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Abstract

We applied the receiver function technique to retrieve Moho depth and dip beneath the MEDNET very-broad-
band seismographic station at I’Aquila, in the Central Apennines. Broadband data available for teleseismic
events recorded in two years of operation were sufficient to delineate a rather simple structure consisting of a
32-34 km thick crust, in agreement with previous studies based on refraction seismics. In addition, the data
show relatively large variation in the amplitude of the converted P-to-S phase generated at the crust-mantle in-
terface as a function of azimuth. These variations are consistent with synthetic receiver functions generated for
an incident P wave interacting with an interface dipping ~ 8° to the north. Observations of amplitude ratios of
converted phases, polarity of first-motion in the SH direction, and relative travel time delay are all consistent
with a model assuming a Moho discontinuity about 33 km deep gently dipping towards north. The receiver
function technique has shown to be an efficient tool for investigating deep crustal structure, giving localized
but reliable information.

Key words receiver function — Moho — converted recorded by a single three-component broad-
phases — Central Apennines band seismograph it is able to yield precise,
though geographycally pointlike, information
on deep crustal and upper mantle structure.
The receiver function technique is based on
the identification and modelling of phases con-
verted and reverberated at the free surface and
at the Moho interface. This allows to recon-
struct depth and possible dip of reflecting and
refracting interfaces. The technique, first sug-

1. Introduction

Characterisation of the detailed structure of
the crust and upper mantle is an important goal
for geophysical studies. A reliable image of the
crust-mantle transition is of fundamental im-
portance to understand the tectonic environ-

ment and the geodynamic evolution of an ac-  gested by Langston (1979) and more recently
tive region such as the Italian Apennine moun- ~ €Xamined in detail by Owens er al. (1984) is
tain belt. Technical limitations of the different ~ Dased on teleseismic P waveform processing to
approaches are usually the source of uncer- isolate the P-to-S converted phases (receiver
tainty in our knowledge of subsurface struc- functions) on the horizontal components. These

ture. In fact, a really complete and reliable ~ converted phases are the result of the P wave
model must be based on the interpretation of interaction with the discontinuity surfaces in
several, different, geophysical observables. In the crust.

the range of possible techniques, teleseismic The presence of dipping interfaces changes
P-wave receiver function modelling is of par- the amplitude of the P-to-S converted phase
ticular interest, because on the basis of data with respect to azimuth around the observation
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point, and generates a direct arrival also on the
tangential (SH) component.

In this paper we show an application of the
technique to teleseismic P waveforms recorded
at a single very-broadband seismographic sta-
tion of the MEDNET network, located at
I’Aquila in the Italian Central Apennines
(fig. 1). An important advantage of this tech-
nique is that it can contribute to a better delin-
eation of the structure of the crust with only
one station (Langston, 1979; Owens et al.,
1984; Owens, 1987). Lateral variations of the
structure around the station may be obtained
with a good approximation by examining the
azimuthal variation of one-dimensional vertical
velocity distributions.

In literature one can find many information
from seismic refraction profiles on the crustal
structure of the Northern and Southern -Apen-
nines (Mostardini and Merlini, 1986; Nicolich,
1981). On the contrary, the knowledge of such
a structure in the Central Apennines is poor of
data (Cassinis, 1983; Geiss, 1987; Giese and
Morelli, 1975), but from these few information
one can infer that the Moho depth in the region
of Central Italy is about 30-35 km.

2. Geological setting

In the Mediterranean region the collision
between the Eurasian and the African conti-
nental plates caused a complex tectonic evolu-
tion with the formation of subsystems of dif-
ferent tectonic regimes (compressional, exten-
sional and transcurrent). Several thrust belts
were formed by this complex tectonics, as for
example the Apennines.

