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INTRODUCTION

The Campi Flegrei caldera is situated west of the city of Naples in a highly
populated area. It is assumed to be mostly the result of two explosive events:
the Campanian Ignimbrite eruption (37 ka) and the Neapolitan Tuff eruption
(12 ka) (Scandone et al., 1991; Orsi et al., 1996). The caldera is strongly affec-
ted by bradyseismic activity which is characterized by large scale vertical
ground deformations. The two most recent episodes of large and rapid
ground uplift, which occurred in 1970-72 and 1982-84, led to a cumulative
maximum uplift of about 3.5 meters in the town of Pozzuoli (Orsi et al., 1999)
and were accompanied by swarms of earthquakes and increased degassing.
The 1982-1984 bradyseismic crisis led to an uplift of about 1.8 meters (Barberi
et al., 1984) and was accompanied by more than 15000 earthquakes. Part of
this seismicity is used in the present tomographic study. The Campi Flegrei
caldera has already been the target of several tomographic studies based on
various sets of passive and active data. The different existing tomographic
works provide various velocity models for Campi Flegrei depending on the
data set and technique which was used. Our main goal in this paper is to pro-
vide a unique velocity model which satisfies both passive and active data sets:
data from earthquakes recorded in 1984 as well as data from the more recent
shots of the SERAPIS experiment. After presenting the different data sets
which we use, we examine the effect of merging these sets which have very
different characteristics and quantities. We then search for the optimal tomo-
graphic parameters and finally present the tomographic results and resolution
tests.

DATA

To obtain P and S velocity models of the Campi Flegrei caldera structure we
proceed with a tomographic inversion based on travel times recorded during
two distinct experiments (Figure 1). The first data set is composed of 606
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earthquakes recorded during the end of the last bradiseismic crisis which
occurred in 1982-1984. The events were recorded by a temporary digital net-
work composed of 13 3-component stations which were installed by the
University of Wisconsin, USA (UW) and by the 25 analog stations operated
by the Osservatorio Vesuviano (OV) and AGIP. From the available events we
selected a subset of 606 well constrained earthquakes with a minimum of 4 P
travel times and 3 S travel times and an azimuthal gap in station coverage of
less than 180 degrees. This passive data set provides a total of 4472 P and
3268 S travel times. The second data set is composed of recordings for 1528
shots produced during the SERAPIS experiment in September 2001. During
the experiment were fired more than 5000 air-gun shots (Figure 1). To provi-
de a high density of data in the bay of Pozzuoli, about 2500 shots were fired
in the bay along E-W and N-S parallel lines 250 m apart with shots repeated
every 125 m along each line. The shots were recorded with 154 stations, inclu-
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FFiigg..  11.. Left: Shaded relief view of the Campi Flegrei caldera and Ischia and Procida islands with the
tomography area in the center. The location of the shots used for tomography is indicated as black
dots and the seismic stations are plotted as stars: empty stars for stations for which precisely re-
picked arrival times are available and filled stars for stations for which only preliminary picks are
available. The location of the shots outside the tomography area area and stations not used in the
study is also indicated in lighter color. Right: hypocenters of 606 earthquakes recorded during the
end of the 1982-1984 bradiseismic crisis and used in this study: map view and East-West cross-
section below. The stations used for locating the events are shown as white circles for the stations
of the temporary UW network and as black filled circles for the stations of the OV. Epicentral loca-
tions were spike tests have been performed to determined the effect of merging the data sets are
indicated with blue dots.



ding 70 sea-bottom receivers (OBS three-component sensors) and 84 land sta-
tions (66 with 3-component sensors). The entire experiment produced a total
of 700000 waveforms. In present work we only consider a subset of the enti-
re available data set as we only use the shots and stations included in our tomo-
graphic area. Our active data set includes a total of 55123 travel times inclu-
ding 36195 re-picked (Dello Iacono et al. submitted) and 18928 picked travel
times.

THE TOMOGRAPHIC INVERSION PROCEDURE

Three dimensional P and S velocity models are obtained by inverting P and S
first arrival times simultaneously for both velocity models and earthquake
locations (Thurber, 1992). The procedure is iterative and at each iteration a
linearized inversion of delayed travel times is performed. The inversion is
done with P and S velocity models parametrized as 3D grids of regularly spa-
ced nodes. According to our station/source configuration, we consider a
tomographic volume of 18*18*9 km starting 0.5 km above sea level (Figure 1)
with a node spacing of 0.5 km in all directions. The forward problem of tra-
vel time computation is done by solving the Eikonal equation with a finite dif-
ferences algorithm (Podvin and Lecomte, 1991). For this calculation we use
fine P and S grids of constant slowness cells with a spacing of 0.1 km in all
directions obtained by trilinear interpolation of the tomographic inversion
grids. Travel time partial derivatives are computed simultaneously for P and S
slowness fields, hypocenter locations and origin times of earthquakes (Le
Meur et al., 1997). Normalization and scaling of the derivative matrix is per-
formed to control the quality of the retrieved parameters. To ensure numeri-
cal stability and to control the degree of model roughness, the system is pre-
conditioned and smoothed. The quality of the different observations is taken
into account by weighting the different travel times. Finally, the inversion of
the scaled and weighted linear system is done using the LSQR algorithm (Page
and Saunders, 1982). The inversion is regularized using a damping factor.

