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Abstract

Long-period P waveforms of some Italian crustal earthquakes recorded at the WWSSN stations lo-
cated in the Iberian Peninsula have been modeled to derive a 1-D upper mantle compressional veloc-
ity model. A technique based on the Cagniard-de Hoop method has been used to compute synthetic
seismograms. Waveforms have first been computed for published velocity models referred to different
tectonic provinces and compared with the data. A model that strongly improves the fits to the data is
then presented. The proposed model, called WMP, is characterized by a 100 km thick lid overlaying a
low velocity zone, a 1% velocity discontinuity located at 313 km depth, that is required to fit a lower
amplitude phase, and an abrupt increase in the velocity gradient starting from 370 km. This latter is
preferred to the sharp discontinuity located at about 400 km that is present in various models obtained
for upper mantle structure with analogous techniques. Within the lid and the low-velocity zone, WMP
displays features that are typical of old ocean structures like the Northwest Atlantic Ocean.

Key words upper mantle — West Mediterranean - (1984) computed seismic velocities for dif-
waveform modeling ferent petrological models, Duffy and An-
derson (1989) and Ita and Stixrude (1992)
used the V,/V; ratio to derive information
on mineralogy.

The Mediterranean region is character-

1. Introduction

In the last fifteen years there has been ized by a highly complex tectonic environ-
much interest in the upper mantle structure y gy P

and its lateral variations. Understanding ment as testified by the surface geology and
the nature of the Earth’s structure down to the seismicity pattern; although the general
700 km is crucial to a full comprehension of ~ &¢0dynamic frame has been updersto_od,
processes like mantle convection and sea- there are still several open questions which
floor spreading. The problem of the depth ~ are strongly debated by geophysicists and
to which continents act as coherent plates  geologysts. . ,

during continental drift, originally ad- Many seismological studies on the upper
dressed by MacDonald (1963), is still open. ~ mantle structure in the European-Mediter-
The determination of the seismic structure ranean area have been.done using dlfferel}t
may help in constraining mantle’s composi- ~ approaches. In particular, tomographic
tion and dynamic behavior. For instance = models have been obtained from teleseis-
Hager (1984) used the topography of man-  mic (e.g. Romanowicz, 1980) and from
tle discontinuities to constrain the depth of  regional and teleseismic (Spakman, 1991)
mantle convection, Anderson and Bass P wave travel times and, at smaller scale,
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travel time tomography has been per-
formed for particularly interesting areas,
such as the Hellenic subduction zone
(Spakman et al., 1988) or the Italian region
(Scarpa, 1982; Amato et al., 1993); studies
utilizing surface waves have been done by
Cara et al. (1980), Panza et al. (1980), Mar-
illier and Mueller (1985) and Snieder
(1988); body wave travel time data have
been modeled by several authors, espe-
cially in the continental European area
(Payo, 1969; Mayer-Rosa and Mueller,
1973; England and Worthington, 1977),
and only in a few cases techniques of

matching either long-period (Burdick,
1981) or broad-band (Paulssen, 1987) body
waveforms with synthetic seismograms

have been applied.

Tomographic studies are especially suit-
able to provide maps of relative velocity
but they require a high density of both
earthquakes and stations. Moreover, due to
the ray paths, the vertical resolution in the
upper mantle is usually on the order of 100
km at their best. On the other hand only
travel times are utilized. Surface wave stud-
ies, dispersion analysis and waveform in-
version have even lower resolution.

Forward modeling is a largely applied
method for interpreting the different seis-
mic phases and for determining the abso-
lute values of seismic velocities. This tech-
nique allows a direct control of the effects
that different structural features produce
on the waveforms. Once the model space
has been extensively explored to determine
the gross structure, this can be refined by
finely fitting the waveforms and an investi-
gation of the small scale heterogeneities is
then possible.

In the last decade, several upper mantle
models for different regions have been ob-
tained by matching body waveforms from
regional earthquakes with synthetic seismo-
grams in horizontally stratified media (e.g.
Grand and Helmberger, 1984; Walck, 1984;
LeFevre and Helmberger, 1989; Zhao and
Helmberger, 1993). As long as paths en-
tirely belonging to the same tectonic
province (pure paths) are considered, the
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resulting model may represent a reliable
image of the actual velocity distribution.
However, even if laterally inhomogeneous
structures are analysed, this approach can
provide information on the degree of lat-
eral heterogeneity (Paulssen, 1987).

