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Abstract

Classical methods to infer focal mechanisms from first P wave motions are of limited use for the analysis of
small magnitude events occurring in volcanic areas, due to structure complexity. This work presents an alter-
native way to compute focal mechanisms of earthquakes in volcanic areas, based on a Bayesian approach. The
probability density on the whole space spanned by source parameters is graphically represented, by a method
originally due to Bernard and Zollo (1989). The data used to infer the probability density function can be of
various kinds, like P wave polarities, S wave polarizations and S/P direct wave amplitude ratios. S wave polar-
izations are left practically unchanged by smooth variations of velocity, and are only sensitive to strong dis-
continuities and/or seismic anisotropy. S/P amplitude ratios of direct waves are also good observables, not
very sensitive to frequency independent amplification effects. They are still affected by differential S-P anelas-
tic attenuation, although to a much lesser extent than absolute S and P amplitudes. In fact, the use of complete
waveforms is not desiderable in volcanic areas because wave amplitudes may be strongly biased by not well
known path and site effects, mainly for non direct waves which are most affected by medium heterogeneities.
Such unmodeled elastic and anelastic features of the medium can be traded off for source characteristics, lead-
ing to bad results. The use of the probabilistic approach, and the selection of robust observables, allow us to
solve many problems of classical methods. The determination of the whole probability density on the parame-
ter space visualizes all the information contained in the data set, checking completely the goodness of the solu-
tion, and its univoqueness. Furthermore, the use of different kings of robust data sets helps to constrain the so-
lution, and to minimize the influence of unmodeled medium heterogeneities. In the present method, it is possi-
ble to parameterize the source in terms of both double couple sources, and other kinds of sources generally hy-
pothesized on volcanoes (tensile crack, CLVD, explosion) or generic sources characterized by five normalized
independent components of the moment tensor. S/P amplitude ratios are shown to be those which most con-
strain the source mechanism. Furthermore, this paper analyzes the influence of anelastic attenuation on S and
P absolute amplitudes, and on S/P amplitude ratios. An example of application to a small (M, = 2.0) earth-
quake which occurred at Campi Flegrei caldera is reported, showing how the different data sets constrain the
solution. Finally, an example is reported of extensive application of the method to the analysis of small earth-
quakes which occurred at Campi Flegrei (Southern Italy) caldera during an unrest episode (1982-1984). It is
shown how the accurate analysis of small earthquakes within a caldera has helped to solve important vol-
canological questions like: the caldera structure, the mechanism of earthquake generation during unrest
episodes, and the features of ground deformations in calderas.

Key words volcanic microearthquakes — focal limited amount of data available for small
mechanisms — Bayesian estimation magnitude events. Moreover, large errors in
the computed fault plane parameters are related
to the uncertainties of the earthquake location

1. Introduction and the assumed Earth velocity model. In fact,
in case of small source-receiver distances (as

The reliable estimation of focal mechanisms for microearthquake studies), even small
for small to moderate sized earthquakes is gen- changes in the event location or in the structure

