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Depth of a Midcrustal Discontinuity beneath Mt. Vesuvius from the

Stacking of Reflected and Converted Waves on Local Earthquake Records

by Vincenzo Nisii,* Aldo Zollo, and Giovanni Iannaccone

Abstract We have developed a technique based on the move-out and stack of
reflected seismic phases from local earthquake seismograms. For a given interface
depth and a velocity model, the theoretical travel times of reflected/converted phases
in a 1D medium are computed and used to align in time the vertical-component
microearthquake records collected by a local seismic network. The locations and
origin times of events are preliminarily estimated from P and S arrival times. Dif-
ferent seismic gathers are obtained for each considered reflected/converted phase at
that interface, and the best interface depth is chosen as the one that maximizes the
value of a semblance function computed on moved-out records.

This method has been applied to seismic records of microearthquakes that occur
at Mt. Vesuvius volcano. The analysis confirms the evidence for an 8 to 10-km-deep
seismic discontinuity beneath the volcano, which was previously identified, by mi-
gration of active seismic data, as the roof of an extended magmatic sill.

Introduction

Reflected and/or converted phases from crustal discon-
tinuities have been observed frequently on microearthquake
records (Iyer, 1992). The analysis of secondary arrivals by
using different techniques has been proven valuable to define
the positions and physical characteristics of reflecting inter-
faces. The modeling of reflected and/or converted waves is
widely used in seismic exploration for retrieving other physi-
cal parameters of the propagation medium (P-to-S impe-
dance contrast, anisotropy, P-to-S velocity ratio, and so
forth) (Yilmaz, 1987; Sheriff and Geldart, 1982).

Recently, studies of wave amplitudes and arrival times
of secondary wave trains have been used to delineate the
geometry and extension of a magmatic body in various vol-
canic regions. For example, the location and interpretation,
through a travel-time and amplitude analysis, of S-to-S and
P-to-S reflected phases from a local seismic network in the
area of Socorro, Rio Grande rift (New Mexico), has allowed
the identification of a sharp crustal discontinuity to a depth
of approximately 18 km, interpreted as the top of an ex-
tended thin magma layer (Sanford et al., 1973; Rinehart and
Sanford, 1981; Balch et al., 1997). Other evidences for mid-
crust discontinuities of magmatic origin have been found in
Japan at Nikko–Shirane volcano (Matsumoto and Hase-
gawa, 1996) and in California at Long Valley caldera
(Stroujkova and Malin, 2000) from the analysis of S-to-S
and S-to-P waves observed on microearthquake records.

*Present address: Osservatorio Vesuviano–Istituto Nazionale di Geofis-
ica e Vulcanologia, Naples, Italy.

During the recent past, Mt. Vesuvius volcano has been
the target of an extended marine and on-land seismic-
exploration program aimed at the high-resolution imaging
of the volcanic structure and locating its magmatic feeding
system at depth (Zollo et al., 1996; Gasparini et al., 1998;
Auger et al., 2001). Detailed 2D tomographic images of the
very shallow volcanic structure were obtained from the in-
version of first P arrivals recorded during an active source
experiment in 1996 (Zollo et al., 2002a). A 20- � 20-km2

midcrustal seismic reflector was detected at a depth of 8–10
km beneath Mt. Vesuvius volcano by prestack migration of
active seismic data, acquired during a dense 2D marine sur-
vey in 1997 (Auger et al., 2001). This interface has been
interpreted as the top of a thin, very low velocity layer that
represents the deep sill-like magmatic reservoir of the vol-
cano.

Since its last eruption in 1944, Mt. Vesuvius has been
in a quiescent state characterized by continuous fumarolic
and moderate seismic activity. Several hundred microearth-
quakes per year are detected by the permanent network of
Osservatorio Vesuviano (INGV); most events have magni-
tudes of less than 3 and are located beneath the crater area
at rather shallow depths (�4–5 km).

Based on the availability of a high-quality waveform
data set, the present study aims at investigating the deep
structure of Mt. Vesuvius volcano by the analysis and mod-
eling of reflected/converted phases on microearthquake re-
cords. In particular, a relevant target of this study was the
possible confirmation of the midcrustal seismic disconti-



nuity, which had been already detected by the use of active
seismic data.

