). Although
the spatial distribution of those high temperature fields was investigated, earlier authors focussed
either on imaging on a local scale using infrared cameras (e.g. Harris et al., 2009) or on cone-
wide measurements at selected points using manual probing and spatial interpolation (Barde-
Cabusson et al., 2009). No large-scale infrared survey that allows more complete and spatially
dense temperature measurements was undertaken yet. Therefore, using infrared imaging and
photogrammetric image analysis and geocoding, we were able to generate an inclusive
temperature field map and compare it to the theoretical stress field models described above.

4.1. Field observation method

Thermal and digital images were collected using a forward looking infrared thermal camera
(FLIR type P620) with a resolution of 640 x 480 pixels, equipped with a 24° zoom objective that
allows a 0.66 mrad instantaneous field of view. The camera operates in the 7.5— 13 mm
waveband and was calibrated to temperatures in the range of 0 °C to 500 °C, therefore covering
the expected temperature field of the Fossa cone. We locally validated the remotely sensed
temperature by thermocouple in situ measurements. All data was acquired in Nov/Dec 2009.

Emissivity of the target, atmospheric temperature and camera- target distance were considered.
We follow earlier workers in the same region and define an emissivity of 0.95 which is slightly
lower than that proposed earlier (Harris and Maciejewski, 2000). This emissivity we approved by
value comparison to independent in situ measurements. Because steam may absorb the radiation
coming from high temperature fumaroles, we avoided imaging the fumarole zones during intense
degassing, as occurring during the early morning hours.

Due to the cone shaped morphology of the studied volcano, the images are affected by strong
perspective phenomena. Viewing angle and viewing distance change vertically and horizontally
within each image and therefore pixel resolution changes as well throughout the picture. The
effect of varying distance is resulting in pixel sizes varying by more than one order of magnitude

(0.02-0.43 m?), being larger with increasing distance.

To obtain a nearly complete temperature image mosaic, in total over 300 images were taken from
different positions of the crater-inner and external flanks, leaving us with almost 9 million data
points. The strategy was to position the camera on the slope opposite to the target area, and then
obtain an image. For later georeferencing, we measured the position of prominent features (large
boulders, trees, fumaroles) by GPS. Areas that we could not target using this strategy included (i)
the narrow plain extending from the Gran Crater rim northward to Pietre Cotte, (ii) the outer flank
of Punte Nere, and (iii) the sea facing flank.

The infrared images were selected based on their quality (e.g. absence of fumarole gas and
sharpness) and imported into a geographic information system (ArcGIS). By combination with
aerial images and GPS referencing we could geocode the images. The result is a photo-mosaic
showing cone-wide details of the thermal anomalies (Fig. 9). The main advantage of photo-
mosaicking is that a larger area could be imaged at high resolution in short time by foot.
Disadvantages might be related to shadowing effects.

In the following, we first describe selected photographs of the Fossa crater region in detail,
followed by the temperature pattern observed in the geocoded photo-mosaic.

4.2. Survey results



At the inner crater wall, infrared images show that along the southern flank, well defined thermal
anomalies with different intensi- ties were found (Fig. 10). First, at top, relatively low
temperatures are seen. Second, a high temperature anomaly that is well defined by a narrow
horizontal strip at the Gran Cratere cliff is eminent. This is probably located within the Caruggi
formation (for lithology terminol- ogy see De Astis et al., 2006). Here, from the thermal contrast
we can clearly identify localised vents and elongated fractures, with pixel temperatures ranging
between 45 °C and 70 °C (q2 in Fig. 10). Another more diffuse thermal anomaly is located
further below, showing a diffuse increased thermal transmission of 30—40 °C (lithology t in Fig.
10). The observed temperature range hence sharply drops at lithology contrasts. Therefore,
thermal imaging locally suggests that the locations of elevated temperature fields are influenced
by lithology.