erally a difficult task. This is mainly due to the parameters may produce large variations in the
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P and S ray take-off angles at the source. In
addition, the routine methods which compute
the fault plane solutions from a set of P-onset
polarity readings, are not well suited to han-
dling the general non-linear inverse problem of
fault mechanism determination. The non-lin-
earity generally arises from a poor azimuth and
distance coverage of the source and the uncer-
tainty of the assumed velocity model. Focal
mechanism determination for earthquakes oc-
curring in volcanic areas is further complicated
by the possibility of having mechanisms differ-
ent from the double couple (CLVD, tensile
cracks, etc.). The use of wave amplitudes can
strongly constrain focal mechanism solutions
for small earthquakes, but they are not «ro-
bust» observables, because they are very sensi-
tive to propagation effects. De Natale er al
(1987) and De Natale and Zollo (1989) devel-
oped an inverse method to determine the focal
mechanisms of small earthquakes by inversion
of P and S direct pulse amplitudes. Sileny
et al. (1992) developed a method based on
complete waveform modeling. In any case,
anelastic attenuation can seriously affect P and
S wave amplitudes, particularly in volcanic ar-
eas, making it very difficult to compute a reli-
able solution. The present paper presents a
general approach to compute focal mechanisms
of earthquakes in volcanic areas. The method
is based on the probabilistic approach by Zollo
and Bernard (1991) and De Natale et al
(1991), which can be easily generalized to
compute mechanisms different from the double
couple. In the framework of this method, only
robust observables, i.e. not very sensitive to
propagation effects, are used to determine focal
mechanisms. In addition to P wave polarity
data, direct S wave polarization directions and
S/P amplitude ratios, strongly constraining
mechanisms are used. In particular, S/P ampli-
tude ratios are the most constraining on the
kind of mechanism (double couple, tensile
crack, etc.). The influence of anelastic attenua-
tion on absolute amplitudes and on S/P ampli-
tude ratios is discussed. An application of the
method to the computation of double couple
focal mechanisms at the Campi Flegrei (Italy)
volcanic area is also shown, following the re-
sults obtained by De Natale et al. (1993).

2. Direct method for amplitude
determinations

In order to generate theoretical S wave po-
larizations and S/P amplitude ratio, we need to
compute P, SV and SH amplitudes as a func-
tion of the fault parameters, specifying the
mechanism at the source.

When interested in studying earthquakes oc-
curring in volcanic areas, one should consider,
in addition to the double couple, other kinds of
source mechanisms. In this paper, I further
consider the modeling of tensile crack and
compensated linear vector dipole (CLVD,
Knopoff and Randall, 1970) mechanisms.

For each kind of mechanism, a set of source
parameters is specified, allowing synthetic am-
plitudes of body waves to be computed. The
basic formulas to compute far-field wave am-
plitudes generated by a generic moment tensor
M are given by Aki and Richards (1980):

& ()= YM(- 1)y

T dmp™x) p™(E) o) o x) Rex, &)
W pM(-19)7
D ) @ B B R, B
¥ (x, 1) = OM(t-15)7

- 47rp“2(x) pI/Z(‘g) ﬁﬁ/z(g)ﬂl/z(x)R(x, é) ¢

where the unit vectors /, p and ¢ give the direc-
tions of radial and transverse motions at the
receiver respectively, and y is the unit vector
giving the direction of the take-off angle at the
source, as shown in fig. 1. R(x, &) is the geo-
metrical spreading, which depends on the char-
acteristics of the propagation medium; 7, g is
the time for propagation of the considered
wave (P or S) from the source ¢ to the receiver
x; a, B, p are P, S wave velocities and density,
respectively.

. If the moment tensor is time independent,
M () = M, s (1), where s (¢) is the source time
function. Thus, given the moment tensor com-
ponents, maximum wave amplitudes (i.e., the
maximum of the function M, s ()) can be com-
puted.

Using the diagonal form of M, in the princi-
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Fig. 1. Geometry of the seismic ray and fault pa-
rameters (Aki and Richards, 1980).

pal system, depending on the kinds of mecha-
nisms considered, formulas can be written as a
function of the fault parameters, specified as
follows (Aki and Richards, 1980):

double couple: fault strike (¢), dip (J) and slip
(A

tensile crack: fault strike (¢), dip (d);
CLVD: fault strike (¢), dip (5).

The geometry of the double couple solution
is completely specified by three parameters,
whereas only two parameters characterize ten-
sile crack and CLVD. Such difference in the
number of free parameters of the three source
models must be carefully considered when try-
ing to discriminate the source mechanism on
the basis of the fit to the data. In fact, models
with more free parameters always give a best fit,
but the improvement with respect to simpler
models may be not statistically significant.

