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Abstract

A tomographic experiment was performed in the Italian region using local and regional arrival times of P and
§ seismological phases selected from the Italian National Bulletin in the time interval 1984-1991. We deter-
mined a 3-D crustal P-wave velocity model using a simultaneous inversion method that iteratively relocates
the hypocenters and computes the unknown model parameters. A fast two-point ray tracing algorithm was
adopted to compute the ray paths and travel times of P,, S,, P,, S, phases with good accuracy. Synthetic tests
were performed using the «true» hypocenter and station distribution to roughly evaluate the extension of the
areas most densely spanned by the ray paths; the agreement between synthetic and computed models is more
satisfactory at Moho depths than in the upper crust. The quality of the model resulting from inversion of real
data is examined by the calculation of the Spread Function (Toomey and Foulger, 1989). The 3-D crustal
P-wave velocity model of the Italian region shows remarkable trends at Moho depths: the areas east of the
Apennines call for positive adjustments of the initial velocity value, while the west region shows negative ad-
justments. The correspondence among the main features of the velocity field, the map of Moho isobaths and
the map of the gravity anomalies is also outlined.

Key words inversion algorithms — seismic tomog- tions on horizontal scale of about 50 to 100 km
raphy — Moho structure characterize the lithosphere in the Italian re-
gion up to 5 to 10%. The Italian peninsula was

the object of other inversions of teleseismic ar-

rival times, covering the whole of Western Eu-

1. Introduction rope (Romanowicz, 1980; Babuska er al.,
1984a,b). More detailed studies were per-

The structure of crust and upper mantle of formed by Amato ez al. (1991, 1993); these au-
the Italian area has been studied by many au- thors applied the ACH method as modified by
thors applying various techniques making use Ellsworth and Koyanagi (1977) and Evans
of both seismological data and geophysical ex- (1986), to a selected set of P and PKP digital
ploration data. Teleseismic body wave arrival waveforms recorded by the short-period Italian
times have been used to define the gross struc- National Seismographic Network (hereafter re-
ture of crust and upper mantle of the Earth ferred to as INSN) of the Istituto Nazionale di
since the early Seventies. Scarpa (1982) used Geofisica (ING). Although some models pre-
the ACH method (Aki et al., 1977) to estimate sented by Amato et al. (1993) have thickness
the extent of the velocity contrast in the Cen- of 30 km for the uppermost layer, teleseismic
tral Mediterranean area. Strong lateral varia- travel times tomography gives poor resolution
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in the crust. The steepness of incident rays lim-
its the resolution to a narrow cone underneath
the seismological station, and the crustal and
upper mantle structure is weakly constrained
by the data. The large scale P-wave velocity
structure of the upper mantle beneath Europe,
the Mediterranean Sea and South-West Asia,
including the Italian peninsula, was analyzed
by Spakman (1986, 1990) using tomographic
inversion of ISC-delay times from about
30000 regional events. The adopted model
consisted of blocks with horizontal dimension
of 100 km and vertical dimension ranging from
33 km to 130 km.

Calcagnile and Panza (1981) analyzed
Rayleigh wave dispersion data for the Italian
area in the ranges 40 to 150 s. The inversion of
these data showed strong lateral variations in
the lithosphere system.

Mantovani and Boschi (1982) investigated
crustal structure and lateral heterogeneities of
the Central Mediterranean area by studying
Rayleigh wave dispersion in the period range
5-35 s. They drew a dispersion curve for the
Adriatic platform (toponyms are mapped in
fig. 1) typical of a stable continental structure

Fig. 1. Toponyms used for the Italian region.
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with no low velocity channel. A possible simi-
lar structure was inferred for in the Po Valley
covered by a sedimentary layer of more than
10 km. Moreover the upper sedimentary layer
in the southern part of the Apennines seems to
be thinner than in the northern part. The dis-
persion curve of the Southern Tyrrhenian Sea
indicates a thinned layer of crustal material and
a possible soft lithospheric mantle. In the Io-
nian Sea the dispersion curve indicates a crust
of intermediate or continental type. Mantovani
et al. (1985) studied short period Rayleigh
wave dispersion and found a continuous struc-
ture extending from North Africa through the
Ionian Sea to the Adriatic Sea, indicating the
continental nature of the crust in this area, with
a high velocity layer below the Moho; they
also found a crustal thickness in the range 32
to 38 km beneath the Apennines, 28 to 32 km
in the Adriatic plate, 27 to 51 km in the vol-
canic area extending from Tuscany to Campa-
nia, 35 to 40 km in the Po Valley and 15 to
20 km in the Southern Tyrrhenian Sea.