In this paper, modeling of some P wave-
forms from WWSSN-LP regional record-
ings of upper mantle phases for the West
Mediterranean area is presented. A prelim-
inary analysis has been performed by com-
puting synthetic seismograms for published
compressional velocity models obtained in
different tectonic regions. A final model
has then been determined through a trial-
and-error approach.

2. Data

Upper mantle structure produces tripli-
cations on P phases at distances up to 30°;
first arrivals up to 17° correspond to rays
bottoming in the uppermost 400 km, for
tectonic structures as well as for shield ones
(Burdick, 1981). At distances closer than
10°, P wavetrains are dominated by the
longer-period PL phase which can contami-
nate seismograms (Helmberger, 1972). In
order to model the uppermost 400 km
structure of the mantle, data recorded in
the range 12°-17° should then be consid-
ered. Magnitude of earthquakes should be
large enough to produce a high signal to
noise ratio, larger than M = 5 for this dis-
tance range, but not much larger, if one
wants to deal with point-like sources and to
avoid source complexities (finiteness of
fault plane, directivity, complex source
time function, etc.) that can considerably
affect waveforms.

Due to the stations and seismicity distri-
butions in the West Mediterranean basin,
WWSSN-LP stations located in the Iberian
Peninsula have been considered for this
study. Among the 5.0-6.0 magnitude Italian
earthquakes in the period 1977-1990, the
best recorded events have been selected
(table I). Figure 1 shows the location of sta-
tions and events selected for this study; the
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Table 1. Earthquakes.

Event

Date h min s Latitude  Longitude  Depth my
1 790919 21 35 37.2 42.812 13.061 16. 59
2 791208 4 6 34.3 38.284 11.741 33 5.4
3 800528 19 51 19.3 38.482 14.252 12. 57
4 801125 18 28 21.5 40.660 15.450 15. 4.9
5 840507 17 49 41.6 41.765 13.898 10. 5.5

Fig. 1. Map showing the studied area with event
receiver great circle paths are also shown.

source-to-receiver great circle paths are
also shown. All the events are located in
the crust along the tectonic margin between
the African and European plates; three of
them occurred in the Apennines range
(1, 4, 5), one was located west of Sicily (2)
and one (3) occurred in the Southern
Tyrrhenian Sea, where the seismicity pat-
tern displays events located from 0 km to
500 km depth, with a continuous trend.
This feature has been connected to a NW
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(stars) and station (triangles) locations. Source-to-

dipping slab by several authors (e.g. An-
derson and Jackson, 1987a).

3. Modeling technique
Synthetic seismograms have been ob-

tained by convolution of several factors ac-
cording to the relation:

Y(©) = S@) = I(t) = A(¥) * G(r) 3.1)
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where S(f) is the «effective source» opera-
tor, I(¢) is the instrument response, 4 (f) ac-
counts for the anelastic attenuation and
G(t) is the Green’s function. The operator
§ includes the source parameters (mecha-
nism and source time function) and the free
surface reflections pP and sP. Source pa-
rameters for all the modeled events, except
for event 4, have been obtained by Ander-
son and Jackson (1987b). They used first-
motion polarities and teleseismic waveform
modeling to determine fault-plane solu-
tions. Their focal mechanisms have been
assumed except for cases where a clear first
pulse polarity misfit resulted between syn-

thetics and data. Epicentral locations, origin
times and focal depths (from Anderson and
Jackson, 1987b) are those reported by the In-
ternational Seismological Centre (ISC) when
available, otherwise those from the National
Earthquake Information Service (NEIS) of
the United States Geological Survey (USGS)
have been used. For the event 4, not in-
cluded in the Anderson and Jackson’s study,
the NEIS location and the source mechanism
from the CMT catalogue have been consid-
ered. In most cases the focal depth has been
moved in order to fit the P to pP relative tim-
ing. However, the determination of source
parameters is not part of this study.
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Fig. 2. Velocity models derived by several authors for different tectonic provinces: T9 has been ob-
tained by Burdick (1981) for the West Mediterranean basin; ATLP by Zhao and Helmberger (1993)
for the Northwest Atlantic Ocean; S25 by LeFevre and Helmberger (1989) for the Canadian