Mt. Vesuvius is part of a volcanic field within a graben-
like structure (the Campanian plain) bordered by Mesozoic
limestones. The graben formed during Plio-Pleistocene time
and is filled by marine and fluvial sediments interbedded
with volcanic products. Information about the shallow struc-
ture of the volcano comes primarily from a deep borehole
drilled on the southeast slope of Mt. Vesuvius during the
1970s, which penetrates the entire volcanic sequence, having
reached Mesozoic limestones at a depth of about 2200 m
(Principe et al., 1987). The shallow layer is composed of an
interbedded series of Pleistocene volcanic lavas, volcano-
clastic and marine–fluvial sedimentary rocks (Di Vito et al.,
1999), and it is characterized by P velocities in the range of
1.7–3.3 km/sec (Zollo et al., 2002a). Mesozoic basement P
velocities of 5.0–6.0 km/sec are inferred from the P-wave
tomographic study (Zollo et al., 2002a) and are consistent
with laboratory measurements of well rock samples (Bernard
and Zamora, 2000).

In this article the search for deeper discontinuities be-
neath Mt. Vesuvius is performed by using the move-out and
stacking method usually applied in exploration seismology
and known as a coherency stack (Naess and Burland, 1985).
Based on an a priori known background velocity model, the
optimal interface depth is found by maximizing the sem-
blance function, computed on the converted and reflected
phase signals extracted from the microearthquake records.

Modeling of Reflected/Converted Arrival Times

The proposed method of modeling reflected/converted
arrival times follows the approach usually used in reflection
seismology to determine the morphology of reflecting inter-
faces by means of poststack migration of seismic sections.

Assuming a horizontal reflector in a medium with a
given 1D background velocity model, the theoretical arrival
times of the four possible reflected/converted phases are
computed (P-to-P, S-to-P, S-to-S, P-to-S) for any source and
receiver pair of the analyzed waveform data set. For each
considered wave type, a time window on the seismic records
is centered at the theoretical arrival time. The semblance
function is computed in the selected time windows for all
the records along the entire seismic section. The semblance,
ST, is defined as the ratio of the total energy of the stacked
trace in the time interval (t � Dt) to the sum of the energies
of the individual traces in the same time interval (Neidell
and Taner, 1971):
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where gti is the amplitude of trace i at time t. The semblance

range of variability is between 0 and 1. The semblance is a
measure of the waveform similarity between different seis-
mic records. For very coherent events in different records,
this function assumes values close to 1. Prior to the com-
putation of the semblance, we normalized the seismic re-
cords to minimize the differences arising from varying
source magnitudes.

The semblance is evaluated for a given range of inter-
face depths, and for each interface depth different time win-
dows are selected on seismograms according to the newly
computed phase arrival times. The optimal interface depth
is selected as the one that maximizes the semblance for each
of the analyzed reflection and converted events.

Assuming that the background velocity model is cor-
rect, a well-identified reflection/conversion event must gen-
erate pulses aligned at the zero time value in a moved-out
seismic section. The alignment can be quantitatively verified
by computing the stack function versus time (i.e., the sum
of the amplitude at any time along the seismograms in the
entire seismic section). The presence of reflected/converted
arrivals in the section will correspond to a peaked stack func-
tion, with its maximum at time zero.

The method can be applied for the search of different
secondary waves (P-to-P, P-to-S, S-to-P, S-to-S) on three-
component seismograms. The comparison of the semblance
and stack plots computed for the different phases allows for
a better constraint on the interface depth. The method as-
sumes an a priori knowledge of the earthquake hypocenters
and of the background velocity model, which is assumed to
be one dimensional. The uncertainty of these parameters
may strongly affect the phase identification in seismograms
and the correct positioning of the interface at depth. In ad-
dition, other effects can bias the interface location, such as
station statics (including topographical effects), and possible
3D heterogeneity of the propagation medium and the irreg-
ular morphology of the interface. These parameters and their
effect on the final results of our study are discussed later in
this article.

Application to Mt. Vesuvius Data

We applied the previously described method to interpret
the vertical-component records from 24 local seismic events
that occurred between July and December of 1999 and were
recorded by the surveillance network operated by Osserva-
torio Vesuviano, INGV.