During the last four decades many studies
of Deep Seismic Sounding (DSS) profiles have
been performed in Italy. Some authors (Nicol-
ich, 1981; Cassinis, 1983; Cassinis and Ran-
zoni, 1987; Nicolich, 1989) attempted to give a
comprehensive interpretation of such data.
Nevertheless the information from DSS data
cannot easily be used to define a model for
earthquake location procedures. Some detailed
3-D crustal models have been derived in areas
of limited size where dense networks were in-
stalled (Amato et al., 1990).

Mantovani et al. (1980) analyzed the veloc-
ity of compressional and shear body-waves
from local earthquakes in the Italian peninsula
and surrounding areas. The velocities of P,, P,
S, and S, waves were determined dividing the
area into laterally homogeneous regions, and
inverting travel time residuals of about 3500
ray paths. A decrease in P, and S, velocities
going from the Adriatic to the Tyrrhenian re-
gion was also shown. They found P, and P,
velocity values in the range 5.6 to 6.0 km/s and
7.6 to 8.2 km/s respectively. Mele and Valen-
sise (1987) investigated the P-wave velocity
field at the Moho and the thickness of the
crust, inverting about 6300 P, and P, arrival
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times in a regionalized model in which each
region was considered laterally homogeneous.
They found an average Moho depth of 41 km
and an average P, velocity of 8.08 km/s. They
pointed out the presence of a high velocity
zone (8.0-8.2 km/s) in the uppermost mantle
that extends through the Adriatic Sea and the
Po Valley, and a lower velocity (7.6-8.0 km/s)
in the western volcanic area and the Tyrrhenian
Sea.

In this work we estimate the P velocity in
the crust and in the crust-mantle transition
zone (Moho) using earthquake arrival times of
P,, S,, P, and S, phases recorded by the INSN
of the ING and by other Italian and foreign
seismological networks. We applied an inver-
sion method, as described by Pavlis and
Booker (1980) and modified by Thurber
(1983) consisting of the simultaneous determi-
nation of the 3-D P-wave velocity field and re-
location of events via an iterative scheme. A
starting model was adopted assigning velocity
values at each node of a 3-D grid with a pre-
fixed v,/v, ratio. The theoretical travel times
and residuals were computed using the ray
tracing technique by Prothero et al. (1988).

2. Data description

The data set used in the tomographic exper-
iment consisted of arrival times of events ex-
tracted from the seismological bulletin of the
ING. The bulletins were drawn up after the
analysis of digital seismic signals recorded by
the short period seismometers of INSN, by
smaller Italian networks and by other regional
and national networks of neighbouring coun-
tries. We performed an initial selection on the
original data base accepting only seismic
events occurred within 40 km of depth in the
geographical area extending 36°N to 48°N of
latitude and 6°E to 20°E of longitude.

As the methodology required well con-
strained event locations, that is low rms of
residuals (Thurber, 1983), the earthquakes se-
lected were relocated using the HYPOIN-
VERSE algorithm (Klein, 1978) in a laterally
homogeneous layered model and the same
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model was successively used as a starting
model for the inversion (see section 4). Be-
cause of the trade-off between the error due to
mislocations and the error induced by the poor
knowledge of the true model, well constrained
locations of the events are required in order to
obtain reliable results. Therefore we accepted
only events with at least 20 P-wave arrival
times whose rms of residuals did not exceed
1.5 s; in our case that was almost the same as
selecting events with a magnitude larger than
about 3.

The final data set consisted of 22430
arrival times (65% P,, 17% P,, 3% S, and
15% S,) corresponding to 419 events and 309
seismological stations. The small amount of S
arrival times, dramatically decimated in the se-
lection process, is explained by the usually
greater inaccuracy of their readings with re-
spect to P arrival times and the consequently
larger residual values associated with the loca-
tion algorithm.

