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Abstract - A Digital Elevation Model (OEM) of Mt. Etna is
presented; it has altimetric and planimetric resolution of 1 m
and 5 m, respectively, and covers an area of about 120 km2

•

This 3-D view of Mt. Etna allowed both recognition and loca
tion of the main morphostructural and volcano-tectonic
features of the volcano. A slope map has been generated from
the OEM; on the basis of slope distributions and surface
textures, five acclivity domains have been recognized. The
largest domain, south of the summit craters, reflects the occur
rence of old plateau lavas, distinct from central volcanoes
which built the present Etnean volcanic system. Interaction
between the central volcanoes, with their summit calderas and
failed slopes, produced the other recognised domains. Further
more, newly identified relevant morphostructural lines are
discussed. © Elsevier, Paris
Mt. Etna I DEM I volcanology I morphostructure

1. Introduction

In volcanic areas, the study of the geomorphological
aspects represents an important tool suitable for con
straining their structural and volcanological evolution.
This is particularly true in regions of active volcanism
where supergenic processes have not had the time to
deeply modify the landform. Therefore, the landscape
remains an expression of the eruptive modalities, the
characteristics of the emitted materials and the volcano
tectonic processes affecting the area. A thorough analy
sis of these aspects can be carried out by a cartographic
representation of landform features, combining planar
information with elevations. This tool constitutes a Dig
ital Elevation Model (DEM) which generally is pro
duced in the frame of the construction of a geographic
information system.

In this paper, we present the DEM of Mt. Etna vol
cano, the largest active volcano in Europe (about 30 x
40 km), and we will show that the DEM is able to pro-

* Correspondence and reprints: ross@dst.unipi.it

vide a sound basis for geovolcanological and structural
investigations of a volcanic system through the reading
of the spatial distribution of relevant topographic fea
tures.

2. Geological framework

Mt. Etna is located at the southern-western margin of
the Calabro-Peloritan Arc that represents a prominent
curved element among the peri-Mediterranean mountain
chains linking the NW-SE-trending Appenines to the
E-W-trending Sicilian Maghrebides (figure 1). A net
work of E-W striking faults and folds, mainly active
during Quaternary times, characterizes the Sicilian
Maghrebides thrust system, which in turn is affected by
NNW transcurrent faults (Tindari-Letojanni system) and
by the NNE Messina-Giardini fault system [1-3].
Although the main deformation of the Appenine-Magh
rebian chain occurred during the Neogene, compression
continued through the Quaternary to the Present as
revealed by neotectonic field data and by seismic data
[4-6].

The geology of Mt. Etna is characterized predomi
nantly by lava flows and subordinately by pyroclastic
and epiclastic deposits resting upon the sedimentary
basement made up of marine clays dated to the Sicilian
stage (Early-Middle Pleistocene, [7]), and the Appe
nine-Maghrebian terrains. The oldest volcanic products
were mainly derived by fissural activity; they are domi
nated by tholeitic lavas of Early Pleistocene age [8, 9].
Successively, alkaline lavas were erupted either by an
ancient large central volcano (primordial Etna, Kieffer
[10]) or by small scattered eruptive centres [11]. The
volcanic activity successively manifested through sev
eral alkaline composite volcanoes with a general west-
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Figure l. Structural sketch map of the Etnean area showing the
main structural domains and tectonic features. ME: Malta
Escarpment; MKAS: Me Kumeta-Alcantara System; TLS:
Tindari-Letojanni System; GMS: Giardini-Messina System.
Black area: Late Miocene-Pleistocene Hyblean Volcanics.

ward shift of the eruptive axis. The number and the
location of the apparata remai n a matter of debate [11
14] even if the most relevant centers (e.g. Trifoglietto
and Cuvigghiunni) are commonly accepted. During the
Late Plei tocene, the volcanic activity was focused in
the presently active area where the Mongibello volcanic
system developed. During the first phase of activity,
ancient Mongibello produced a volcanic sequence rang
ing in composition from hawaiites to trachytes [15] that
ended at about 15 Ka [16] with the formation of the
Ellittico summit caldera. This volcanic structure has
been almost completely buried by successive volcanics
of recent Mongibello [17, 18].

