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Seismic Evidence of an
Extended Magmatic Sill Under
Mt. Vesuvius

Emmanuel Auger," Paolo Gasparini,' Jean Virieux,? Aldo Zollo'

Mt. Vesuvius is a small volcano associated with an elevated risk. Seismic data
were used to better define its magmatic system. We found evidence of an
extended (at least 400 square kilometers) low-velocity layer at about 8-kilo-
meter depth. The inferred S-wave (~0.6 to 1.0 kilometer per second) and
P-wave velocities (~2.0 kilometer per second) as well as other evidence indicate
an extended sill with magma interspersed in a solid matrix.

Mt. Vesuvius is a strato volcano near a densely
populated area. It is located in a tectonic graben
formed in the Plio-Pleistocene, and it is only a
few km southeast of Fields, the active volcano
on which the city of Napoli has been built (Fig.
1). It experienced at least three violent explo-
sive eruptions in historical times (79, 472, and
1631 A.D.). More frequent, less explosive erup-
tions have occurred from 1631 to 1944 (/). Mt.
Vesuvius is presently in a quiescent state, char-
acterized by low-temperature fumaroles (less
than 100°C) and moderate seismic activity
(about 100 earthquakes per year with magni-
tudes between 0.5 and 3.6), and it is difficult to
predict when it may erupt explosively again.
The definition of its structure and of the loca-
tion and volume of the magma reservoir can be
used to help prediction of the scenario of the
next eruption and to interpret the pattern of the
expected precursory seismic activity and
ground deformation. The present volcanic edi-
fice was built in a time span of about 40,000
years, and the total amount of erupted magma
can be estimated to be about 50 km?>. This
would be the minimum volume of the magma
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reservoir if it was a closed system. However, Sr,
Nd, Pb, and U-Th-Ra data indicate that the
magma system underwent a complex, multi-
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stage evolution, which is not compatible with a
closed magma reservoir (2-7).

Indications of the lithostatic pressure (and
hence the depth) under which the Mt. Vesuvius
magmas began to crystallize can be obtained
from fluid inclusions in phenocrysts and from
mineral equilibria in skarn rocks, which are
believed to be formed by high-temperature
metamorphism of the carbonate wall rocks. Ap-
plication of these methods to the products of the
last eruptions of Mt. Vesuvius (1906 and 1944)
suggests the presence of a magma reservoir at
less than 3-km depth refilled during the erup-
tions with magma coming from a deeper (11 to
22 km) reservoir (8, 9). Fluid inclusions in older
Mt. Vesuvius explosive and effusive products
indicate crystallization depths between 4 and 10
km (10).

A seismic tomography study carried cut in

T T
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T T I 1
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Fig. 1. Sketch map of Mt. Vesuvius area. The black line (F profile of the MAREVES experiment)
indicates the profile where the LALA phase is best observed. Blue triangles and three-letter symbols
indicate the location of on-land stations of the MAREVES experiment. The gray boxes indicate the
points of the mid-crustal interface where the observed LALA phases are generated. They do not
correspond to the common midpoint because of P to S conversion.
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1994 used 84 three-component stations along
a single profile to record signals emitted from
three underground explosions. One of the
most striking results was the observation of a

Fig. 2. LALA phase observed on
profile A of the 1996 on-land ex-
periment (A) and at station PLC
for shots along profile F of the
MAREVES experiment (B). The cor-
responding PP phase recorded at
station PAG for shots along profile
F is shown in (C) (35).
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large-amplitude late arrival phase (LALA),
which is stronger in the horizontal compo-
nents of wave motion, at stations from 10 to
30 km from the source. The relatively low-

Shot-receiver distance (km)
0 35

SW --—>
40

SW -->

Shot-receiver distance (km)
30 35 40 45

Stack
function

Distance, km

Fig. 3. PP and PS migrations for shots of profile F and stations PDG, TRE, OTT, PLC, and AP1. A clear
increase of energy around 8-km depth is shown on the migrated image. This is still more evident
if the energy is summed along horizontal lines, as shown by the plot on the right.
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frequency content and the dominant horizon-
tal motion indicated that the phase probably
originates by a P to S conversion at the top of
a low-velocity layer at mid-crustal depths
(about 10 km) (/7). The low-velocity layer
may be due to a magma reservoir.