3. Effect of attenuation on wave
amplitudes

The effect of attenuation in volcanic areas
can be particularly marked, because in such
areas low Q values, between 10 and 100,
are common. The effect of low Q values can
significantly bias estimates of wave ampli-
tudes, and hence focal mechanisms computed
by such observables. Using the Carpenter
(1966) operator for anelastic attenuation, the
influence on P and S pulses (modeled as Han-
ning’s pulses) has been computed, for charac-
teristic frequencies of 2, 5 and 10 Hz, and dis-
tances of 5 and 10 km. Table I shows the

Table I. Attenuation factors for displacement (d) and velocity (v) pulses (Hanning’s pulses and first deriva-

tives).
P waves S waves
Je=2Hz f,=5Hz f =10Hz Je=2Hz f.=5Hz f =10Hz
0 =50
_ 0.89 0.75 057 d ~ 0.81 0.62 041 4
R=5km 53 0.65 045 v R=5km 553 0.49 027 v
~ 0.79 0.58 037 d ~ 0.67 0.42 024 d
R=10km 0 0.45 024 R=10km s 0.27 011 v
0 =100
~ 0.94 0.86 074 d ~ 0.90 0.78 061 d
R=5km ;g9 0.80 065 v R=5km o 0.68 049 v
~ 0.89 0.75 057 d ~ 0.81 0.62 041 4
R=10km oo 0.65 045 v R=10km ;73 0.49 027 v
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Fig. 2a,b. Examples of attenuated Hanning’s pulses (simulating seismic displacements) and time derivatives
(seismic velocities) of unit amplitude, by the Carpenter (1966) attenuation operator: a) for displacement; b) for
velocity. Solid and dashed lines in (a) indicate respectively distance R = 5 km and R = 10 km. Wave velocities
are v, = 3.0 km/s, vy = 1.73 km/s.
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resulting attenuation factors of maximum am-
plitude, both in displacement and in velocity.
Figure 2a,b displays some examples of dis-
placement and velocity pulses, before and after
the application of the attenuation operator. As
it can be seen, the attenuation of peak amplitude
may attain values of one order of magnitude.
Such attenuation, if not taken carefully into ac-
count, may led to misleading results on focal
mechanism determination. Also if the QO value
for P and S waves is the same, the attenuation
for S waves is larger than’for P wave, because
S wave is slower than P. Table II reports S/P
amplitude ratio attenuation factors. As is clear,
the effect on S/P relative amplitudes is lower
than the effect on absolute amplitudes, but can
still be important. When wave amplitudes are
used to discriminate the kind of source mecha-
nism, the effect of anelastic attenuation, if not
taken precisely into account, can significantly
bias the results. In fact, absolute amplitudes are
attenuated in a different way depending on the
hypocenter-receiver distance, and hence on az-
imuth and take-off angles. In addition, the
most discriminating observable on the kind of
mechanism, as will be shown in the following
sessions, is the relative S/P amplitude. Thus,
given the linear relationship between the eigen-
values of the moment tensor and the direct
wave amplitudes, a decrease in the S/P ratio is

Table II. Attenuation factors for S/P amplitude ra-
tios in displacement (d) and velocity (v).

fe=2Hz f.=5Hz f =10Hz

0 =50
R=skm %0 0% 01
R=10km (25 07 065 4
0 =100
R=skm  gof 0% 082 4
R=10km 0% 0% 01
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reported as an increase of the isotropic compo-
nent in the source mechanism at the same
level. For instance, a 30% of non modeled at-
tenuation in the S/P amplitude ratio, would ar-
tificially introduce a 30% increase in the
isotropic component of the estimated moment
tensor.