3. The DEM of Mt. Etna

The DEM of Mt. Etna, obtained with a pixel of 5 m
(figure 2), is a continuous raster layer in which data
value represent elevation. A surface shadowing pro
vides digital perspectives where reliefs are well outlined
(figure 3), depending on the selected sunlight azimuth
and elevation.

The Mt. Etna DEM has been obtained by computing
on a regular grid the elevations provided by the triangles

of ~ modified Delaunay triangulation. Input points were
denved by digitising contour lines of a I: 10000 map
produce~ by Cartografia Tecnica Regionale Sicilia,
updated In 1990. A digitalisation error of 0.5 mm on the
map generates a planimetric error of 5 m on the DEM.
T~e trad~tional Delaunay approach provides triangles
wtth vertIces on the input points, which reconstruct the
volcano surface as a network of planar triangular facets
[1.9]. The .triangl~s are as regular as possible, since this
tn.an~ulatlOn satisfies the maximum-minimum angle
cntenon (the lowest angle of the triangles is maximum
over all the possible triangulations; (20)). When points
are n~t random (as in the case of the digitising of con
tour hnes), the Delaunay approach may introduce false
m?rphologic~1 features. For example, in correspondence
WIth sha~p Isohyp~e bendings, the Delaunay method
may consider flat tnangles built with points on the same
contour line. These triangles are preferred to narrower
ones built with vertices on adjacent isohypses. In the
present approach for the Mt. Etna DEM, this problem
was avoided by introducing forbidden lines, automati
cally evaluated, which join points of local maxima of
the second derivative of isohypses (e.g. maximum
slope): triangulation is not allowed across these lines.

The input points totalled I 060916 in an area of
1 800 km~ centred on the volcano. The average density
IS one POint per 42 x 42 m, with a maximum of one
point per 100 m2 in the steepest regions (e.g. Valle del
Bove). The number of triangles is 3089 107 with an
average area of 600 m2.

The DEM has been used to generate a slope map with
a resolution of 10. Slope values are averaged on an area
of 20 x 20 m. Frequency and cumulative slope distribu
tion are shown in figure 4; a peak of slope frequency
occurs at 4° (7 %), with a slope break at about 13°
(23 %). Furthermore, the cumulative histogram reveals
that about 50 % of the Etna surface has a slope less
than 7°. In figure 5, slope ranges 0°_4°, 5°_7°, 8°_13°
and> 13° are displayed with different colours.

4. Morphological features

Overall, the landscape of Mt. Etna is essentially dom
inated by compound lava flows that are expressed in the
DEM image as a rough texture; however, it is possible
to clearly recognise some simple lava flows made up of
single flow units such as those discussed by Walker
[21]. Their paths are well defined by the levees bor
dering the main flow, as for instance the 1610 lava flow
on the western flank of the volcano (figure 2). Similar
but shorter features are visible on the western flank of
the Ellittico cone and at the head of Valle del Bove
(figures 2 and 6).

Most of the more than 300 parasitic cones occurring
on Mt. Etna [22] are clearly detected on the DEM; fur
thermore, other relevant morphostructural characteris
tics are manifest, such as breached crater walls, crater
width and coalescing cones [23]. Locally, breached
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The DEM of Mt. Etna

10 Kilometers

s

Figure 2. Shaded image of the Digital Elevation Model of Mt. Etna. The artificial illumination is from the north and has an elevation
of 45°.
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Figure 3. Perspective view of Mt. Etna from SE. Sunlight from west.

cones and pit craters are readily visible along the erup
tive fissures forming the narrow eruptive NE-trending
belt (figure 6) of the NE Rift [12].