Multiprofile seismic experiments were
performed in 1996 and 1997. The 1996 ex-
periment consisted of 14 shots recorded by
three-components stations along four 30- to
40-km-long profiles intersecting at the top of
Mt. Vesuvius. LALA phases were detected in
the record of the longest profile at wide angle
distances (Fig. 2). The 1997 experiment
(MAREVES) used offshore air gun sources
and on-land recordings. The experiment con-
sisted of 1800 shots performed by eight syn-
chronous 16-liter air guns from a ship in the
Bay of Naples. The seismic signals were
recorded by a temporary array of 25 three-
component stations deployed in the volcano
and in the Apennines as far as 90 km from the
coast. Air gun shots were also recorded by the
permanent monitoring network of Osservato-
rio Vesuviano (/2).

LALA recordings of shots fired along
MAREVES profile F have been processed
and depth migrated to get information on the
lateral extension, location, and physical prop-
erties of the low-velocity layer. Shot profile F
and recording stations AP1, PLC, OTT, TRE,
and PDG are aligned along a line passing
through the volcano and hence fit for two-
dimensional (2D) modeling. This line is al-
most perpendicular to the land profiles along
which the LALA phase had been detected
(11). Profile F also passes through the zone
where the shallow structure has been imaged
with the most detail (/3). A 2D depth migra-
tion technique based on exact ray tracing in
heterogeneous media was used to image the
velocity structure. Seismic records are back
propagated into the medium and stacked
along reflected/converted phases’ travel time
isochrons. An image is obtained where the
intensity maxima outline reflecting and/or
diffracting bodies (/4). This method assumes
a 2D background velocity model that was
retrieved from first P-wave arrival times with
the use of travel time tomography at depths
shallower than 3 to 4 km and trial and error
fitting at higher depth (/3, /5). The S-wave
velocity model was obtained with a V/V,
ratio of 1.8, which is the best value obtained
by minimizing the arrival times residuals of
local earthquakes (/6).

An image obtained through the migration of
PS and PP waves at stations AP1, PLC, OTT,
TRE, and PDG for the shots of profile F (Fig. 3)
shows strong, laterally coherent increase of en-
ergy at about 8-km depth. In fact, the stacked
energy record exhibits a sharp isolated peak at
this depth, indicating the occurrence of an in-
terface with a sharp impedance contrast. Migra-
tion of the full waveform synthetics with and
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without the interface at 8-km depth (17)
showed that the intensity maximum at 8-km
depth is not an erroneous back propagation of
phases that propagate in the shallow structure.
The tests also show that the thickness of the
energy peak is related to imperfect focusing of
the wave and to the finite duration of the seis-
mic source signal. No clear, laterally coherent
focusing of energy occurs between the top of
the limestone basement of the volcano (2- to
3-km depth) and the 8-km discontinuity. Syn-
thetic modeling showed that the small isolated
energy patches are due to incorrect migration of
the first arrivals at some stations located at the
slopes of the volcano. Therefore, no evidence
exists of any reflectors between the top of the
limestone basement and the 8-km discontinuity.

The strong energy concentrations deeper
than this discontinuity (Fig. 3) can be associ-
ated with multipathing effects in the shallow
sedimentary layer and/or multilayer structure
below the 8-km interface.