shield.
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After some testing, a simple triangular
source time function has been used for all
the events, with 1 s rise time and 1 s falloff
time. The appropriate WWSSN-LP instru-
ment response and a Futtermann attenua-
tion operator (Futtermann, 1962) have
been used respectively for I(f) and A(t).
The Futtermann attenuation operator is a
function of ¢+ = (T/Q), where T is the travel
time and Q is an average of the quality fac-
tor along the ray path; an exact computa-
tion of synthetic waveforms would require
the use of the proper ¢+ for each ray path,
but Burdick and Helmberger (1978)
demonstrated that no significative differ-
ence results from constructing synthetic
seismograms by summing the contribution
of rays computed either with a single aver-
aged 7+ or each one with its own ¢*. More-
over, in this case there is no sufficient in-
formation to determine a reliable model for
the anelastic attenuation. A technique
based on the Cagniard-de Hoop method
(Helmberger, 1983) has been applied to
compute Green’s functions. This procedure
allows more accurate computations of body
wave synthetic seismograms in horizontally
layered media with respect to the WKBJ
method (Chapman, 1978): Grand and
Helmberger (1984) and LeFevre and Helm-
berger (1989) pointed out some non realis-
tic feature resulting in WKBJ synthetic seis-
mogram computation.

From previously mentioned tomographic
studies it follows that the degree of vertical
heterogeneity is likely to be much higher
than the horizontal one such that, at a re-
gional scale, the area could be treated as
laterally homogeneous, at least in first ap-
proximation. Because of the source loca-
tions, structural variation could be ex-
pected for different paths. This possibility
has been investigated by calibrating the ve-
locity structure to model the propagation
paths for events 1 at TOL, MAL and PTO,
that are comprised in a narrow angle, and
then the result has been tested for the other
paths.

In order to get first order information on
the compressional velocity structure, syn-
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thetics have been computed by using pub-
lished models which are appropriate for dif-
ferent tectonic regions (fig. 2). S25 was ob-
tained by LeFevre and Helmberger (1989)
for the Eastern Canada and is characteristic
of stable continental regions; ATLP was re-
cently obtained by Zhao and Helmberger
(1993) for the upper mantle structure be-
neath the Northwestern Atlantic Ocean
and is appropriate for regions having an old
oceanic crust (70 to 150 Ma); T9, which is
typical for a tectonic region, was used by
Burdick (1981) to model North Aegean
earthquakes recorded in Spain (approxi-
mately the same area of this study). The
main differences between these models are
relative to the upper 400 km. In particular,
the lid thickness and a differently pro-
nounced low-velocity zone are the most
striking features characterizing each model.
The different signatures of such features on
travel times and amplitudes of the triplica-
tions can clearly be seen in the wave-
forms.

Figure 3 shows the comparison between
data and synthetics computed with the dif-
ferent velocity models S25, ATLP and T9.
It should be noticed that waveforms have
been shifted along the time axes in order to
align the first arrival. Since no reliable in-
formation on the crustal structure is avail-
able in these areas, an identical simplified
model for the crust has been used in all the
models; as a consequence, attention has
been mainly focused on relative timing and
amplitudes rather than on absolute travel
times. For the sake of completeness, note
that travel times predicted by S25 and T9
are respectively too small and too large,
while ATLP gives, on average, travel times
which are in good agreement (differences
are less than 5 s) with the observed ones.

As previously noticed, these models do
not have dramatic differences below 400
km; around this depth a strong velocity dis-
continuity (about 5%) is present. This ve-
locity increase is responsible for a later
phase, indicated by arrows in the figure,
also observed in the data. It is evident that
the model T9 is inadequate to describe this
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2-TOL  12°38 1-TOL  13°19 5-TOL  13°72 3-TOL  14°27

- 5 L P ¢

1-MAL  14°74 3-MAL 14°90 4-TOL  14°91 1-PTO 16°19

Fig. 3. Comparison between WWSSN-LP waveforms and synthetic seismograms computed for the
velocity models shown in fig. 2. The number before the station name identifies the event, according to
the map in fig. 1. The epicentral distances are also indicated. The arrows denote the arrivals associa-
ted with the reflection from the velocity discontinuity located at about 400 km depth.

feature. In fig. 4 the triplication curves for nuity», the lower is the velocity in the as-
T9 and S25 are compared. For distances thenosphere the smaller are C-A times.
less than 18°, C-A travel times are always  Too sharp peaks and large C-A times are
larger for stable continental structures than predicted by S25. The double arrival before
for tectonic ones. Because of the presence the 400 km reflection in ATLP synthetics is
of a thin lid and a pronounced low-velocity ~ formed by lid phases (P,) followed by en-
zone, first arrivals for T9 (A branch) are ergy bottoming below 200 km (A branch),
formed by phases bottoming in the upper ~ where velocity has a high gradient (see fig.
mantle below the asthenosphere, while 2); the delay between the arrivals is con-
lithospheric phases are predicted for S25; trolled by the thickness and velocity distri-
since rays bottoming at shallow depth have bution in the low velocity layer. This fea-
longer paths in the low velocity zone than  ture is occasionally observed in the data se-
those reflected from the «400 km disconti- lected for this study. On the whole, syn-
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Table II. WMP model.