4. Method for focal mechanism
determination

The complete description of the applied

method can be found in De Natale er al. (1991)
and Zollo and Bernard (1991). In the following
I shall briefly outline the method. It is based on
Bayes’ rule which provides a quantitative way
to incorporate the a priori information on the
model space and to compute the a posteriori
probability density function (pdf) P(m|d) on
model parameter vector m:
P(m|d) = const P(d, [m) Po(m) 1t (m) 4.1)
where: d is the data vector, Py(m) is the g pri-
ori pdf related to other independent data sets.
P(d, | m) is the conditional pdf of one of the
considered data sets, for instance the measured
S-wave vector directions, d; = (P1, s PN
(N, is the number of observations) given a
model parameter vector m. ((m) = Ho(m) dm is
denoted, according to Tarantola and Valette
(1982) as the «null informations (Up(m) is the
non-informative pdf). The «null information»
represents the state of total ignorance on the
model parameters giving equal probability to
equal volumes in the parameter space. For the
fault mechanism parameter space (parameters
are the fault parameters: strike (¢) and dip (8)
for tensile crack and CLVD sources, and
strike, dip and slip (1) for double coup-
les) Zollo and Bernard (1991) showed that
Ho = const - sin §.

For a given set of S polarization data we can
use the Bayes theorem to evaluate the a poste-
riori pdf on model parameters m and use the
information inferred from independent data
(P-polarities and/or S-to-P amplitude ratios) as
a priori information represented by an appro-
priate a priori pdf..
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We use the following expression for
P(d; | m):

N

pd, |m) =] P(s;|m)
i=1

N,
o exp -—2“(s,»—s,'-)2 w?/og | x O(m)
i=1

4.2)

where (s;—s;) is the angular difference be-
tween the observed and theoretical S vector at
station i, m; is a weighting factor related to the
polarization stability with time. of is the vari-
ance, which accounts for errors in the model-
ing and in the data.

The function © (m) is defined as:

Ny

Om) =T ef (& RS) (4.3)

i=1

R} is the theoretical S wave amplitude and , is
the parameter which controls the amplitude
range significantly affected by the error func-
tion erf(). This function assigns a low probabil-
ity to fault models which predict small ampli-
tude S waves at the observation points. The use
of function © was proposed by De Natale et al.
(1991) to account for the noise level on S wave
records, which make it unlikely to observe
very low amplitude signals emitted by earth-
quakes at the earth’s surface.

The additional information on the fault
mechanisms carried by P-polarities and S/P
amplitude ratios is taken into account by ex-
pressing it in the form of an a priori pdf. It is
implicitly assumed that the different data sets
are independent.

Brillinger er al. (1980) defined the condi-
tional pdf for a model m given a set of N,
P-polarity readings:

N,

Py |m) =< [T 1201+ PR, 7, p)lp; (44)

i=1

where W= (1-2%) erf( r; RY) and erf() is the
error function.

The quantity in square brackets gives the
probability that the observed i-th polarity is co-
herent with the one computed using the model
m.R’ is the theoretical P amplitude at station i
for a given double-couple fault model. ¥ and p;
are the parameters which control the shape of
the pdf (4.4). These parameters account for the
error in ray modeling and the uncertainty on po-
larity readings due to the noise level (Brillinger
et al., 1980). In particular, ¥ represents a toler-
ance level for polarity violations far from the
nodal planes; if ¥ = 0, the probability of mod-
els giving a wrong polarity far from the nodal
planes at the i-th station is zeroed.

For N; amplitude ratios S/P (denoted by p;),
the probability density is defined by the prod-
uct:

Ny

Psim)=I1 Peiim) =

i=1

Ny

b H F(ri’ rl"? ai, Tt)@(m)
i=1

4.5)

with: F(x,y,z, ) =1 if |[x—-y| <z

and F(x, y, z, 1) = exp [—(x—y|-2)/21"]
otherwise.

Practically, when the difference between the
observed value r; and the theoretical one, r, is
greater than a threshold g;, the probability den-
sity decays with a gaussian profile; when the
difference is lower than the threshold, the
probability density is constant, and equal to 1.
Such shape for the probability density function
robustly handles large uncertainties in the S/P
amplitude ratios, mainly due to differential at-
tenuation effects between P and S waves, as
previously described. In fact, the flat part gives
equal weight to the observables within a speci-
fied range, conditioned by the uncertainty in
attenuation and site effects, whereas the gaus-
sian decay out of the range takes into account
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random errors on the amplitudes due, for in-
stance, to the noise on seismograms.
The function:

Ny

Om) = [ T erf (kR erf (k7 ]

i=1

(4.6)

is composed of two terms, the first of which
has the effect already explained for § polariza-
tions; the second assigns low probability
to source models giving small S/P ampli-
tude ratios, that would be hardly noted on seis-
mograms, due to the presence of later P
waves.