The northern flank of the main crater is known to be the site where the most intense degassing
occurs and onto which earlier infrared studies focused (cf. Harris et al., 2009 and references
therein). Infrared images taken of the northern crater wall show a large thermal anomaly that
spreads along the slope. This area is characterised by diffuse, augmented heat flux including
clustered but also scattered vents. Most pronounced temperature vents appear to occur in groups
and along fractures that may be tens of meters long. The strike direction of these vent alignments
follows a rough systematic geometric pattern with respect to the crater centre, including
circumferential trends (C-vents), radial trends (R-vents) or, more often, oblique trends (O-vents).
We interpret these trends to be linked to a fracture system (Fig. 11). The scattered vents in the
lower and middle zone show temperatures from 40 °C up to 50 °C, whereas selected pixels at
clustered vents and fractures in the upper zone display temperatures up to 111 °C. At the bottom
of the crater, no elevated temperatures can be identified. Because of the locally detected vent
alignments, thermal imaging suggests a structural influence on temperature fields.

A view of the entire Fossa cone is provided by a synthesis of 56 selected images, geocoded and
assembled to a mosaic. Because the images were taken over the course of two days, especially the
mid-day acquisitions are affected by warmer background temperatures. We follow the approach
by Barde-Cabusson et al. (2009) and consider only temperatures above a background temperature
(30 °C) as a signature of hydrothermal fluid circulations. The infrared thermal map shows
isolated regions of elevated temperatures, generally being most pronounced at higher elevations
and along the morphologic limits of various crater generations. Therefore, in a large-scale view,
elevated temperatures appear to be eminent at morphologically elevated regions. We note,
however, that no major diffuse temperature increase can be recognised, rather it appears that
elevated temperatures are recorded at predominantly very local sites. A profile in N—S direction
shows the relationship of the temperature field and topography (Fig. 12). Temperature values are
taken as a stack of a 250 m wide strip. The profile shows that fumaroles and areas of diffuse
increased heat flux are mainly found at the rims of the craters. Therefore, the large- scale picture
of the thermal imaging results implies that the locations of elevated temperature fields are
influenced by topography.

A synthesis of the temperature field survey is given in Fig. 12, in comparison to the finite element
stress field models. To display only significantly elevated thermal areas, we show only those
pixels above 35 °C. As seen, zones of elevated temperatures are found in regions of relatively low
compressive stress, which has important implications as discussed below.

5. Discussion

High temperature fields associated with fumaroles are observed at many active volcanoes,
providing a window into the state of activity beneath. Therefore, fumarole measurements are



often part of volcano monitoring programs, which is also why their location and dynamics need to
be investigated. It is the temperature field, which allows mapping and spatially dense monitoring
of such fumaroles, assuming that the sites and processes of fumaroles, fluid paths and high
temperature fields are the same (Harris and Maciejewski, 2000; Chiodini et al., 2007; Harris et
al., 2009). The cratered summit of Vulcano Island is a fumarole type example, which we
investigated through finite element stress field modelling and infrared mapping. Our work
suggests that the fumarole locations have to be regarded scale-dependent, being a combined result
of three major factors: topography, tectonics and lithology (Fig. 13) that will be discussed further
below.

5.1. Limitations of the model and infrared approach

In the FEM model, settings were used and assumptions made that might have had an influence on
the results. We explored the effects of the model boundaries and the geometry in very detail, by
comparison to previous gravitational loading models. Furthermore, in models not shown in this
paper, we explored the effect of different rock densities and Lamé parameters, both influence
stresses, yet the general pattern as described in this work remains valid.

Our FEM model was homogeneous, even though our own field observations suggest that the
outcropping material is heterogeneous (cf. De Astis et al., 2006). Materials of contrasting
stiffness and their distribution in the volcanic pile are not considered in the numerical model
although they might have an influence on the state of stress in the Earth's crust (e.g.
Gudmundsson and Philipp, 2006). As the distribution, layering and extend of mechanical
anisotropies are not possible to quantify, and may further provide uncertainties, however, we
decided to investigate the model under the homogeneity assumption.

No other forces than the load of gravity were applied in the FEM model of this work, neither a
local pressure source associated with a contracting magma body (Aubert et al., 2008) nor a
regional stress trend. The latter was excluded because there is substantial debate on the regional
state of stress in the central sector of the Aeolian Arc (Mazzuoli et al., 1995; Bonaccorso, 2002;
Argnani et al., 2007). Nevertheless, our stress models show that topographic loading can explain
field observations well and can help to predicted fumarole expressions at cratered volcanoes.