In addition, the DEM reveals linear and areal features
resulting from the complex interplay between regional
and local (volcanic) tectonic regimes and the eruptive
dynamic and rheological characteristics of the emitted
products. Relevant morphological units are displayed in
the slope di tribution map, giving important insights
into the volcanic system. The main results emerging
from the analysis of the slope distribution map and the

more evident morphological features identified by the
DEM are described below.

4.1. Areal morphology

On the basis of the slope map (figure 5), Mt. Etna can
be subdivided into five domains (A to E) that are char
acterized by different slope distributions and textures;
table I summarises the data derived from frequency his
tograms relative to slope distribution for each of the five
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The DEM of Mt. Etna

Slope frequency histogram
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Figure 4. Slope frequency histogram of Mt. Etna. Different colours mark the limits of slope ranges used in figure 5; grey (0°--4°),
green (5°_r), sea-green (8°_13°) and orange (>13°). The blue line marks the range 8°_13°.

distinct domains. Domains from A to D each show a
well-defined maximum, whereas the slope frequency
distribution in domain E has a double maximum at 3°
and 7".

Domain A, bounded on the northern side by the imag
inary line Pozzillo-Monti Rossi-Adrano and to the west
by the Simeto Valley (figure 6), represents a relatively
flat acclivity domain. In fact, more than 80 % of the area
has slopes < 7° with a frequency distribution displaying
a high positive asymmetry (skewness 2.2; table I). The
texture is fine and smooth (figure 5).

The western lower flank of the volcanic system
(domain B, figure 6) shows a coarse and rough texture
and a more variable acclivity distribution with slope val
ues ranging between 4° and 13° in more than 70 % of
the area. On the whole, the area constitutes an inclined
surface that connects gently with the Simeto Valley, and
exhibits only minor relatively flat zones which do not
show any preferential alignment (figure 5).

The northern lower part of the Mt. Etna (domain C,
figure 6) is a domain characterized by fine to medium
texture, with slope values relatively high; more than
75 % of the area of this sector has slopes> 8°. Fur
thermore, the area is readily observed on the DEM
(figure 5) where it appears as a bulging zone; this
domain is bounded to the west by Mt. Maletto, to the
north by the Alcantara Valley, to the east by the NE
Rift, and to the south by the Ellittico edifice.

The central upper sector (domain D,figure 6) shows a
fine and smooth texture with more than 81 % of the area
attaining slope values >13°; the slope frequency distri
bution has a low positive asymmetry (skewness 0.6;
table I). This domain consists of the steepest flanks of
the central area of Mt. Etna and has an irregular and
indented shape resulting from a very complex history. In
the central part of the domain, steep flanks are divided
by "islands" with lower acclivity, such as Ellittico cal
dera and the bottom of Valle del Bove (figure 6). On the
slope map (figure 5), an almost semicircular flat area
standing at a relatively high elevation (mean elevation
of I 280 m; figure 7) is clearly visible; it is located
between the southern rim of Valle del Bove and the
south-facing convex scarp, just north of Mt. IIice, and
represents the sharpest morphological step on the south
ern flank of the volcano. The uppermost zone of this
domain coincides with the summit area of Mt. Etna,
dominated by the recent Mongibello cone lying inside
the Ellittico caldera. About 15 % of domain D is char
acterized by relatively low acclivity values (between 8°
and 13°, table I). These relatively flat areas predominate
in the upper sector of the volcano and display a broad
north-south alignment, interrupting the eastward conti
nuity of Ellittico caldera.