The a priori probability P, (m), in the
framework of this formulation, is then ex-
pressed as:

For a given set of S-vector directions, P-po-
larity readings and S/P amplitude ratios, the a
posteriori pdf can be computed by an exhaus-
tive search in the model parameter space.

The constant in (4.1) is computed by nor-
malization of the a posteriori pdf over the
model space. The pdf (4.1) is then represented
by the projections of the model points at differ-
ent probability levels on the planes (strike,
dip), (strike, slip), (dip, slip) (Zollo and
Bernard, 1991). Each model point is repre-
sented by a symbol whose size is proportional
to the probability volume it belongs to. Maxi-
mum likelihood models can be directly located
on the plane projections of the pdf. The exten-
sion and the shape of surfaces corresponding to
the projected points belonging to a fixed per
cent probability level give a measure of param-

Py (m) = P(d, |m)P(d; |m) 4.7 eter resolution and correlation.
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Fig. 3. Campi Flegrei map: epicenter locations (em
quake is shown by a filled square. Displacement sei.
displayed, as well as related polarization plots on th
the most probable ones for the analyzed earthquake,
tained for the whole swarm (see following sessions)

$§ wave polarizations (gray lines) and measured pol

pty squares) of the April 1 swarm. The analyzed earth-
smograms (filtered 1-6 Hz) at stations w1l and w17 are
e right. On the left, is a focal mechanism chosen among
and consistent with the composite focal mechanism ob.-
- P wave polarities are displayed, as well as theoretical
arization (thin black lines).
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5. Constraints on focal mechanisms

De Natale et al. (1991) show the improve-
ment of the resolution due to the addition of
various data sets, for a double couple mecha-
nism.

Figures 3 and 4a-d show this example, ob-
tained for a small (M; = 2) earthquake oc-
curred at Campi Flegrei caldera on 1984. Pa-
rameters for the probability density functions
associated with the different data sets are the
following:

— for P wave polarities: p; = p = 6, corre-
sponding to a tolerance of about 10° around
the nodal planes; % = y = 0.001;

— for S polarizations: standard deviation
oy = 15%

— for S/P amplitude ratios: p; = 8, a; = 5,
= 05, P2 = 11, a, = 6, = 0.5.

Tolerance values for the flat part of the pdf
for S/P ratios were chosen large enough to in-
clude the effect of differential S/P anelastic
attenuation, for Q values as low as Qp =
Qs = 50. Figure 4a shows the probability den-
sity distribution on the three fault parameters
for a double couple, using the 6 P polarities
alone. Figure 4b shows the improvement due
to the addition of the 2 S wave polarization di-
rections: the solution is still non-unique. When
the two S/P amplitude ratios are added to the P
polarities (fig. 4c), the solution appears much
more constrained; the three data sets, consid-
ered together, finally led to a unique, well con-
strained solution, as shown in fig. 4d.

The different data sets give variable degrees
of constraint on the type of earthquake mecha-
nism. For instance, P onset polarities are not
very discriminant among different mecha-
nisms, whereas S/P wave amplitude ratios are
strongly sensitive to changes in the type of
mechanism. Tensile crack mechanisms are
characterized by S/P amplitudes much lower
than double couples; CLVD mechanisms are
intermediate between the two. Figure 5a,b
shows the distribution of S/P amplitude ratios
as a function of take off and azimuth angles of
the rays, for different source mechanisms:
strike slip, block fault, tensile crack and

CLVD, for a vertical fault plane oriented N-S.
S/P amplitude ratios are strongly variable with
the mechanism type; they are less affected by
propagation factors than absolute amplitudes,
but still affected by differential anelastic atten-
uation and site effects between P and §
waves.