The infrared technique we adopted has an instrumental error of ~ 2 °C and is affected by physical
and geometrical parameters that may introduce further errors in measuring temperatures (Ball and
Pinkerton, 2006). Emissivity and relative humidity yield errors that are negligible for our
purposes. Assuming an emissivity ¢ = 0.95 and a mean relative humidity of 50%, we obtained a
good agreement of the infrared measurements with independent K-type thermocouple
measurements. Considered distance ranges lead to an error similar to the instrumental one. The
viewing inclination onto a surface, often ranging from 40° to 90° with respect to the target
surface, is causing an emissivity decrease in the range of 1-3% (Sobrino and Cuenca, 1999). The
overall amplitude of these errors may play a role when one would like to define a threshold
between ground temperature and weak hydrothermal related anomalies. For the significant
tempera- ture anomalies described in this work, however, also the sum of all these errors is
negligible.

Of larger effect at the Fossa cone are shadowing phenomena, which may have prohibited
detection of some important fumaroles. In comparison with in situ probing results (Barde-
Cabusson et al., 2009), we conjecture that only those regions remained in shadow where no major
fumarole activity is eminent. Combining our data with airborne infrared data in the future might
provide better wide scale information. Despite the discussed limitations, the method we applied to



image thermal anomalies can be successfully used for fast and logistically inexpensive thermal
detection in volcanic regions, especially when the anomalies are wide and intense compared to
the background values.

5.2. Comparison of the thermal field measurements to earlier results

Infrared surveys at Vulcano were well investigated before and illustrated the flux and variability
of fumarole activity at unprecedented levels of detail (Harris and Maciejewski, 2000; Chiodini et
al., 2007; Harris et al., 2009). However, these earlier infrared campaigns focussed on very local
appearance of fumaroles, mostly inside the Fossa crater on its northeastern rim where degassing
is apparent. No large-scale high resolution mapping was performed yet. A cone-wide temperature
map was provided based on in situ probing, whereby at certain soil depth (usually about 30 cm)
the local temperature is recorded, which is repeated along tracks and later on interpolated to
obtain a spatial information (Revil et al., 2008; Barde-Cabusson et al., 2009). Temper- ature
recordings we provided in this work generally compare well with the ones obtained by Revil et al.
(2008) and Barde-Cabusson et al. (2009) although different techniques were used. Due to the
different

spatial resolution, however, the infrared observations provided here are of much higher detail.
Just by using one single thermal image, over 300,000 pixels are recorded, which is already two to
three orders of magnitude higher than point-wise probing allows. The main difference to these
previous results is that sites of elevated temperature are found to be very local only. While the
punctual measurements suggest a wide field of elevated temperatures, our work shows that these
are in fact much more localised. Again, interpolation might have blurred the information, which
is why our approach appears to be valid and more detailed in the spatial domain.

5.3. Factors controlling the sites of fumaroles

We suggest distinguishing the fumarole locations in a process and scale-dependent context, which
is (a) the topographic control in large-scale, and (b) the lithology control and (c) the structural
control in small-cale (Fig. 13).

(1) Topographic control: Our field observations could reveal that the temperature shows maxima
where the topography is high, such as the rims of the nested craters on the Fossa cone. This is
found to be in agreement with finite element models, showing that at these zones the horizontal
stress field is less compres- sive. The stress field model of the Fossa cone shows that at depth,
there is a region where o is vertical and o3 is horizontal and normal to the plane of projection,
thus parallel to the rims of the crater (Figs. 4 and 5). This would lead to radial pathways of
hydrofractures at depth (Anderson, 1951). This outcome is supported by observations made
elsewhere on the orientation of dikes in the field (McGuire and Pullen, 1989; Tibaldi et al., 2009)
and also in analogue experiments (McGuire and Pullen, 1989; Walter and Troll, 2003; Acocella
and Tibaldi, 2005) showing radial directions. The orientation of the principal stresses changes
close to the surface, for example near caldera rims and fault scarps. There, 6; becomes parallel to
the surface what is also observed in our numerical model (Figs. 4 and 5). Hot fluids escape
predominately along the concentric rims of the nested craters (Figs. 9 and 12). High temperature
anomalies can be found at the crater rims of Palizzi in the south, Pietre Cotte in the north and
Gran Cratere in the northeast of the edifice. In addition, the horizontal compressive stress is low
at these areas, encouraging fluid ascent. The numerical model predicts a more compressive stress
regime at the bottom of the recent crater what is in correspondence to the temperature distribution
showing that the base of the recent crater is colder than 20 °C (cf. Revil et al., 2008).