The formation of the Apennine thrust belt in
the Italian region started in the lower Miocene.
After an intense phase of compressional tec-
tonics, an extensional regime initiated in the
Upper Miocene, with the formation of the
Tyrrhenian Sea. During this phase — still con-
tinuing, as shown by the presence of intense
seismic activity in the crust and the upper man-
tle (Selvaggi and Amato, 1992) — the Latium-
Abruzzi carbonatic platform and the basinal
units of the Umbria-Marche-Sabina domain
have moved towards the Adriatic foredeep
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(Salvini and Tozzi, 1986), being fragmented
into several blocks. This NE migration caused
the formation of tectonic structures with Apen-
ninic NW-SE direction.

The seismic station of 1’Aquila is located
about 10 km to the south of the Gran Sasso
massif, which is in the northern sector of the
Latium-Abruzzi carbonatic platform (Castel-
larin et al., 1978). Cross sections of this area
show the overthrust of the carbonate platform
onto buried basin domain of Umbria-Marche
with a northern vergency (Parotto and Pratur-
lon, 1975; Ghisetti and Vezzani, 1986).

3. Broadband receiver function analysis

For this study we have analysed teleseismic
events recorded by the MEDNET station AQU.
MEDNET is the very-broadband seismo-
graphic network installed around the Mediter-
ranean by the Istituto Nazionale di Geofisica
and supported by the World Laboratory. The
project currently consists of 15 stations — in-
stalled in 10 Countries — in cooperation with
local seismological institutions and other
international projects (the French program
GEOSCOPE, the American consortium IRIS).
Hardware is based on STS1/VBB sensors and
Quantagrator 24-bit A/P converters. This station
configuration provides flat velocity response in
the frequency band between 3 mHz and 8 Hz
(fig. 2), with a full dynamic range larger than 140
dB. More details on the MEDNET network may
be found in Boschi ef al. (1991).

To know the response of the crust and upper
mantle structure, termed receiver function, the
teleseismic P wavetrain must be analysed so as
to identify the contribution to the complexity
of the waveform given by the structure near
the receiver. Source and long-range propaga-
tion effects must therefore be removed. To de-
termine the presence of interfaces with high
velocity contrast in the crust we are primarily
interested in converted phases of the P-to-S
type. The horizontal components of the re-
ceiver function are then isolated using an em-
pirical deconvolution procedure (Langston,
1979). This approach is based on the represen-
tation of the teleseismic P signal recorded at a
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Fig. 2. Frequency response of the VBB instrument
(a) compared to other standard seismographs: broad-
band (b), WWSSN (c), long-period SRO (d), short-
period SRO (e). The horizontal scale spans frequen-
cies between 1 mHz and 10 Hz.
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Fig. 3. Test of deconvolution technique with syn-
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The two top traces show the synthetic response on
vertical and horizontal radial components. The bot-
tom trace is the result of the deconvolution proce-
dure on the radial component. The number above
any trace is the P amplitude ratio with respect to the
P wave of vertical component (after Langston,
1979).
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station as the convolution of a source function,
path effects, near-receiver structure response,
and an instrumental transfer function. For tele-
seismic events the waveform is relatively sim-
ple since propagation effects produced by the
mantle structure are small. Theoretical calcula-
tions for typical crustal structures show that re-
verberations and converted phases amplitude
on the vertical component are very small since
the angle of incidence is very close to vertical
(Burdick and Langston, 1977; Langston, 1977).
This is shown in the top trace of fig. 3. The
vertical component then primarily contains the
effects of source, long-range propagation, and
instrument response. The source function,
mantle propagation and the instrumental re-
sponse are therefore removed by deconvolving
the vertical component from the horizontal ra-
dial and tangential components. The receiver
function allows an easy identification of con-
verted waves of the P-to-S type caused by P
wave interaction with discontinuities. Finally,
the deconvolved seismograms are convolved
with a simple gaussian time function to ex-
clude high frequency signal.

For this study we have selected 30 events
with epicentral distance between 25° and 90°,
and magnitude around 6.0 or greater (table I).
With these epicentral distances the seismic
rays cross the crust and upper mantle with a
very steep incidence angle. We have selected
only events with magnitude larger than 6.0 to
have a better signal-to-noise ratio.