The seismic network is composed of 10 seismic stations
installed on the flanks of Vesuvius and telemetered to the
surveillance center in downtown Naples (Castellano et al.,
2002) (Fig. 1). Each station is equipped with a vertical-
component, short-period sensor (natural frequency of 1 Hz),
and the signal is digitized at a sampling frequency of 100 Hz.
Three stations are also equipped with horizontal compo-
nents. In addition, a temporary network was installed during
1995–1999, composed of four remote digital stations with
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Figure 1. Topographic map showing Mt. Vesuvius and seismic stations of the net-
work owned by Osservatorio Vesuviano, INGV (solid triangles). Temporary stations
are indicated by solid squares. The north–south and east–west vertical cross sections
show the 24 local-event positions (stars) used in this study and the assumed 1D velocity
model.

three-component, short-period seismometers operating in
trigger mode.

Twenty-five microearthquakes with duration magni-
tudes ranging between 0.4 and 3 were selected for the pres-
ent study, providing 205 vertical-component recordings. The
events were located by means of a 3D velocity model, as
determined by Lomax et al. (2001). The model was obtained
by interpolation of 2D tomographic images inferred from
the inversion of active seismic arrival-time data (Zollo et al.,
2002a). The nonlinear technique proposed by Lomax et al.
(2000) was used to locate the events. The resulting hypo-
centers lie along the axial zone of the volcano edifice in a
depth range of 1–4 km. The final epicentral distances be-

tween events and stations vary between a few hundred me-
ters to 17 km (Fig. 1). The calculated travel-time rms values
are less than 0.1 sec. A time window of 15 sec was chosen
for all seismograms, whose origin times have been set ac-
cording to the value obtained from the earthquake location.

The study of the converted/reflected waves was carried
out by considering a reflector depth ranging between 4 and
15 km with a 0.2-km depth interval. A minimum depth value
was chosen that is deeper than the discontinuity between the
alluvial and recent volcanic sediments and the Mesozoic
limestones, whose average depth was determined to be to
2 km (Zollo et al., 2002b).

The assumed background velocity model is composed
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Figure 2. Example of seismograms showing clear secondary arrivals. The zero time
is the origin time of the earthquakes. The solid markers indicate the theoretical arrival
times of S direct waves and of reflected/converted phases P-to-P and S-to-P from an
interface at about 9 km depth.

of one layer over a half-space (Fig. 1). Velocities are as-
signed according to the average values obtained by the active
tomographic study (Zollo et al., 2002a). VP/Vs is assumed
to be uniform and equal to 1.8, according to the estimate of
Lomax et al. (2001).

The computation of the arrival times of reflected phases
was carried out by a two-point ray-tracing technique in a
layered velocity model. Only P-to-P and S-to-P wave types
are considered for the analysis, since they are the most read-
able on vertical-component seismograms. A time window of
0.2 sec centered at the theoretical arrival time of the re-
flected/converted phase was chosen.

Figure 2 illustrates several examples of recordings in
which secondary arrivals are clearly visible. The traces have
been aligned at the estimated origin time of microearth-
quakes. The markers indicate the theoretical arrival times of
the direct S waves and of the reflected/converted phases
(P-to-P and S-to-P) for an interface at 9 km depth. The re-
cording amplitudes have been normalized to the integral of
the absolute value computed along the entire record. This is
done to equalize the amplitude among traces to compensate
amplitude differences resulting from geometric spreading,
magnitude, and radiation pattern. The records have been
bandpass filtered between 0.5 and 25 Hz by using a zero-
phase-shift Butterworth filter.

The plot of the semblance as a function of the interface
depth for the P-to-P phase shows two major peaks at about

8 and 9.2 km, the latter being associated with the maximum
semblance value (Fig. 3). Two other, smaller peaks are visi-
ble at about 6 and 12 km. A similar plot for the S-to-P phase
shows a maximum semblance at 8.8 km and a secondary
peak at about 10.5 km (Fig. 3).

The secondary peaks on both the semblance diagrams
could be ambiguously interpreted either as the effect of mul-
tiple arrivals at a single interface or of converted/reflected
arrivals at interfaces with different depths. This ambiguity
can be solved by summing the values of semblance for P-
to-P and S-to-P phases at each interface depth (Fig. 4). In
fact, by stacking the semblance values for P-to-P and S-to-
P, the contributions originating at the same interface must
sum constructively, thus enhancing the amplitude of the
semblance at the corresponding interface depth value.