6. Double couple faulting mechanisms
of Campi Flegrei earthquakes

The method here described has been applied
to the study of microearthquakes which oc-
curred at Campi Flegrei caldera during an
episode of strong ground uplift and seismicity
(1982-1984). The maximum uplift, at the end
of 1984, was of 1.8 m, as measured at the town
of Pozzuoli (Berrino et al., 1984). More than
15,000 earthquakes (0 < Ml < 4.) occurred dur-
ing the unrest period, and, on April 1 1984,
about 500 earthquakes occurred in 5 hours
(Aster et al., 1992). Unrest episodes like this
also occurred in 1970-1972 at Campi Flegrei
and occasionally in other calderas like Long
Valley (USA) (Savage et al., 1987), Yellow-
stone (USA) (Dzurisin and Yamashita, 1987)
and Rabaul (New Guinea) (Mc Kee et al.,
1989). The main questions concerning such
episodes, called bradyseism from a Greek
term, are linked to the mechanism generating
ground deformation and seismicity. At Campi
Flegrei, ground deformation appeared very
concentrated in a small area, almost symmetric
around Pozzuoli harbor, which is the center
caldera (fig. 6). The very limited extension of
the deformed area, which implied a very shal-
low source for deformation, led De Natale
et al. (1991) to hypothesize that the mechanism
for ground uplift were the heating of shallow
aquifers. Other authors hypothesized as source
of deformation an intrusion in the form of a
shallow (less than 3 km) sill (Dvorak and
Berrino, 1991). The main observations at
Campi Flegrei, which are common to other
calderas, are the high constancy in time of the
shape of ground deformation and of the seis-
mic areas (fig. 6). De Natale et al. (1993) have
recently shown that the joint study of seismic-
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Fig. 6. Campi Flegrei caldera, with the main craters and the geological limits (indicated by black curves). The
main configuration of the seismic digital network operated in 1984 is shown by triangles, together with a sam-
ple of the seismicity which occurred during the whole 1982-1984 unrest episode. Contours of vertical defor-
mations, showing an almost circular symmetry, are also indicated by thin lines.

ity, ground deformations and gravity anomalies
in the area can give a convincing answer to the
main volcanological questions.

In the following, I report, as an example of
successful study of focal mechanisms for vol-
canic earthquakes addressed to solving vol-
canological problems, the focal mechanism

study by De Natale er al. (1993) on Campi Fle-
grei earthquakes.
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The results will be used to formulate consis-
tent hypotheses on the main geophysical obser-
vations performed during unrest episodes.

7. Data analysis

Data are from microearthquakes which oc-
curred at Campi Flegrei during the last unrest
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Fig. 9a-c. Probability density distributions computed for three different groups of earthquakes of the April 1
swarm, using P polarities and S polarizations. The three groups of earthquakes are divided on the basis of the
longitude with respect to the Pozzuoli (w11) station: a) NE; b) N; ¢) NW.

episode (1982-1984) (Aster et al., 1992). On
the basis of previous studies by De Natale
et al. (1987), the source type was assumed as a
double couple. P wave polarity and S wave po-
larization data were jointly inverted using the
described probability method to infer the likeli-
hood of various double couple source models.
In particular, 42 earthquakes from the April 1
swarm, ranging in magnitude between 1.0 and
2.5, were analyzed. The values for parameters
of probability density distributions were as-
sumed on the basis of location errors, vari-
abilty of the velocity model, and average errors
on § polarization measurements. On these
grounds, values p = 6, y= 0.01 for the proba-
bility density function for P polarities, and o =
15° for § polarizations were assumed (De Na-
tale et al., 1993). Figure 7 shows an example
of filtered three component seismograms, used
for determination of the P wave incidence an-

gle and the S polarization direction. The S
wave incidence angle has been assumed equal
to that of the P wave, computed by the first
phase on three component seismograms. The
take-off angles at the source have been com-
puted from ray tracing within three dimen-
sional heterogeneous medium, as obtained
from local earthquake tomography by Aster
and Meyer (1988). The propagation effect on
the observed S polarizations has been modeled
as only due to the curvature of the ray trajec-
tory, that causes the dip of the polarization
plane to change, from a direction perpendicular
to the ray at the source to a direction perpen-
dicular to the ray at the receiver, the last one
computed from the incidence angle at surface
(De Natale ez al., 1993).