These events are grouped into five distinct
sets with respect to their back azimuth (fig. 4).
Each group is a cluster of events with similar
estimates of their receiver functions. The sub-
division of these groups was done empirically,
considering both event back azimuth and simi-
larity of receiver functions, to avoid grouping
together waveforms with incompatible charac-
ters. Horizontal radial receiver functions for
events of group B, the most numerous, are
shown as an example in fig. 5. Similarity of
the main characters of these functions allowed
to stack them, in the time domain, to derive a
single, average, receiver function for each
group. Groups A and B are rather similar (see
fig. 6a,b) but we preferred to divide them be-
cause of a difference in arrival times of rever-



Determination of Moho depth and dip beneath MEDNET station AQU by analysis of broadband receiver functions

Table 1. Teleseismic events recorded at the station of L’Aquila and analysed in this study.

Lat. (N Long. (E Dist. Baz

Event Date deg) lhee) (deg) (deg) My
1 12 03 90 51.484 —175.032 86.25 5.275 6.0
2 25 03 90 9919 —84.308 89.39 282.788 6.2
3 26 04 90 35.986 100.245 64.80 63.507 6.5
4 01 05 90 58.840 —156.858 78.84 354.857 6.1
5 08 05 90 6.905 —82.622 89.83 279.120 6.2
6 12 05 90 49.037 141.847 78.34 31.756 6.5
7 17 05 90 26.619 127.846 88.59 54.610 6.0
8 20 05 90 5.121 32.145 40.65 150.578 6.7
9 14 06 90 47.869 85.076 49.21 57.580 6.1
10 20 06 90 36.636 49.799 28.51 89.302 6.0
11 14 07 90 0.003 —-17.376 50.44 221.589 6.2
12 16 10 90 49.043 155.076 82.94 24.280 6.0
13 25 10 90 35.121 70.486 44.38 79.665 6.0
14 06 11 90 28.251 55.462 36.72 98.720 6.2
15 06 11 90 53.452 169.871 82.44 13.940 6.3
16 31 01 91 35.993 70.423 43.95 78.583 6.4
17 21 02 91 58.427 175.450 79.31 4.728 6.2
18 08 03 91 60.904 167.023 74.87 13.002 6.4
19 04 04 91 7.017 —78.153 86.48 276.215 6.1
20 22 04 91 9.685 —83.073 88.30 281.457 6.3
21 01 05 91 62.476 151.413 74.81 352.757 6.1
22 30 05 91 54.567 - 161.606 83.61 357.077 6.3
23 10 06 91 23.771 —45.368 51.60 268.413 6.1
24 06 08 91 3.827 95.374 81.50 92.574 6.0
25 17 08 91 40.235 —124.348 89.32 329.020 6.0
26 17 08 91 41.821 125.397 88.34 330.493 6.2
27 26 11 91 42.051 142.523 84.28 35.502 6.1
28 13 12 91 45.578 151.560 84.84 28.064 6.1
29 13 12 91 45.521 151.707 84.94 28.002 6.1
30 19 12 91 45.253 151.176 84.98 28.462 6.0

berations after the Ps peak. Average horizontal
radial receiver functions for the groups mod-
elled are shown in figs. 6a-d, along with bounds
constructed around the stack plus and minus
the standard deviation. This is done to give a
qualitative idea of variation within each group.
The dashed traces, also shown in figs. 6a-d, su-
perimposed on average traces, represent syn-

thetic receiver functions computed applying
the same deconvolution procedure to synthetic
seismograms calculated with a reflectivity al-
gorithm (Kennett, 1983) in models described
as follows.

Transverse receiver functions are subject to
relatively large instability in the presence of
noise (Langston, 1981), as well as sensitive to

917



Antonella Megna and Andrea Morelli

S
S

Fig. 4. Distribution of the events of table I. Lower hemisphere, Schmidt projection of incidence angle
azimuth at station AQU.