No degassing sites were observed at the bottom of the Fossa crater. This may again be supported
by the models, as the crater floor corresponds to the area of high compressive values of the
horizontal stress. However, we note that this observa- tion might also be related to a less
permeable layer at the bottom of the crater that makes it difficult for fluids to migrate through.
This sedimentary cover is probably the result of material deposition derived from the flanks of the
Fossa cone (De Astis et al., 20006).

(2) Lithology control: Lithological heterogeneities like bedding surfaces or the interface of
lithological units may provide migration ways or barriers for ascending fluids in volcanic edifices
(Gudmundsson et al.,, 2002; Barde-Cabusson et al., 2009). Field observations of the inner
southern flank of Gran Cratere reveal that the high temperature anomalies there are situated in the
stratified hydromagmatic tuff but not in the pyroclastic deposits under and overlaying this
lithology (Figs. 2 and 10). Apparently, the hydromagmatic tuff is more prone to the percolation of
fluids, thus has a higher permeability, than the neighbouring deposits (cf. Revil et al., 2008). The
hydro- magmatic tuff is attributed to belong to the Caruggi and the Pietre Cotte formation
whereas the pyroclastics are thought having formed during the Gran Cratere eruptive stage (De
Astis et al., 2006). The lithology control may also be of importance at depth at the Fossa cone, but
shape and continuation of these strata at depth remains speculative.

(3) Structural control: The ascent and migration of fluids may be controlled by structural features
as already suggested earlier (e.g. Barde-Cabusson et al., 2009). High permeable fracture zones are
probably the most widely recognised pathways influencing fumarolic vent locations. These may
have a linear fault-like geometry but may also be curved or oblique. Vulcano is affected by a
regional N-S striking fault system — an orientation that we could not identify in thermal
anomalies, however. Although the Fossa cone on Vulcano also does not show any significant
faults at the surface and the identification of ring faults remains obscured, our own observations
reveal that high temperature anomalies at the northern flank of Gran Cratere are bound to
fractures and cracks located along the crater rim. Fluids could flow more easily on the fractures
because these structures will increase the permeability of rocks exponentially and provide
locations for the migration of high temperature fluids (Harris et al., 2009). The observed
structural trends may have various reasons that are not distinguishable from our data, such as near
surface slumping, cauldron type fractures, pressurised reservoir sources or regional tectonic
influence.

5.4. Implications

In this paper we showed that fumarole sites on the Fossa cone on Vulcano Island are partially
controlled by the load of the volcanic pile. This outcome can be applied to other volcanoes that
also have a pronounced topography and show degassing activity at the rims of the central craters,
like Lastarria in the Central Andes (Ruch et al., 2009) and Somma-Vesuvius in Italy (Chiodini et
al., 2001). With the approach of the FEM it seems possible to infer the ascent path of fluids in
volcanic edifices. Furthermore, if the possible influences of topographic control, lithology and
fractures are understood, pre- dictions about migrating hydrothermal activity as well of (hydro-)
magmatic vents might be feasible. Although the initiation of fumarolic vent migration at the
Fossa edifice is guided by other mechanisms like sealing, the topography body forces could be a
factor in controlling the arrangement of new fumarolic sites. Harris and Maciejewski (2000)
report that the fumarolic field migrated downward on the inner flanks of the crater, yet showing a
concentric pattern with respect to the crater floor. As the concentric pattern agrees with our model
predictions, the gravitational force might influence the migration of new degassing sites. It
remains to be investigated whether observed eruption vent migration, such as shifting from the
northeast to the southwest and north during the eruptive history of the Fossa cone (Blanco-