In addition to the 42 earthquakes belonging
to the April 1 swarm, another two groups of
earthquakes (fig. 8) have been studied by the
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probability method, using only P wave polarity
data. The first group consists of 13 earthquakes
which occurred on land, close to the Solfatara
crater, where most of the seismic energy re-
lease was concentrated (Aster et al., 1992); the
second group consists of 11 earthquakes which
occurred at sea.

8. Results and discussion

For the earthquakes which occurred during
the April 1 swarm, the analysis of individual
mechanisms showed that the P axis rotated for
events located from east to west with respect to
the Pozzuoli station, located at the caldera cen-
ter. When the earthquakes were divided into
three groups, according to their latitude with
respect to the caldera center, composite focal
mechanisms for each group were very well
constrained (fig. 9a-c), and showed a clear ro-
tation of the P axis, which is always oriented
toward Pozzuoli (fig. 10). This feature was
strongly constrained by the S polarization di-
rection at the Pozzuoli station, which, for each
group of earthquakes showed a very high co-
herence, within a few degrees (fig. 10). Inter-
estingly, one of the fault planes of each mecha-
nism is always similar to the other ones, and
follows the major elongation of the epicenters
of the swarm. Figure 8 shows the composite
focal mechanisms computed for the events lo-
cated at the three different zones (swarm, Sol-
fatara, sea), from P wave first arrival polari-
ties; for the events of the swarm, the fault
plane which is common to the three sub-groups
is well represented and, without S polarization
data, the P axis rotation is not seen. As is clear
from the figure, earthquake locations and fault
planes of the composite mechanisms are con-
sistent with the presence of an elliptical system
of inward-dipping fractures. Such fracture sys-
tem is likely to represent the contact zone be-
tween the inner caldera products, mainly com-
posed of loose pyroclastics, and the surround-
ing rocks.

The collapsed caldera area, filled by light
pyroclastics, is well indicated by a negative
gravity Bouguer anomaly (Rosi and Sbrana,
1987) shown in fig. 11. The collapsed area,
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marked by the Bouguer gravity low, is in a
good correspondence with the zone enclosed
by the elliptical fracture system inferred by
seismicity studies, as seen by projecting earth-
quake hypocenters on the traces of the collapse
limits as inferred by modeling of the Bouguer
anomaly (fig. 12).

It is noteworthy that all the geophysical evi-
dence is concentrated within a narrow area,
about 3 km in radius, coincident with the col-
lapsed caldera area (fig. 12). This area, inter-
estingly, is much smaller (about half the ra-
dius) than the larger caldera area as seen from
geological evidence. Such discrepancy should
indicate that the inner caldera area was formed
more recently; however, from the volcanologi-
cal point of view, there is no clear interpreta-
tion on the inner caldera. The most striking
volcanological evidence is that all the activity
more recent than 5000 years is concentrated
within the inner caldera area (Lirer et al.,
1987). Thus, it appears that the inner caldera is
today the only active part of the Campi Flegrei
area. The presence of an innermost, smaller
caldera collapse, has been also evidenced for
the Rabaul (New Guinea) caldera (Mori and
Mc Kee, 1987); also in this case, the seismicity
during unrest episodes marks the borders of the
inner collapse.