The PS phase amplitude variations at dif-
ferent stations were used to estimate the seis-
mic wave velocities below the interface. Am-
plitude variations are related to the variations
of the P to § reflection coefficient with the
incidence angle at the interface, which in turn
depends on the velocity contrast. Site effects
at shot and receiver locations were accounted
for by considering PS to first P arrival am-
plitude ratios (/8). The P to S reflection
coefficients retrieved from amplitude ratios
(Web fig. 1) (19) are compared with theoret-
ical curves computed for different velocities
in the underlying medium assuming the same
density on both sides of the interface. The
observed curve decreases slowly and regular-
ly across a 30° wide angle range, without
showing any sharp peak. This pattern con-
strains the S-wave velocity below the inter-
face at less than 1 km/s. It indicates also that
P-wave velocity decreases below the inter-
face. Additional migration of synthetics com-
puted with different P-velocity contrasts sug-
gests that the P-wave velocity is around 2
km/s. These values indicate that the 8-km inter-
face is the top of a fluid-containing layer. This
is also consistent with results from one-dimen-
sional modeling of magnetotelluric soundings
at Mt. Vesuvius, which indicate the occurrence
of an electrically conductive layer at about the
same depth (20). Mid-crustal low—seismic ve-
locity and high—electrical conductivity layers
have often been observed in continental envi-
ronments. They have been associated with low-
viscosity fluids expelled from mid to lower
crustal rocks (21). The interpretation has been
confirmed by the results of the Kola deep well,
Russia, which crosses a mid-crustal seismic
discontinuity. It was found to coincide with “the
base of a zone of disaggregation related to
overpressured fluids” (22, p. 715). In all these
cases, the associated P-wave velocity decrease
is on the order of 20% at most (23—26). This is
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not the case of Mt. Vesuvius, where the S- and
P- wave velocities below the 8-km interface are
consistent with velocities expected for a magma
body hosted in a densely fractured volume of
rock (27).

Considering the extension of the reflect-
ing surface along profile F and the orthogonal
profile (Fig. 1 and Fig. 3), its area is at least
400 km?, and the migrated image suggests
that its surface is almost flat (Fig. 3). Low-
velocity layers interpreted as magma sills
have been identified at 10- to 20-km depth
under several volcanoes (27-30). The wide-
spread occurrence of nearly flat magma sills
at that depth can be ascribed to neutral buoy-
ancy conditions for magmas uprising from
the mantle (37). Under conditions of neutral
buoyancy, a slow addition of magma from
the mantle to the reservoir will result in the
formation of a wide and thin sill in the pres-
ence of an extensional tectonic regime (32)
similar to that active in the Neapolitan area
for the past 2 million years at least.

Our data cannot constrain the thickness of
the sill at Mt. Vesuvius. Assuming a thick-
ness of 0.5 to 2.0 km, the minimum overall
volume would be 200 to 800 km?3, which is
consistent with the estimated total volume of
magma erupted at Mt. Vesuvius. The exten-
sion of this layer would be much larger if it
was also the source of the 250 to 300 km* of
magma erupted in the nearby Phlegraean
Fields volcanic area in the past 40,000 years.

Long residence times of Mt. Vesuvius mag-
ma in a mid-crustal environment are also sup-
ported by isotopic data, which indicate contam-
ination from the continental crust. In fact, Sr
isotopic ratios (0.7069 to 0.7079) (7), the He/
“He ratio (in the range 2.0 to 2.6 times the
atmospheric ratio) (33), and '80 values (5) are
substantially different from those expected for
uncontaminated mantle-derived magmas. Isoto-
pic ratios of Phlegraean Fields magmas are also
in the same range. These isotopic signatures
have been shown to be the result of contamina-
tion of mantle-derived shoshonitic magmas
with continental crust similar in composition to
a xenolith found in Phlegraean Fields pyroclas-
tics (7). Crustal contamination would be more
effective if the magma sill, consistent with the
inferred P and S velocities, is not a continuous
molten body, but if magma is interspersed in a
densely fractured rock, with a large ratio of
contact surface to melt volume. The variations
of Sr isotopic composition observed even dur-
ing a single eruption (7) indicate the presence
of an extremely heterogeneous poorly mixed
magma within the feeding system, which sug-
gests a vertically and laterally discontinuous
sill-like layer.
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