Montenegro et al., 2007) was following the same concepts.
6. Conclusions

Numerical models of the Fossa cone, Vulcano Island, were compared to field observations and
the surface temperature distri- bution obtained by an infrared campaign. The stress field in the
models suggests a topographic control on the large-scale distribution of the fumaroles: The
degassing sites are located at the rims of the nested craters of the volcanic edifice where
compression is low. However, a closer look shows that other processes like lithology and fracture
zones influence the exact positions of the fumaroles. Therefore, the appearance and prediction of
fumarolic activity and associated hazards of active volcanoes has to be considered as the
combined control of loading, permeability and faulting.
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Fig. 1. Sketch map of the Aecolian Islands with bathymetry in m of the southern Tyrrhenian Sea. The
location of the Tindari—Letojanni fault system (TL) is also indicated.
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Fig. 2. Shaded relief map of Vulcano Island and simplified geological map of the Fossa cone (De Astis et
al., 2006; Barde-Cabusson et al., 2009). On the map of the island, dotted lines represent caldera rims with
Caldera del Piano (CP) and Caldera della Fossa (CF); (V) is the peninsula of Vulcanello. The box shows
the region used for the three-dimensional model of the Fossa cone. Location of the N-S (A—A") and the W—
E (B-B’) cross-section is also indicated. Broken lines on the geological sketch map of La Fossa are crater
rims of the distinct eruptive cycles: (PN) Punta Nere, (GP) Grotta dei Palizzi, (FV) Forgia Vecchia, (PC)
Pietre Cotte and (GC) Gran Cratere. Coordinate system is UTM, zone 33 S, WGS 84.



Fig. 3. Configuration of the numerical model, a 2250 m x 22250 m x (4000 m + elevation) box in three-
dimensional geometry. The sketch includes the finite element mesh and the boundary conditions. The
Earth's surface is treated as a free surface (displacement in all directions allowed). At the other boundaries,
displacement is prohibited normal to the boundaries (zero displacement in (z) direction at the bottom
boundary, zero displacement in (x) direction at the eastern and western boundary, zero displacement in (y)
direction at the northern and southern boundary). The material of the model is linear elastic and isotropic

with a density v of 2700 kg/m3, a Poison's ratio p of 0.25 and a Young's modulus E of 50 GPa. The
gravitational load is defined as F = pgh where p is the density of the material, g the gravitational
acceleration of the Earth and h the height of the topographic feature.
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Fig. 4. Trajectories parallel to a) the maximum compressive principal stress 61 and b) the minimum

compressive principal stress 63 in a N—S cross-section of the Fossa cone.
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Fig. 6. Trajectories parallel to the maximum compressive principal stress 6] and magnitude of the
horizontal stress in a surface map view of the Fossa cone, underlain by a shaded relief map. Solid lines are
crater rims of the distinct eruptive stages: (PN) Punta Nere, (GP) Grotta dei Palizzi, (FV) Forgia Vecchia,
(PC) Pietre Cotte and (GC) Gran Cratere.
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Fig. 9. (a) Map view of geocoded infrared mosaic. (b) Extracted temperature pixels above background
temperature.



a) Digital image of the southern crater wall

b) Infrared image of the southern crater wall

Fig. 10. a) Digital and b) thermal photo-mosaic of the southern internal flank of Gran Cratere. Lithologies
as in Revil et al. (2008) include p) ashes, ql) hydromagmatic tuff, q2) hydromagmatic tuff with
hydrothermal weathering and t) pyroclastic deposits. Localised high heat flux occurs in the encircled region
of lithology q2 at fractures and cracks, diffuse high heat flux is observed in the region of lithology t.



a) Digital image of the northern crater wall

Fig. 11. a) Digital and b) thermal photo-mosaic of the northern internal flank of Gran Crater with indication
of different zones as described by Harris and Maciejewski (2000). The strike direction of vent alignments
with respect to the crater centre is indicated, including circumferential trends (C-vents), radial trends (R-
vents) and oblique trends (O-vents).
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Fig. 12. (a) Map of the distribution and the intensities of thermal anomalies at the Fossa cone
(superimposed circles on a shaded relief map with o1-trajectories and magnitude of the horizontal stress).
(b) N-S profile of the temperature distribution along a strip (A—A") through the main fumarole fields.
Missing data corresponds to flat areas and areas which could not be imaged. Only pixels above 17 °C
background temperature are shown. Note the good match between temperature and topographic expression.
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Fig. 13. Schematic cross-section summarising the controls of ascending fluids in a cratered volcano, here
the Fossa cone, Vulcano Island: 1) Effect of edifice load indicated by o]-trajectories, 2) migration at

interfaces of lithological strata, 3) propagation along fractures and cracks.