The last domain occupies the eastern part of
Mt. Etna (domain E, figure 6) and it is characterized by
a complex texture resulting from the interaction of
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Figure 5. Slope map of Ml. Etna. Different colours identify different slope ranges as indicated in the colour-index scale.
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The OEM of Mt. Etna

10 km
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Figure 6. Morpho-structural sketch map showing the extension of distinguished acclivity domains (A to E, see text). SAL, Simeto
Alcantara Line; NSL, North-South Line; PF, Pernicana Fault; RNE, Ripa della Naca Escarpment; PDF, Piedimonte Fault;
FF, Fiumefreddo Fault; VP, Vena and Presa Escarpment; TFS, Timpe fault System; VdB, Valle del Sove; TGSC, Trioglietto,
Cuvigghiunni, Serra Giannicola; ELC, Ellittico Caldera; CR, Central Craters.

eruptive dynamics, recent tectonics (Timpe Fault Sys
tem; figure 6) and coastal dynamics. The slope fre
quency distribution is bimodal with a first narrow
relative maximum at about 3° and a second one with
lower kurtosis centred at about r.

4.2. Linear features

Mt. Etna presents an astonishing number of linear fea
tures and lineaments which affect the areal morphology.
These are best seen on the DEM (figures 2 and 3) and
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Table I. Statistical parameters of slope frequency distribution for the different acclivity domains.

Acclivity
% area covered by slope classes

domains mean (0) mode (0) st. dev. (0) Skew Kurtosis 0-4° 5_7° 8-13° >13°
A 5.2 3.0 3.7 2.2 4.0 53 30 14 3B 9.3 6.0 5.3 1.9 2.4 12 32 40 16
C 12.3 10.0 5.7 0.7 -1.0 5 15 44 36D 21.5 17.0 8.6 0.6 -1.2 0 2 16 82E(*) 27 20 34 19

* The slope frequency distribution is bimodal with two modes at 3° and 7°.

the most relevant are outlined in figure 6. Some of these
correspond to faults already described in the literature
(e.g. [24,25]); however, others are reported here for the
first time. These lineaments will be described as single
main lineaments and lineament networks.

We define as single main lineaments the rectilinear or
curvi linear features prominent in the DEM texture and
bearing unique geometry, and the most evident are
described below.

In the NE part of the volcanic edifice, an east-west
striking curvilinear lineament is readily observable
(PF); it is southward facing and coincides with the trace
of the Pernicana Fault [26,27]. At a more detailed scale,
the escarpment relief is higher in the central-western
part of the lineament. Its morphological continuity dis
appears near the villages of Vena and Presa where the

DEM display~ a faint N-S escarpment, a feature previ
ously recognIsed by Monaco et al. [25] as an active
fault. Further east and along the same E-W trend a
clear lin~a~e~t (F~) extends until the coastal pla'in,
partly COIncIdIng with the Fiumefreddo Fault [25].

PF and FF interact with a large lineament trending NE
from north of the village of S. Alfio (PDF), and corre
sponding in part with the Piedimonte Fault as in
Monaco et al. [25].

South of PF, NE-SW trending Ripe della Naca escarp
ments (RNE) are well displayed and seem to extend
northeastward, close to the Alcantara river (figure 6).

On the northwestern foot-slope of Mt. Etna, a linea
ment about 15 km long separates the volcano from the
Appenine chain (Simeto-Alcantara Lineament, SAL),

Southern rim of Valle del Bove

v.e. X 1.3

16000 m120008000

\ '-----

4000

A

ma.s.!. 220

170
120

70
0

Figure 7. North-south topographic profile across the Valle del Bove, the flat area in the southern part corresponds to the ancient appa
ratus discussed in the text.
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The DEM of Mt. Etna

striking NE-SW. 'The SAL cuts both lava flows as well
as rock-units belonging to the Appenine chain.

Mt. Etna is longitudinally divided by an important
N-S trending lineament (NSL) crossing the central part
of the volcano. It is marked in the summit area by the
sharp termination of the ridges bounding the Valle del
Bove depression and by the truncation of the eastern rim
of the Ellittico caldera (figure 6). This line originates at
the southern tip of the NE Rift where field data indicate
the occurrence of N-S striking faults and fissures [28,
29]; south of the summit area, the lineament is repre
sented by an alignment of several parasitic cones and
vents running southward from La Montagnola down to
Mt. Grosso.