The maps in fig. 2a,b show respectively sta-
tions and epicenters included in the data set;
the projection at the surface of the ray path
coverage of the studied area for P and S waves
are shown in fig. 2c,d. The Italian Peninsula
and the Adriatic Sea are crossed by many ray
paths while wide areas of the Tyrrhenian basin
are not well «illuminated» by the rays. 84% of
the events have a number of observed phases
ranging from 30 to 70. Most of the events have
a number of P, and S, arrival times ranging re-
spectively from 30 to 60 and from O to 30. The
contribution of P, and S, arrival times to the
data set is below P, and S, (about one third of
the total) because of the seismological station
coverage.

3. Method

Given a starting estimation of velocity
structure v (x, y, z), hypocenter coordinates and

. . . . . lk
origin time of each earthquake, the residual r
corresponding to the i-th observation (receiver)
and the k-th earthquake is defined as

ik _ ik ik
ro= Tobs - Tcal

3.1
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Stations used Events used

sQ

Ray—path distribution Ray—path distribution

Fig. 2a-d. Station (a) and epicenter distribution (b); symbol size is proportional to the number of arrival times
observed. Ray path coverage for P (c) and S waves (d).
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where Tk, is the i-th observed travel time and
Tq is the i-th travel time computed using a ray
tracing algorithm. For each r* the following
linearized equation is set (Thurber, 1981):

) ik ik ik
r*= Atk+ _BTk Axk+ B_Tk_ Ayl+ _E)Tk Azf+
ox, dy, 0z,
N )
aTtk
+z o Avj
j= J
(3.2)
ik ik ik
where %—T;, —aaL, % are the partial deriva-
Xe Ve Ze :

tives of the travel time with respect to the epi-
ik

center coordinates, %L are the partial deriva-
V;

tives of the travel time with respect to the j-th
model parameter, N is the total number of
model parameters, Az, Ax/, Ay, Az} and Av; are
the unknown adjustments of the hypocentral
and model parameters. The set of eq. (3.2) can
be written in matrix form:

Ax=r (3.3)
where A is the known matrix of partial deriva-
tives, r is the known vector of residuals and x
is the unknown vector of parameter adjust-
ments. Many observations are usually required
to obtain the ray path coverage of the studied
area as dense as possible and the size of the
matrix A, which depends on both the number
of model parameters and the number of obser-
vations, can pose many difficulties in solving
eq. (3.3).

The method developed by Pavlis and
Booker (1980) and modified by Thurber
(1983) overcomes that drawback with the sepa-
ration of the hypocenter part of the matrix
from the model part for each earthquake (pa-
rameter separation); as a consequence, the size
of the matrix to be inverted is fixed by the
number of model parameters only. The
hypocentral partial derivatives depend on the
velocity at the source and the initial direction
of the ray path, while the type of parameteriza-
tion and the interpolation function used for the
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velocity model play a major role in the compu-
tation of the partial derivatives of travel times
with respect to the velocity parameters
(Thurber, 1983).

In this study the model parameterization
consisted of a 3-D grid of nodes, each with an
assigned velocity value; the velocity v in an ar-
bitrary location (x, y, z) is given by the follow-
ing linear interpolation function:

V=[x _xi)(yj+1 _yj)(zk+l_zk)]_]
(K1 =0 (V1 =9 @r1 =2 Vi j 1
+ X =x) (Yj+1=Y) @1 =D Vi1, jk
+ X1 =0 (V=) @1 =D Vi je1k
+@X=X) (Y= 3) @1 = DVier 1,6 3.4
+ (X 41 _x)(yj+1 '“y)(Z—Zk)Vi,j,kH
+ = x) (Y41 _}’)(Z“Zk)viu,,’,kn
+ X =) (V=) @=2) Vi a1 ke
+@=x) (V=) @=2) Vier,je1, k1]

where x;, X;, 1, ¥j» ¥j+1, % and z; | are the coor-
dinates of the nodes surrounding the point of
coordinates (x, y, z) and v, ; ; is the velocity at
the generic grid point.

The travel times were computed through the
two-point 3-D ray tracing algorithm by
Prothero et al. (1988), which has the advantage
of being extremely fast. The first step of this
algorithm consists in searching the circular arc
connecting the source and the receiver site that
minimizes the travel time. The selected circular
arc is then perturbed by sine harmonics expan-
sion with coefficients computed via the Sim-
plex Method (Nelder and Mead, 1965). A good
accuracy in refracted ray paths is available us-
ing 9 harmonics. Figure 3 shows two vertical
cross sections with some ray paths in the dis-
tance range 8 to 670 km computed in the start-
ing model used in the inversion of the real data
for two hypocenters at 5 and 20 km of depth.
This approximation technique is a good com-
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Fig. 3. Vertical cross sections with ray paths in the distance range 8 to 670 km computed in the starting
model used in the inversion of the real data for two hypocenters at 5 and 20 km of depth.

promise between computation speed and solu-
tion accuracy; for more details see the original
paper by Prothero et al. (1988).