Depth Velocity Depth Velocity Depth Velocity
20 5.85 170 8.10 398 8.78
30 6.40 180 8.11 405 8.80
40 7.91 190 8.12 415 8.90
50 8.00 198 8.13 435 9.00
60 8.06 208 8.16 465 9.20
70 8.12 218 8.19 487 9.26
80 8.13 248 8.20 527 9.50
100 8.14 258 8.22 537 9.52
120 8.15 298 8.25 547 9.52
130 8.16 313 8.26 557 9.54
140 8.02 368 8.35 577 9.58
150 8.04 378 8.58 597 9.62
160 8.08 388 8.68 617 9.80
o about the upper mantle structure of the
area under study could already be drawn:
65| a) a not-too-thin lid seems to be present;
® 60 B b) a low-velocity layer is suggested by some
0 Lt .
R data; c) the low-velocity layer cannot be
po 55 too slow or too thick; d) some complexity
o sk has to be present between 200 and 400
| E -
= 45 g
4. Results and discussion
35 Il | ! Il | | | 1
12 16 20 24 28

A, degrees

Fig. 4. Triplication curves generated by T9
(dotted) and S25 (solid). Letters individuate the
different branches of the first triplication. The
dashed segment on the S25 triplication curve has
been interpolated because, for this model, the
branch AB has a shadow zone between 16° and
26°.

thetics for ATLP better approximate the
observed waveforms with respect to the
other two models; however, it should be
noticed that none of the models is able to
predict any other phase.

On these grounds, some conclusions
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According to the results obtained by
comparing observed with synthetic seismo-
grams computed for the three considered
models, a new model has been developed
and then refined by a trial-and-error ap-
proach. Figure 5 shows the comparison be-
tween data and synthetic seismograms com-
puted using the velocity structure shown in
table II. The quality of the fits is excellent,
particularly for 1-TOL, 1-MAL, 5-TOL
and 3-MAL (event number-station name);
in most cases minor features of the seismo-
grams are also reproduced. The new
model, WMP, is illustrated in fig. 6, to-
gether with S25, T9 and ATLP. WMP is
very similar to ATLP within the lid, while
the low velocity zone is less prominent. At
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2-TOL  12°38 {-ToL  13°19 5-TOL  13°72 3-TOL  14°27

1-MAL  14°%4 3-MAL  14°90 4-TOL  14°91 1-PTO 16°19

Fig. 5. Comparison of WWSSN-LP waveforms with synthetic seismograms computed by using the
model derived in this study (WMP). The vertical dashed bars mark the phase generated by the «313
km discontinuity».

intermediate depths (200-400 km) the ve- tween data and synthetics, even though the
locity gradient is much lower than the other timing of the phases appears to be right.
models and the «400 km discontinuity» has ~ Following these considerations, this misfit
been raised to 370 km. has been imputed to an error in the source
Even though the fit for 4-TOL has been mechanism. Some attempt has been made
sensibly improved with respect to the other ~ to determine better fitting source parame-
models, not negligible differences between  ters, but with no success.
data and synthetics still remain for this Although WMP provides very good fits,
earthquake that need to be discussed. some discussion is needed on the degree of
Event 4 is located in the Apennines, not far ~ approximation since it is not possible to
from events 1 and 5; its source-to-receiver  give a quantitative estimation of the resolu-
distance is about the same of 1-MAL and tion for forward modeling.
3-MAL and nevertheless, this is the only From the previous section it follows that
waveform displaying a clear difference be-  the features of the shallower phases, arriv-
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ing first at regional distances, are con-
trolled by the thickness and velocity distri-
bution of the lid and the low-velocity zone.
In order to get a detailed and well con-
strained model for the uppermost 200 km
in the mantle, good quality recordings at
epicentral distances shorter than 10°-12°
would be particularly suitable. But, due to
their scarce occurrence in the Western
Mediterranean basin and to the presence of
strong long-period lithospheric phases (PL
phase) in these waveforms, no fine model-
ing is presently possible for the shallow
depths. On the other hand, a-d) require-
ments derived in the previous section
strongly restrict the domain of the possible
solutions in the model space. In fact, very
different starting models have been
adopted so that several families have been

generated. Due to the use of a very fast
code to compute synthetics, a very large
number of models (>2000) have been
tested. Even relaxing the mentioned re-
strictions, the better fitting models were al-
ways very similar to WMP.