An analysis of the Campi Flegrei earth-
quakes points out a strict relation between seis-
micity and ground deformations. The inferred
rotation of the compressive axis of focal mech-
anisms, showing the same radial symmetry of
the ground deformations, shows that both seis-
micity and static deformations are caused by
the same stress source. Moreover, the evidence
for a lithological discontinuity marking the
borders of the inner collapse may have strong
implications for the shape and time depen-
dence of the observed ground deformations. As
described by De Natale and Pingue (1993), the
effect of lateral stress strain discontinuities on
the deformations produced by a source of pres-
sure in an elastic medium is to confine the de-
formation within the area between the disconti-
nuities, and then to make the size of the de-
formed area almost independent from the
source depth.

At Campi Flegrei, as in almost all the
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Fig. 10. Highest probability focal mechanisms computed for three groups of the April 1 swarm, plotted on the
epicenter map. Different groups of analyzed earthquakes are separated by bars.

calderas, the shape of ground deformations
does not change with time. In addition, at
Campi Flegrei and Rabaul, ground deforma-
tions during unrest episodes involve a very
limited area, in such a way that, when inter-
preted in the framework of a continuous, het-
erogeneous medium, the inferred depths for the
source are very shallow, from 1 to 3 km. If the
effect of the caldera border discontinuities is
taken into account, the depth of the source may
be considerably deeper, producing deforma-
tions in a limited area, as observed.

In conclusion, the general picture for the
generation of earthquakes at Campi Flegrei
during unrest episodes is the following: earth-
quakes are generated along weakness zones, at
the borders of the inner collapsed area, as a re-
sponse to the change in the stress field respon-
sible for the ground deformations. Ground de-
formations are also affected by the presence of
the stress-strain discontinuities marking the
contact between the collapsed area and the sur-
rounding rocks. The effect of such discontinu-
ities is to make the ground deformations con-
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centrated in a limited area, with shape not cult task, due to the complexity of the medium,

changing with time. and to the need to use robust data able to con-
strain the solution.

The use of classical methods based on the

9. Conclusions P-wave first arrival polarities is generally not

well suited for this problem, because a lot of

The estimation of faulting mechanisms for these data, not easily available in practice, are re-

microearthquakes in volcanic areas is a diffi- quired to constrain the earthquake mechanisms.

Fig. 11. Bouguer anomaly map at Campi Flegrei caldera (contour interval 1 mgal). Note the sharp minimum,
indicating the collapsed caldera area, which is considerably smaller than the area enclosed by geological limits
(black heavy lines).
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Moreover, in volcanic areas, it is of great
interest to discriminate the kind of mechanism
for the earthquakes (double couple, tensile
crack, CLVD), not obtainable by P polarities
alone.

The apparently obvious choice of using ab-
solute P and S-wave amplitudes to constrain
focal mechanisms has a major problem in the
marked sensitivity of such data to details of the
propagation, for both elastic and anelastic ef-
fects.

In particular, details of elastic effects near
the recording site, and of anelastic attenuation
along the whole propagation path, may
strongly bias absolute amplitudes in a way that
is very difficult to predict in practice.

The use of robust observables, like the S
wave polarization directions and, to a lesser
extent, the S/P amplitude ratios, may help to
strongly constrain focal mechanisms of vol-
canic earthquakes. The S/P amplitude ratio, in
particular, is very sensitive to the kind of
mechanism and is able to discriminate the
source type, a very important tool for vol-
canological purposes.

The best way to use such different observ-
ables to study source mechanisms is through a
complete analysis of the probability density on
the whole parameter space. Such analysis is
easily feasible because few (two or three) pa-
rameters are able to describe the most common
source types.

In order to opportunely manage the different
data sets, it is important to use appropriate
probability distribution functions. In particular,
since S/P amplitude ratios are still affected by
differential anelastic attenuation and site ef-
fects, functions with a large tolerance, able to
include unknown effects of this kind, should be
used.

The application of a methodology based on
these criteria, to microearthquakes which oc-
curred at the volcanic area of Campi Flegrei,
has given a coherent picture of unrest episodes
in this area. In particular, it has offered new in-
sights into the strict relation between seismic-
ity, ground deformations and caldera structure,
which is probably generalisable to other simi-
lar calderas.
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