The iterative approach proposed by Thurber
(1981) may be outlined by the following
scheme:

a) calculation of theoretical arrival times in .

the starting 3-D discretized velocity model, via
two-point 3-D ray tracing, and calculation of
partial derivatives;

b) separation of velocity parameters from
hypocentral parameters via QR decomposition
and consequent determination of a new data
vector r” and a matrix M’, whose elements are
hypocentral-independent velocity partial deri-
vatives;

c) solution of the hypocentral-independent
system of equations

M,Al,=f’

(3.5)

with respect to the adjustments of the velocity
parameters Ay’ using

A = (MY M+ M) (3.6)

where ¢ is a damping factor;

194

d) updating of the model parameters;

e) relocation of the earthquakes separately
with 3-D ray tracing and arrival time calcula-
tion in the adjusted velocity model; a new ma-
trix A is computed,;

f) restart from point b).

4. Data inversion

Because of the linearization set in eq. (3.2)
the final velocity model was expected to be
close to the starting model. So the choice of
the latter had to be made accurately. Our start-
ing model was defined on the basis of the stud-
ies previously described in the introduction
(Mantovani et al., 1980; Mele and Valensise,
1987). The model was parameterized assigning
P-wave velocity values to a finite set of nodes
in a 3-D Cartesian coordinate system.

The Moho depth undergoes considerable
variations in the studied area, ranging from
40-50 km below the Alps to less than 20 km in
the Southern Tyrrhenian Sea (Nicolich and Dal
Piaz, 1990). It is easily verified that a variation
of the crustal thickness affects the travel time
of a wave refracted at the Moho mostly in its
crustal path. In a simple scheme of a flat Moho
dipping 10 km in a horizontal distance of 100
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km, the path length under the crust experiences
a variation, with respect to a horizontal Moho,
of less than 0.5 km (less than 0.07 s at 8.0 km/
s), while more than 1.4 s are required to cross
the additional 10 km of crust with a vertical
path at 7.0 km/s. As a consequence when ve-
locities at the Moho are sufficiently con-
strained by the data the largest errors in travel
time computation, are caused by the crustal
terms. Although a residual bias between poor
modeling of the crustal thickness and velocity
values found at the Moho cannot be excluded,
we nevertheless argue that a simplified scheme
is sufficient to point out some main features of
the velocity field in the upper mantle. Our
starting model consisted of four flat crustal
layers bounded by five grids of nodes located
at 0, 10, 20, 33 and 37 km of depth. In our
starting reference model the velocities assigned
to the nodes belonging to the five grids were
5.6, 6.0, 6.5, 7.0 and 8.1 km/s respectively;
variations to these values were the unknown
parameters of the model. A grid of nodes at
220 km of depth, at a fixed velocity of 8.5 km/
s, bound our model to the upper mantle, while
another grid at 10 km over sea level, with a

fixed velocity of 4.8 km/s, was used to take
into account station elevations. The velocity in
the starting model was, in each layer, a linear
function of depth only.

The velocity increment from 7.0 to 8.1 km/s
within 4 km of thickness at the bottom of the
crust has been set in order to model the crust-
mantle transition zone.

The independence of the results from the
node spacing was verified adopting two differ-
ent 3-D grids of nodes. The first (model 1) was
composed of horizontal grids of 21x23 nodes
spaced 52 km in the E-W direction and 60 km
in the S-N direction. A second one (model 2)
was composed of a smaller number of nodes
(11x13 per layer) and a larger sampling space
(100 km both in the E-W and N-S directions).
A rough picture of models 1 and 2 is shown in
fig. 4a,b. A finer sampling of the crustal vol-
ume under investigation was prevented by the
memory size of the computer used.