The normalized stack of P-to-P and S-to-P semblance
curves in Figure 4 shows a well-defined peak for an interface
depth of 9 km. As a result of the sum, the small-amplitude,
secondary peaks in semblance plots for P-to-P and S-to-P
phases (Fig. 3) have now disappeared, confirming that they
were due to the effect of multiple and/or incoherent, small
energy arrivals originating at different interfaces.

A smaller amplitude peak at 8 km depth is also detected
on the semblance plot of Figure 4. A travel-time difference
of about 0.3–0.5 sec is expected for P-to-P or S-to-P phases
originating at interfaces at 8–9 km depth. This time delay is
comparable to the uncertainty of semblance estimation, as
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Figure 4. Normalized stack of semblance func-
tions for P-to-P and S-to-P reflected/converted phases
of Figure 3.

Figure 3. Normalized semblance as a function of
reflector depths for reflected/converted phases P-to-P
and S-to-P obtained from the seismic record section
shown in Figure 5.

discussed later, which does not allow us to distinguish be-
tween the primary (9 km) and secondary (8 km) peaks. The
P-to-P and S-to-P phases identified by the semblance
method are clearly visible in seismograms arranged as a
common shot gather in a conventional seismic-reflection
section (Figs. 5, 6).

The records have been moved out according to the theo-
retical arrival times of a P-to-P phase for an interface depth
of 9 km. The reflected wave pulses align around time zero
on the moved-out section in Figure 5. The records of the
stack and semblance as a function of time confirm the evi-
dence for a secondary arrival with the presence of a marked
peak at time zero. In Figure 6, similar panels for the S-to-P
arrival are shown.

The time width of the semblance function around the
zero time in Figures 5 and 6 provides a means of quantita-
tively estimating the uncertainty of the interface depth. Total
widths of 0.3 and 0.5 sec are measured for P-to-P and S-to-
P phases, respectively. Assuming a velocity of 6 km/sec
above the interface, these values suggest an uncertainty of
about 1 km for the interface depth.

The main sources of error affecting the width of sem-
blance can be the uncertainty of earthquake location (hypo-
central coordinates and origin time), a nonplanar shape of
the reflecting interface, or lateral heterogeneity of the veloc-
ity model. The peaks at 8- and 9-km depths exhibited in the
stacked semblance curve (Fig. 4) therefore can be explained
as poorly focused arrivals from the same interface at 8–9-
km depth.

Other small peaks of the semblance in the depth ranges
of 4–6 km and 10–12 km are observed in the plot in Figure
4. These can be explained as the effect of late, moderate-
amplitude arrivals generated by multipathing and scattering
of the wave field close to the interface and/or the receiver
sites.

In the case of Mt. Vesuvius earthquakes, assuming a
realistic variability for all these unknown parameters, the
observed variation in the arrival time of reflected/converted
phases is much smaller than the average wave travel time
from sources to receivers (tenths of a second versus several
seconds). This is the reason that, despite the simplicity of
the propagation model, one can obtain a satisfactory align-
ment of the reflected/converted phases, with a small disper-
sion around the zero time value in the seismic section.

Discussion and Conclusions

The described methodology may be considered a useful
tool for identifying and locating the depths of shallow crustal
discontinuities when using microearthquake records. The
advantage is that, unlike conventional reflection seismics,
earthquake sources are located within the investigated me-
dium and have higher energy than active sources. The prin-
cipal drawback is that the uncertainties of the estimates of
source parameters (origin time, source location, fault mech-
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Figure 5. Vertical-component records plotted like a seismic section (gather). Note
the P-to-P reflected phases from a 9-km-depth reflecting interface at about zero time.
The stack of absolute values of the records is a good qualitative indicator of energy
content in the section, because it avoids loss from different polarities of the seismic
phases.

Figure 6. Vertical-component records plotted like a seismic section (gather). Note
the S-to-P reflected phases from a 9-km-depth reflecting interface at about zero time.
The stack of absolute values of the records is a good qualitative indicator of energy
content in the section, because it avoids loss from different polarities of the seismic
phases.

anism) can influence the quality of the stack, thus affecting
the accuracy of the interface depth.