As far as the depths between 200 km and
400 km are concerned, it is remarkable
that, unlike S25, T9 and ATLP, WMP is
able to predict, in addition to the correct
relative timing and amplitude ratio of the
two major phases, also the complexities of
the waveforms produced at intermediate
depths. In particular, at the time indicated
by the vertical bars in fig. 5, a distinct ar-
rival is observed in all the data. Since dif-
ferent stations and events with different
epicentral locations, depth and mechanism
have been considered, this phase cannot be
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Fig. 6. The compressional velocity model WMP, derived in this study, compared with T9, ATLP

and S25.
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13°19

I\
M WMP
M ATLP
b,

Fig. 7. Response functions for models S25,
WMP, ATLP and T9. The responses have been
low pass filtered to remove the noise due to
model layering.

interpreted as an effect due to the source or
to the local structure: its occurrence is
likely to be due to a deep structural fea-
ture. From this study, it is consistent with a
reflected phase from a 1% velocity discon-
tinuity located at 313 km depth. The veloc-
ity above this interface is constrained by
the modeling of the event 1 at TOL, MAL
and PTO; modeling the same event pre-
vents misinterpretations due to variation of
source depth and mechanism that may lead
to incorrect phase timing. Moreover, the
stations are located at a narrow angle, such
that no very different paths are involved. A
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very slow velocity (V, = 8.26 km/s) has
been found at this depth. The velocity be-
low the interface has been obtained by
matching the amplitude of the reflected
phase. It is worthwhile to notice that,
through fine modeling of long period wave-
forms, a velocity discontinuity as small as
1% has been detected.

Unusual features have been found for
the discontinuity responsible for the first
triplication. Several authors obtained a
depth of 400 km for this interface and a
very sharp velocity discontinuity (about
5%). In this study, no evidence for such a
high jump has been found; on the contrary,
an abrupt increase in the velocity gradient
starting with a small discontinuity located
at 370 km depth resulted from modeling.
Like for the 313 km discontinuity, the ve-
locity above this transition layer has been
constrained by modeling a single event at
all the stations. This velocity was also
found to be smaller (Vp = 8.35 km/s) than
the values usually reported for these
depths.

It is important to notice that no adjust-
ments seem to be needed for the single
paths: a single model has been used for all
the events. This is an indication that no ma-
jor lateral variations are present perpendic-
ular to the paths, at least for large depths.
Some lateral heterogeneity may exist at
depth shallower than 200 km, as is ex-
pected for event 3, which is located in the
Southern Tyrrhenian Sea, but it does not
seem to produce strong effect on seismo-
grams; only a minor misfit for this event is
detectable for TOL and might actually be
explained with the presence of the subduct-
ing slab that perturbs the wavefield.

Several tests have been performed to in-
vestigate the reliability of WMP with re-
gard to depths and absolute velocity values
of the 313 km interface and the 400 km
transition layer: it resulted that changes as
small as 5 km for depths and 0.05 km/s for
velocities would produce significative dif-
ferences in the waveforms.

In order to get an idea of the complexi-
ties that can be predicted by the different
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velocity models, the response functions for
the models shown in fig. 6, computed for
a distance of 13°19 (corresponding to
1-TOL), are shown in fig. 7. It is evident
that S25, T9 and ATLP have been con-
structed especially to match the two most
important phases observed in the data and
no energy at all is predicted between them.
On the other hand, WMP provides such a
complex response function that it is almost
impossible to individuate the strongest
phases.

5. Conclusions

Once again waveform modeling has
proved to be a powerful tool for providing
detailed structural information. In this pa-
per an attempt to finely model the data has
been made and the results appear to be
promising. Although paths through a very
complex tectonic environment have been
considered, detailed information have been
obtained, especially on the deep structure
of the upper mantle. With the recent
progress in broad-band seismology and, in
particular, with the commitment under-
taken by several instrumentation programs
(such as MEDNET, NARS but also global
network like GEOSCOPE and IRIS/GSN)
more data of high quality are expected to
be collected, providing the base for further
analysis.

Unlike previous analogous studies per-
formed in the area, a not very pronounced
low-velocity zone and a 100 km thick lid
have been found. These features are similar
to those typical for an old ocean structure
found in the West Atlantic Ocean by
Grand and Helmberger (1984) and Zhao
and Helmberger (1993) by using respec-
tively S and P body waves.
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