During the ray tracing computation, the
number of rays passing near each node was
counted. Velocity variations were computed
only for nodes contributing to the computation
of at least 10 ray paths. The number of nodes
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Fig. 4a-c. Top view of the horizontal grid of 21x19 nodes (a) (excluding boundary nodes which were held
fixed) and of the grid of 13x11 nodes (b) superimposed on the geographical map of the investigated area;

c) starting V,, velocity model.
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of model 1 whose velocity values were really
inverted was reduced to 1380.

As previously mentioned, a large portion of
the selected data set came from recordings
made by the digital acquisition system of the
ING at a sampling rate of 50 sps. Hence uncer-
tainty on selecting impulsive P phase could be
as low as 0.02 s. Unfortunately, this condition
seldom came true; moreover part of our data
set came from various other Italian and foreign
seismological networks, in some cases they are
still not equipped with digital acquisition de-
vices, with possible inconsistencies in refer-
ence times. Therefore we assigned to all P
phases an a priori standard deviation of 0.2 s.
The number of available S arrival times was
not sufficient to invert for both P and S veloci-
ties in each node. Figure 5 shows the selected
P and § wave travel-time picks T as a function
of epicenter to receiver distance A. We approx-
imated the data distribution with linear func-
tions of the form T= 7+ o-A, where T is a
time and G is the phase slowness in distance
ranges of 200 km, and we found the apparent P
and S velocity values shown in table I.

The apparent velocity ratio V,/Vg is almost
constant in the epicenter-receiver distance

180 _

150 |

(S)

TRAVEL TIME

T T
400 600

DISTANCE

T
800

T
200

1000
(KM)

Fig. 5. Travel times for P and S waves from the
data set used for the inversion. V,/V; may be esti-
mate by the slopes of the P and S trends.
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Table I. Apparent P and S velocity values for dif-
ferent hypocenter-receiver distances obtained from
travel times of our data set. The ratio V,/V, is also
reported.

A (km) V, (km/s) V, (km/s) VIV

0-200 6.40 3.75 1.73
200-400 7.92 4.56 1.74
400-600 8.09 4.68 1.73
600-800 8.15 4.35 1.87

range 0 to 600 km. As the inclusion of S infor-
mation from a theoretical point of view vastly
improves the reliability of the locations (Bu-
land, 1976), we decided to use the S phases
available in the data set with an epicenter-sta-
tion distance not exceeding 600 km, assuming
a constant Vp/Vj ratio of 1.73. We assigned to
all the S phases an a priori standard deviation
of 1.6 s.

At each iteration of the inversion procedure
the data were weighted with a function w =
=w) - W, - ws, where w; is the reciprocal of the a
priori standard deviation and w, was defined
as follows for a phase recorded at an epicentral
distance A:

wy=1; A<d, 4.1)
yvz = () ; Zj > 612 (‘1.:2)
A-d
Wy = E%" 1—cos (7T (il — L;i ) N li] <A 5;(12

4.3)

d; is 200 km for all the phases; d, is 1000 km
for P phases and 600 km for S phases. w; is a
function of the residual associated to the phase;
it is equal to 1 for phases with residual not ex-
ceeding 1.5 s, is O for phases with residual
exceeding 3 s. For residual values ranging
1.5-3 s, w; followed a cosine function of the
residual as shown in eq. (4.3).

A series of inversions to determine the best
value to attribute to the damping were exe-
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Fig. 6. Trade-off curve of model and data variance for the finer grid size (%), and less dense grid (®@).
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Fig. 7. Data variance and model variance vs iterations for the finer grid size (%), and less dense grid (®).
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cuted. Trade-off curves for both models of
residual data variance versus damping factor
after two iterations are depicted in fig. 6. A
damping factor around 5000 was the best com-
promise between data and solution variance for
both models. In the inversion of the real data, a
damping factor of 5000 was assumed and itera-
tions were performed until the ratio of two suc-
cessive residual variances fell below a critical
value defined by an F test (Menke, 1984). The
plot of residual variance and solution variance
versus number of iterations is shown in fig. 7;
solution variances were computed with respect
to the model obtained in the previous iteration.
From fig. 7 one can conclude that the variance
reduction was not significant after the fifth it-
eration for both models 1 and 2.

5. Synthetic tests

The accuracy in the estimate of velocity
anomalies in a given zone is a function of the
density of ray paths sampling that zone. We
performed synthetic simulations using the
hypocenter and station distribution of the ac-
tual data set, in order to check qualitatively
which parts of the studied area are better
spanned by the rays.