MERGING OF THE TWO SETS OF DATA

The joint inversion problem is made difficult since the passive and active data
sets are complementary: the first one provides both Vp and Vs velocity
models, as well as earthquake locations but has a lower resolution and a limi-
ted spatial coverage, while the second has a higher resolution but only provi-
des P velocity and samples mostly shallow layers. Moreover the ray coverages
provided by the two sets overlap only over a limited area and amounts of rays
are very different. To examine the effect of merging the two data sets we made
some spike tests at different epicentral locations and depths. Each spike test is
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done by (1) adding to a smooth 1D initial velocity model a 500 m/s anomaly
with a width of 1 km at half the pick amplitude, (2) calculating synthetic tra-
vel times for the chosen event/station configuration and (3) inverting the
synthetic travel times starting from the original velocity model and using the
same inversion parameters as for tomography. The tests emphasize that in
areas where earthquakes are dominant, the joint inversion leads to a loss in
resolution since spike reconstitution is lower than the one obtained when
using only earthquakes. In areas dominated by shots the resolution remains
unchanged when merging as compared to shots only, even if the resolution of
the earthquakes is low (Figure 2). An adequate solution to compensate for the
loss of resolution is to increase the weight of the earthquakes. Figure 3 shows
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FFiigg..  22.. Comparison between spike restitutions for P waves at points B and E when using shots only
(red), earthquakes only (blue) and both (black).

FFiigg..  33.. Comparison between spike restitutions for P waves at points B and E when using shots only
(red), earthquakes only (blue) and both with earthquakes weights multiplied by 2 (black).



a comparison of spike restitutions for three combinations of data: both shots
and earthquakes alone and shots and earthquakes with the weight of earth-
quakes multiplied by a factor 2. However, we note that over-weighting the
earthquakes using a factor higher than 2 has a negative effect on tomography
as it can lead to unstable tomographic images. An alternate solution which
allows to avoid the loss of resolution is to reduce the amounts of shots, but
we note that it reduces the ability of reconstructing larger scale anomalies as
shown later by doing larger scale “shape tests”.

INVERSION SETTINGS

To determine the optimal parameters to use in the tomography we perform
synthetic tests in which larger scale velocity anomalies with various shapes are
introduced (“shape tests”). We present here results for 2 different tests:
– Test T01: an annular anomaly with a 100 m/s amplitude added at each

depth in the periphery of the tomography grid to the P velocity model.
– Test T02: a 100 m/s anomaly shaped as a cross added in the center of the

grid at each depth to both P and S velocity models.

Figure 4 shows results obtained for tests T01 and T02 for various values of
the damping and for various multiplicative factors applied to the weight of the
earthquakes. Results suggest that appropriate values for Damping are in the
range between 0.3 and 0.5. For P waves a good compromise is found in mul-
tiplying the weight of earthquakes by 2. To choose the proper S-wave multi-
plicative factor, we need to take into account another criterion which is the
simplicity of the obtained velocity models when doing the tomography. It is
well known that in tomography it is generally possible to find a whole class of
models, which fits equally well the observations (Monteiller et al., 2006). The
choice of the best model in that class is done by choosing the result with the
lower degree of freedom (Akaike, 1974; Tarantola and Valette, 1982). For this
purpose we examine the variance of the P and S velocity models and Vp/Vs
ratio obtained with various multiplicative factors and examine the correspon-
ding residuals for P and S travel times. Results indicate that a good choice is
found with P-weights multiplied by 2 as suggested by above synthetic tests and
S-weights multiplied by 2 or 4. The results for shape tests, performed by redu-
cing the amounts of shots, indicate that it leads to a significant reduction in
the ability to reproduce anomalies in the peripheral area of the grid where the
resolution comes mostly from the shots. Results also indicate that the weight
increase is only allowed by the stabilizing effect brought by the large amount
of shots travel times. Finally, to determine a proper value to use for the smoo-
thing coefficients we proceed with visual inspections of the recomposed ano-
malies. The images indicate that appropriate values for LX are in the range 0.2
to 0.3.
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TOMOGRAPHY RESULTS

We present tomographic results obtained with DAMP=0.5, LX=0.3 and with
the weight of earthquakes multiplied by 2 for both P and S waves. The tomo-
graphy technique which we use is an iterative, linearized and perturbative tech-
nique. The choice of the initial 1D model was done in two steps. First, the 1D
model chosen for Campi Flegrei caldera by Vanorio et al. (2005) was used as
a starting model to process a first tomographic run. In a second time, the P
and S resulting velocity models were used to calculate average vertical velocity
profiles for both P and S waves. The obtained profiles are used as initial
models. The iterative process is stopped after 15 iterations, while most of the
rms residual reduction is achieved in the first five iterations. The process drops
the rms from about 0.15 to 0.07.
The obtained 3D velocity models, as well as earthquakes locations are shown
in Figures 5 and 6. The obtained high resolution tomographic images outline
3 major features: 1/ The P velocity model (Figure 5) confirms the presence of
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FFiigg..  55.. Tomography results: (left) horizontal sections of the P velocity model. (right) horizontal sec-
tions of the S velocity model. Cells not sampled by any ray are shown in lighter colors.