On the eastern side of the volcano, several well
defined NNW-trending lineaments appear along a total
linear extent of about 20 km from Acireale to S. Alfio
(figure 6). The marked parallelism of all these linea
ments allows them to be considered as a lineament
swarm corresponding to the well known Timpe Fault
System (TFS) lying on the northern extension of the
regional Malta escarpment [25]. Just south of S. Alfio,
these lineaments bound a tectonically depressed region
ranging from I to 2 km wide.

The southern and northern flanks of the volcano
(domains A and C, respectively; figure 6) are character
ized by systems of intersecting rectilinear lineaments
creating pervasive networks over relatively wide areas.
Typically, these networks are made up of two main sets
of parallel lineaments, regularly spaced at a few hun
dred metres, and trending NE-SW and NW-SE. A line
ament network only locally affects the western flank of
the volcano, whereas on the eastern flank such a pattern
has probably been obscured by the recent and still active
fault systems.

4.3. Other morphological features

Along the Simeto and Alcantara Valleys, the bounda
ries between volcanic sequences and sedimentary rocks
are generally marked by several alluvial terraces, clearly
visible in the DEM (figure 2). Two areas, located along
the portion of the Simeto Valley between the Adrano
and Paterno villages, were selected for morphological
investigations; they make up relatively flat surfaces,
with slope values < 4° for more than 95 % of their
extension. The first area, south of Adrano, has a mean
elevation of 578 ± 32 m and covers an area of about
6 km2 ; the second area is north of Paterno at 196 ± 13 m
with an area of about 2.5 km2. The morphologies and
elevations of these two areas suggest they are expres
sions of alluvial terraces belonging to the seventh (c.a.
300 ka) and the third « 18 ka) rank terraces, respec
tively (terminology of Chester & Duncan [30]).

A fan-like morphological feature is clearly visible on
the eastern shoreline of the study area (figure 2); it
shows a fine to very fine texture, contrasting with the

rough texture of adjacent lava flows. This feature cor
responds to the Chiancone volcanoclastic fan consisting
of a sequence of debris flows and mudflows coming out
from Valle del Bove [31].

5. Discussion

The DEM and its derived slope-map provide a synop
tic view of the Mt. Etna volcano, giving evidence of spa
tial relationships of the main morpho-structural features
affecting the region. Overall, the volcanic system
appears to consist of distinct sectors having different
morphological characteristics (acclivity domains); fur
thermore, lineaments appear to affect single domains as
well as, in some cases, the whole structure. In addition,
important lineaments generally correspond to main
faults or fracture systems, such as the Pernicana Fault,
the Piedimonte Fault and the Timpe Fault System
(figures 2, 3 and 6); particularly well depicted by the
DEM is the graben-like NNW-trending structure located
just southeast of S. Alfio, in continuity with the Timpe
Fault System and affecting the volcanoclastic fan of
Chiancone (figures 3, 6). Figure 8 presents an across
strike topographic section which clearly delineates this
structure.

Furthermore, the DEM reveals an important NE-SW
trending line, not previously recognised, affecting the
northwestern margin of the volcano and cutting across
both the volcanic and sedimentary rocks (Simeto
Alcantara Line, SAL; figure 6). The significance of the
SAL is enigmatic, as it could be the result of reaction of
the basement to volcanic loading, or, alternatively, a
portion of a regional fracture.

Another conspicuous lineament affecting the whole
volcanic system is represented by the NSL (figure 6); it
broadly corresponds with the trace of a N-S sub-Etnean
ridge identified by Rust and Neri [32]. This positive
structure is interpreted as an area of magma intrusion
(Southern Rift Zone; McGuire et aI., [33]) or the SW
limit of the collapsing eastern flank of the volcano [24].
In the summit area, the NSL interrupts the eastern part
of the Ellittico Caldera and the bordering ridges of the
Valle del Bove (figure 6). Taken as a whole, these geo
morphic features suggest that the NSL plays a volcano
tectonic role, separating the volcano into two main mor
phostructural sectors. This lineament fades out into
acclivity domain A which represents more than 30 % of
the area covered by the Etnean volcanics and stands out
because of its relatively flat morphology and extent. The
eastern part of this sector is affected by a NNW-trending
lineament swarm (Timpe Fault System, figure 6) along
which the rocks drop down to the east; in this structural
frame, old sub-horizontal lava flows, exposed only
along the main escarpments [9], are considered as evi
dence of the volcanic activity preceding the building of
the Etnean central volcanoes [13]. We put forward the
hypothesis that acclivity domain A (figure 6) is the
expression of a wide, old plateau lava, volcanologically
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Figure 8. NE-SW across-strike profile of the Graben-like depression east of S. Alfio, fault escarpments are drawn with dashed lines.