Synthetic paths and travel times were com-
puted with the same 3-D ray tracing technique
used in the inversion procedure. Random nor-
mally distributed errors with zero mean and
standard deviation of 0.2 s were added to the
computed travel times P. The errors added to
the S travel times had a standard deviation of
1.6 s. A first test was performed imposing a
model S, laterally heterogeneous in the upper
crust (from O to 20 km of depth) and laterally
homogeneous in the lower crust and upper
mantle. In a second test a model S,, was set lat-
erally heterogeneous in the upper mantle and
homogeneous in the crust. Sketches of the
models S, and S,, are shown in fig. 8b,c. In
both cases the chosen velocity field consisted
of a sequence of blocks with high and low ve-
locity values and rectangular shape (hereafter
called the checkerboard model). Figure 8a
shows the map view of the variable part of the
test models. The mean velocity value of each
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layer was assigned as in fig. 4c; the variable
part of the models S, and S, had velocity
anomalies of £ 5% with respect to the mean
value.

The results of the synthetic test are shown
in figs. 9 and 10. Percent variations of the ve-
locity with respect to starting values are re-
ported: blue areas correspond to higher posi-
tive velocity adjustments, gray areas corre-
spond to not-inverted nodes due to lack of ray
paths. Inverting the data set produced with
model §,,, we argue that at Moho depths the
velocity is better constrained in the Adriatic re-
gion and below the Italian peninsula while the
velocity heterogeneities are completely hidden
below the Tyrrhenian Sea (see fig. 9). In this
area two types of ray paths are mostly ob-
served: from hypocenters in Sicily to receivers
located in Northern Italy, and vice versa. Both
these types of ray paths are almost parallel, so
that it is impossible to discriminate velocity
values at different nodes. This can be done for
the nodes hit by crossing ray paths: under the
INSN and the Adriatic Sea the checkerboard
model is better reproduced because of the pres-
ence of ray paths both with north-south and
east-west direction.

Some major difficulties arise in the estimate
of velocity anomalies in the upper crust invert-
ing data produced with model S, (fig. 10). The
crustal volume sampled by the rays under each
receiver is cone shaped, with the vertex coin-
ciding with the receiver site; the shallower the
layer investigated, the smaller the volume
spanned by the seismic rays. Moreover the ray
direction under the station is nearly vertical, so
that lateral velocity variations cannot be inves-
tigated in all those areas with a poor station
coverage. Therefore, in the inversion of real
data, we expected reliable results in the penin-
sular crust and at the Moho.

6. Solution quality

A measure of quality includes the estimate
of data variance reduction and model resolu-
tion (Menke, 1984). The data variance is a
measure of the disagreement between observed
and predicted data; in our case the data vari-
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Fig. 8a-c. Sketches of the S, and S,, models used for the synthetic tests. a) Map view of the variable part of
both S, and S, test model. The horizontally homogeneous layers extend under 20 km of depth for the S, test
model (b) and from 0 to 40 km of depth in the S, test model (¢); the variable part is confined from 0 to 20 km
of depth in the S, model and under 40 km of depth for the §,, model. The shaded and white blocks correspond
to V, values of 6.1 and 5.5 km/s in the S, model and to 8.4 and 7.6 km/s in the §,.
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HETEROGENEOUS MOHO TEST
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Fig. 9. Results of the inversion of synthetic data generated with S, model at the surface, 10 km, 20 km,

37 km and 40 km. The mean velocity value for each layer are 5.6, 6.0, 6.5, 7.0

ance was evaluated from the a posteriori resid-
uals. The resolution represents the interdepen-
dence among predicted model parameters.
The inversion of the actual data set was per-
formed using two different grid sizes in order
to verify the independence of the results from
the node spacing. The diagonal elements of the
resolution matrix obtained for the model 1
were lower than those obtained for model 2.
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and 8.1 km/s respectively,

Nevertheless the trace of the resolution matrix
was 192 for model 1 and 128 for model 2. The
data variance was almost the same for the two
grid sizes: 0.645 s* and 0.644 s* at the fifth
iteration.

We can conclude that the model obtained
using the denser grid has higher quality than
the other one.