a high P velocity ring in the southern part of the bay of Pozzuoli and extends
its trace inland as compared to previous results. 2/ The Vp/Vs East-West
cross section at y=2500 (Figure 6), which passes below the town of Pozzuoli,
outlines the presence of a very high Vp/Vs anomaly located below the town
of Pozzuoli. 3/ Horizontal cross-sections of the Vp/Vs ratio (Figure 6) con-
firm the presence of a low Vp/Vs body extending at about 4 km depth below
a large part of the caldera



RESOLUTION TESTS

To identify the well resolved areas of the tomographic images, we made seve-
ral synthetic tests including a checkerboard test with 2 km cells with a +/-100
m/s amplitude and several shape tests (Figures 7 and 8). Those are done in a
similar way as the tests used to determine proper inversion parameters except
that in the present case the position of the earthquake sources are fixed. The
checkerboard test indicates an optimal resolution for P waves at 1.5 km b.s.l.
below a large part of the tomography grid. For S waves a good resolution is
obtained below and around the town of Pozzuoli from about 1.5 to 3.5 km
b.s.l.. The shape test in Figure 8 indicates a good restitution of an annular ano-
maly added to the P velocity model in the periphery of the tomography grid
down to 2-3 km b.s.l.. A good reproduction of Vp/Vs anomalies is also obtai-
ned below the Pozzuoli area.

CONCLUSION AND DISCUSSION

We show that by properly weighting the different data sets we are able to
retrieve optimally the information provided individually by each set. The mer-
ging of the two types of data provides a single set of P and S velocity models
which satisfy simultaneously all available data. Previous results obtained from
gravimetric, seismic activity, and drilled-rock sampling analyses conducted in
Pozzuoli Gulf and on land have been used for geological interpretation of Vp
and Vp/Vs anomalies.
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FFiigg..  66.. Tomography results: (left) East-West cross-section at y=2500 of the Vp/Vs ratio; (right) hori-
zontal cross-sections of the Vp/Vs ratio.



By analysing the horizontal sections of the P-velocity model (Figure 5) we
observe at about 1.5 km depth an arc-like positive anomaly with a diameter of
about 10 km and a width of about 1 km which is interpreted as the buried
trace of the caldera rim (Zollo et al., 2003; Judenherc and Zollo, 2004). By
comparing the tomographic image with Bouguer anomaly maps, based on data
acquired in early eighties (Agip, 1987; Barberi et al., 1991, Florio et al., 1999;
Capuano and Achauer, 2003) one can find a good correlation between the
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FFiigg..  77.. Results for a checkerboard test with 2*2*2 km cells with +/- 50m/s anomalies added to P
(left) and S (right) velocities.

FFiigg..  88.. Results for synthetic T01b showing the reconstruction of the P anomaly at different depths
(left) and 2 vertical profiles showing the reconstruction (blue) of the Vp/Vs anomaly (black).



geometry and position of the velocity anomaly and the positive gravity ano-
maly, which has been attributed to the presence of hydrothermalized lava for-
mations. At approximately the same depth an anomalous high value of the
Vp/Vs ratio is observed in the central area of the caldera on the vertical cross-
section passing below the town of Pozzuoli (Figure 6). This anomaly may be
the evidence for a thick brine rock sedimentary layer (Vanorio et al., 2005).
Recently Dello Iacono et al. (submitted), by analysing the P-to-P and P-to-S
reflected phases, extended the area of abnormally high Vp/Vs ratio observed
in the first 500/700 m to the entire bay of Pozzuoli and interpreted this result
as a consequence of the presence of incoherent, water saturated, volcanic and
marine sediments.
Overall, The Campi Flegrei caldera appears as a sub-circular shape with a
height of about 2 km. Because of the strong lateral heterogeneity, the caldera
border acts like a strong scatterer for seismic waves (Tramelli et al., 2006). At
about 4 km depth the annular Vp anomaly disappears. The tomographic Vp
velocities of 5500 m/s found at that depth are compatible with those of car-
bonatic rocks which likely form the deep basement of the caldera (Judenherc
and Zollo, 2004). At the same depth, the horizontal crosssections of the
Vp/Vs ratio confirm the presence of a low Vp/Vs body extending below a
large part of the caldera (Vanorio et al., 2005; Chiarabba and Moretti, 2007).
Earthquakes are located at the top of this anomaly. According to the depend-
ence of Vp and Vs velocities to fluid saturation and the interpretation of
Vanorio et al. (2005), we believe that the low Vp/Vs value at 4 km depth exclu-
des the presence of melted rocks and is due to the presence of overpressured
gas-bearing fractured formations.
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