similar to the Hyblean Plateau located south of Catania
[34]. Thus, in accordance with this interpretation, it
represents a volcanic unit that is both morphologically
and temporally distinct from the main Etnean volcanic
system which is dominated by central volcanoes. Also,
the mainly tholeiitic/transitional petrogenetic affinity of
the ancient products belonging to this unit is distin
guishable from that of the more recent, definitely alka
line Etnean lavas [18]. The flat, wide surface of this
sector contributes to hindering the advance of lava flows
coming from the summit area; in fact, the only historical
flows to have extensively invaded the region were gen
erated by parasitic cones located at relatively low alti
tudes (generally lower than I 000 m; e.g. the 1669
Monti Rossi eruption; [17,35]).

The complex morphology of the central part of the
volcano (domain D, figure 6) results from the interfer
ence of central apparata and volcanic structures having
different ages (recent Moggibello, Ellittico, Trifoglietto,
Cuvigghiuni, Serra Giannicola and Valle del Bove; [11,
12]). As far as the more recent products are concerned,
the OEM clearly shows that the recent Mongibello
lavas, when entering Valle del Bove, behaved differently
in the southern portion of the depression than in the

northern one. The former is constituted by the Trifo
glietto-Cuvigghiuni-Serra Giannicola volcanic com
plexes (TCSG in figure 6) which seems to have
represented a barrier against the Mongibello lavas. Con
versely, the northern part of the depression is largely
covered by the Mongibello lavas wrapping older struc
tures, among which a high escarpment is evident,
aligned with the Ripe della Naca lineament. This asym
metric morphology of Valle del Bove is probably a con
sequence of the fact that slope failure on Etna's eastern
flank involved several central apparata.

Furthermore, the OEM allows location of another
volcanic centre existing south of Valle del Bove; in fact,
we consider as vestiges of such an apparatus the rela
tively flat area (ji.gure 7) intervening between the south
ern rim of Valle del Bove and the semi-Iunated, south
facing convex escarpment just to the north of Mt. Ilice
(figure 6). The morphology of this relatively flat area
and its southern scarp represent, in this interpretation,
the relict of a summit caldera successively filled by
lavas.

The synoptic view of the OEM allows better defini
tion of this old structure that several authors [11-13, 36,
37] have tentatively recognised in the region south of
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The DEM of Mt. Etna

Valle del Bove, with however, extremely variable
descriptions for both its dimensions and location.

6. Summary and conclusions

A OEM of Mt. Etna volcano has been presented. The
good interpolation technique used to reconstruct the sur
face as a "continuum", the relatively high spatial reso
lution of the data and the opportunity to select different
illumination conditions and points of views, related to
the digital nature of the data, have outlined the strength
of this approach in morphological analysis of volcanic
and volcano-tectonic structures. The analysis of slope
distribution, derived by the OEM, has been used as a
valuable tool in defining the occurrence of relatively
homogeneous areas reflecting older volcanic structures,
wrapped but not deleted by subsequent volcanic cover.
In particular, the OEM addressed the existence of an old
plateau on which the central Etnean volcanoes devel
oped. Finally, new relevant morpho-structural lines such
as the SAL and the NSL have been recognised, and their
important role in the structural evolution of the volcanic
system has been hypothesized.
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