Toomey and Foulger (1989) introduced the
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Fig. 10. Results of the inversion of synthetic data generated with §, model. Depth of the layers and mean ve-

locity are as in fig. 8a-c.

use of the Spread Function (Menke, 1984) to
tomography as a single parameter that charac-
terizes the model resolution in each node. We
used the following formula for the Spread
Function F; of the i-th model parameter:

E,N, d, R:

fp= 1 %5 i

e (6.1)
R;

=1

here Rj; is an element of the resolution matrix,
d;; is a weighting factor defined as the distance
between the j-th and /-th node and N is the
number of parameters. The values of the
Spread Function at the nodes can be easily
plotted: figs. 11 and 12 show the maps of the
Spread Function of the two models. In the
ideal case in which the resolution matrix is an
identity matrix (parameter not interdependent),
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Fig. 11. Spread Function mapped at the surface, at 10 km, 20 km. 33 km and 37 km for the finer grid.

the Spread Function would be zero for all the
parameters, while the more the non diagonal
clements of the resolution matrix differ from
zero, the larger the Spread Function would
be. As a consequence we will have high reso-
lution where the Spread Function has lower
values.

The maps of the Spread Function at various
layers confirm that the shallower crustal layers
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are less resolved than the deeper ones. More-
over the Tyrrhenian region is mostly not re-
solved. These conclusions are in agreement
with those previously drawn in the synthetic
test. Although the number of P, and S, arrival
times were one third of the total, low values of
the Spread Function are well recognizable in
the peninsular region at about 10 and 20 km
depth (see figs. 11 and 12).
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Fig. 12. Spread Function as in fig. 11 for the less dense grid.

7. Results

In this section the maps of the velocity ad-
justments at different depths are presented.

Similar trends can be observed in both
models resulting from the inversions. Figures
13 to 17 show the maps of the velocity field at
all depths, computed for both grid sizes after
five iterations. The gray areas stay for non-in-

verted nodes; the red-blue scale corresponds to
the velocity variations ranging from —7% to
+7% with respect to the starting velocity value
of the layer.

Wide positive anomalies can be observed at
37 km depth in the northern part of the Tyrrhe-
nian Sea and from the Adriatic region west-
ward to the Po Valley (fig. 13). The roots of
the Western and Central Alps are characterized
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by lower velocities. Low velocity anomalies
are also found beneath the Tyrrhenian coast of
Central and Southern Italy. This area extends
from the thermally active zone of Tuscany
southward to the volcanic areas of Latium and
Campania up to Eastern Sicily. A positive
anomaly is observed beneath the Tonian coast
of the Calabrian Arc. In the central part of the
Tyrrhenian basin the values of the Spread
Function at 37 kin depth (see figs. 11 and 12)
are considerably high because of poor ray path
coverage in east-west direction. Nevertheless,
it is possible to point out an average velocity
lower than 8.0 km/s. These results at the Moho
depth are in full agreement with previous to-
mographic works of Mantovani et al. (1980)
who evidenced a noticeable decrease of P, and
S, velocities from the more stable regions, such
as the Adriatic and southern forelands, to the
instable regions corresponding to the low
Tyrrhenian basin and surrounding areas. Mele
and Valensise (1987) also found an increase in

the P, velocity in the north-east direction from
the Tyrrhenian Sea to the Adriatic Basin. The
same authors obtained velocity greater than 8
km/s in the Po Valley and in the northern coast
of the Tyrrhenian Sea.

Comparing the map of the Moho isobaths
(fig. 18) (Nicolich and Dal Piaz, 1990) with
the map of the velocity anomalies at 37 km
depth, a strong correspondence is easily recog-
nized between low velocity trend and thicken-
ing of the crust (up to 40-50 km), under the
Western and Central Alpine Arc. An analogous
trend characterizes the Dinaric Alps east of the
Adriatic Sea. The crust beneath the Tyrrhenian
coasts is thin in the southern part (about 15
km), where a low velocity belt is located, and
thicker eastward underneath the peninsula.

Figure 14 shows the velocity field of the
model at the top of the fourth layer (33 km).
This 4 km thick layer was set to introduce a
strong velocity gradient needed for the ray
bending at Moho depth. For this layer, the

L

8.1 km/s

Iig. 13. Velocity adjustments at 37 km of depth for the finer grid (left) and less dense grid (right); variations
between +7% and —7% are reported. The mean velocity of this layer is 8.1 km/s.
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7. km/s

Fig. 14. Velocity adjustments at 33 km of depth as in fig. 13. The mean velocity of this laver is 7.0 km/s.