Despite the assumed simplicity of the propagation me-
dium, the technique has proven to be robust and efficient for
the search and first-order modeling of secondary arrivals on

microearthquake records. The shape and width of the sem-
blance function peak is a measure of the uncertainty of the
interface depth, since a narrow semblance curve indicates a
well-constrained interface depth. It also provides an estimate
for the phase-timing error (about 0.3 and 0.5 for P-to-P and

Depth of a Midcrustal Discontinuity beneath Mt. Vesuvius 1847



S-to-P phases, respectively), which is related to unknown
path and source effects. We applied this methodology to P-
to-P and S-to-P waves observed on local earthquake records
acquired by the surveillance seismic network operating on
Mt. Vesuvius volcano.

Recent studies of crustal discontinuities beneath Mt. Ve-
suvius volcano by using the reflected/converted wave field
were performed by Auger et al. (2001) using an active seis-
mic data set. Based on the modeling of wave amplitudes as
a function of the incidence angle, these authors identified a
major seismic discontinuity at about 8 km depth, character-
ized by a negative velocity contrast (from 6 to less than 4
km/sec for P waves and from 3.5 to less than 1 km/sec for
S waves).

Our analysis of microearthquake records confirms this
evidence but provides a slightly greater value for the inter-
face depth (9 km) beneath the volcanic complex. This dis-
crepancy can be attributed to the use of a simplified crustal
model, whereas in the Auger et al. study, accurate static
corrections have been applied to data to account for the lat-
eral variation of the shallow velocity structure.

Based on the measured velocity contrast, Auger et al.
interpreted the reflector as the top of a midcrust, sill-like
magmatic reservoir beneath the volcanic complex, having a
lateral extent of at least 400 km2. The hypothesis for a deep
magmatic reservoir beneath Mt. Vesuvius is also supported
by the evidence for a highly conductive zone between 8 and
10 km depth, which was identified by 1D magnetotelluric
profiles (Di Maio et al., 1998). Moreover, the fluid-inclusion
analysis of minerals contained in Mt. Vesuvius eruptive
products indicates a formation depth between 4 and 10 km
(Belkin and De Vivo, 1993).

The thickness of the midcrustal sill is not accurately
known, but it could be in the range of 0.5–2.0 km, which is
consistent with the dominant reflection phase frequencies
and the available estimates of the volume of erupted magma
(more than 50 km3), considering that this represents only
slightly less than 30% of the stored magma volume. Isotopic-
ratio analysis of lava samples indicates long residence times
of magma in a mid-crust reservoir with contamination from
continental crustal rocks (Civetta et al., 2004). This result,
and the P and S velocities estimated by Auger et al. (2001),
suggest a partially molten body, consistent with a highly
fractured rock with diffusive melt.

Several observations of midcrust discontinuities asso-
ciated with magmatic reservoirs beneath volcanoes have
been made worldwide, based on seismic-data modeling. Be-
neath the Nikko–Shirane volcano (Northeast Japan arc) a
midcrust reflector was identified at 8–15 km depth with a
lateral extension of about 15 � 15 km2, which is interpreted
as the top of a low-velocity thin layer of partial-melt material
(Matsumoto and Hasegawa 1996). In the volcanic area of
Casa Diablo, Long Valley, California, seismic reflections
from a 1.5- � 2-km2 curved surface have been interpreted
as produced by the roof of a magma chamber at about 7.8
km depth by Sanders (1984).

The presence of magmatic sills in the depth range of 8–
20 km beneath different volcanoes worldwide is attributed
to a neutral condition of the magma buoyancy force with the
surrounding crust. The uprising of magma from the mantle
in an extensional tectonic regime can give rise to thin and
wide sill reservoirs in the upper crust (Ryan, 1994; Iyer et
al., 1990).

The discovery of a deep, sill-like magmatic reservoir
beneath Mt. Vesuvius is relevant for the understanding and
modeling of possible future eruptive scenarios. The exis-
tence of a smaller size (0.01–0.02 km3), shallow (less than
3 km depth) magmatic reservoir was previously suggested
by geochemical and petrological analyses of products
ejected during the most recent eruptions (1906, 1944) (Civ-
etta and Santacroce, 1992; Marianelli et al., 1999), although
no seismic signature of shallow volumes of molten materials
has been found from high-resolution seismic exploration
surveys (Zollo et al., 2002a). The possible connection and
interaction between deep and shallow magmatic sources dur-
ing future eruptive unrest at Mt. Vesuvius is currently under
discussion. Further geophysical investigation is needed to
ascertain the lateral extent and thickness of the magma sill
in order to have reliable estimates of the potential amount
of magma available for the next eruption.
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