=T - - L784
6.5 km/s

Fig. 15. Velocity adjustments at 20 km of depth as in {ig. 13. The mean velocity of this layer is 6.5 km/s.
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79 I - +7%

6. km/s

Fig. 16. Velocity adjustments at 10 km of depth as in fig. 13. The mean velocity of this layer is 6 km/s,

Fig. 17. Velocity adjustments at the surface as in fig. 13. The mean velocity of this layer is 5.6 km/s,
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45

40 >

Fig. 18. Map of the isobaths of the Moho underneath the Italian region (after Nicolich and Dal Piaz,
1990).
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Spread Function reveals a good resolution only
in restricted peninsular zones; this is due both
to the short permanence inside the layer and to
the almost vertical direction of the ray paths.
The velocity field at the top of the third layer
(20 km) is shown in fig. 15. The extension of
the non-inverted region is remarkable beneath
Tyrrhenian Sea, Sardinia and limited zones of
the Northern Adriatic Sea.

The resolved areas show a high-velocity
trend underneath the Northern Tyrrhenian Sea
and Western Alps. A significant velocity con-
trast extends from Eastern Sicily to the Cal-
abrian Arc. The Apenninic chain is character-
ized by low velocity in its northern and central
parts; in the southern part we observe high ve-
locity anomalies in Campania and in the Adri-
atic coast.

The velocity field at 10 km depth is re-
ported in fig. 16. The shape and the extension
of the resolved area is strongly determined by
the location of the receivers. A velocity con-
trast characterizes the central Apennines. The
high velocity values observed in the Western
Alps at 20 km of depth still persist in this
layer.

At the surface the Spread Function reaches
high values almost everywhere and a good res-
olution is restricted to the Central Apennines
and Western Alps only (fig. 17). These two ar-
eas are characterized by small velocity contrast
and high velocity respectively. The high veloc-
ity anomaly in the Western Alps is the only
feature extending in all the crustal layers.

The Bouguer anomalies depicted in fig. 19
(Lavecchia, 1988) show positive values (plus
signes) mainly west of the Apennine ridge and
in restricted areas of Northern Italy. These pos-
itive gravity anomalies correspond to positive
velocity adjustments in the crustal layers of
North-Western and North-Eastern Italy. In par-
ticular the evident positive velocity anomaly in
the crustal layers beneath the Western Alps
might correspond to the so called Ivrea body,
generally interpreted as a possible segment of
the Adriatic microplate intruded in the crust
(Laubscher, 1988). The negative Bouguer
anomaly beneath the Po Valley extends where
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crustal low velocity anomalies is observed. A
large negative gravity anomaly centered in
Sicily corresponding with a crustal low veloc-
ity one, represents another remarkable fea-
ture.

8. Conclusions

Caution must be exercised when interpret-
ing the velocity maps because of the possible
bias between poor modelling of the crustal
thickness and velocity found at the Moho.
Nevertheless the method proposed by Pavlis
and Booker and modified by Thurber helps to
point out some main features of the velocity
gradient in the uppermost mantle of the Italian
region.

The velocity field at Moho depth presents a
velocity increase from the Tyrrhenian basin to-
ward the Adriatic sea and Alpine chain. This
can be ascribed to the higher stability of the
Adriatic forelands and the Alpine region with
respect to the Tyrrhenian basin. Close similari-
ties are observed comparing the map of the ve-
locity adjustments and the map of the Moho
isobaths: velocity and thickening of the crust
follow almost the same trends.

In the shallower crustal layers the persis-
tence of a positive velocity anomaly in the
Western Alps is observed.

The large Tyrrhenian Sea region is insuffi-
ciently resolved almost at all depths because of
the poor network coverage of Corsica and Sar-
dinia and the resulting lack of ray paths in the
east-west direction. Although these regions are
characterized by an almost inexistent seismic
activity, the installation of seismological sta-
tions would make a relevant contribution to the
tomographic analysis of the Tyrrhenian Sea
area.

The application of inversion techniques to
smaller areas, where local network data are
available, can improve the details of the mod-
els in the upper crust. However, a limited ex-
tension of the analysed area would reduce the
number of P, ray paths and consequently pre-
vent a good resolution at Moho depth.
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