TIME  sec

Fig. 5. Radial receiver functions of the events of group B.

918



Determination of Moho depth and dip beneath MEDNET station AQU by analysis of broadband receiver functions

|
-20 0 20 40 60
@ TIME sec

Fig. 6a,b. Stacked radial receiver functions of groups A and B. Top: the solid trace in each frame is the aver-
age receiver function; bottom: the two traces are the bounding receiver functions representing + 1& about the
average. The dashed traces are synthetic receiver functions computed by assuming as average values for
crustal and upper mantle velocities those of table II.
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Fig. 6c,d. Stacked radial receiver functions of groups D and E. Top: the solid trace in each frame is the aver-
age receiver function; bottom: the two traces are the bounding receiver functions representing + 10 about the

average. The dashed traces are synthetic receiver functions computed by assuming as average values for
crustal and upper mantle velocities those of table II.
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effects of shallow structure. Therefore in this
study the analysis of receiver functions is lim-
ited to a detailed analysis of the (horizontal)
radial data, whereas transverse data will only be
used for polarization analysis of the first pulse.

The most apparent characters of the func-
tions in figs. 6a-d are the amplitude and the
time delay of the main peak after the direct P
arrival (at time 0), corresponding to Ps conver-
sion. Moho depth, S-wave velocity in the crust,
and velocity contrast at the Moho influence
time and amplitude of this peak. In this article
we will always consider a homogeneous crust
as we are, at this stage, interested in deriving
gross characters of the crust on the basis of
forward modelling. Crustal reverberations, in-
cluding P legs in the Moho and arriving later
in the seismogram, are also sensitive to Up in
the crust.

4. Discussion

The stacked receiver functions, obtained by
the technique described above for the five
groups, contain detailed information about the
crustal structure beneath the seismographic sta-
tion. A first approximation to estimate crustal
thickness and interface velocity contrast can be
obtained by modelling arrival time and amplitude
of converted Ps waves in the time domain.

To better understand the receiver functions
we calculated synthetic seismograms based on
one-dimensional, layered, Earth structure. Our
starting model is a modification of global
travel time model SP6 (Morelli and Dziewon-
ski, 1993; fig. 7) where we merged the first
two layers (upper and lower crust) into one ho-
mogeneous layer (homogeneous crust), and as-
sumed as average values for crustal and upper
mantle velocities those estimated by Cassinis
(1983) for the Central Apennines (table II). In
our modelling we allowed both crustal thick-
ness and velocity to vary to fit the observed re-
ceiver function.

The synthetic seismograms computed for
the starting model show a good estimate of re-
ceiver functions in terms of arrival times of the
converted Ps phases (figs. 6a-d), but not in
terms of amplitude. Indeed groups A, B and E
exhibit an amplitude of converted Ps waves
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SP6.

Table II. Average values of velocities for the crust
and the upper mantle in the Central Apennines esti-
mated by Cassinis (1983).

Vp Vs Density  Depth

Layer — qis)  (km/s) (kg/m®)  (km)
1 6.0 32 2.7 0.0

2 8.3 4.8 33 33.0

larger than that of synthetic seismograms. This
does not occur for group D which is well fit
(group C has not been studied because the
waveform is not as simple as that of the previ-
ous groups, and its modelling was not possible
within the assumptions made).

In our model we assumed a high velocity
contrast at the Moho (2.3 km/s) to better fit the
data, considering also available information
on the Central Apennine structure (Cassinis,
1983). For a more common value of crustal ve-
locity of 6.5 km/s the synthetic waveforms
show very small Ps phase amplitude, and
later arrival time of the first reverberation
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Fig. 8a,b. Stacked radial receiver functions of groups A and E. Top: the solid trace in each frame is the aver-
age receiver function; bottom: the two traces are the bounding receiver functions representing + 1o about the
average. The dashed traces are synthetic receiver functions computed by assuming 6.5 km/s as average value

of crustal velocity.
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(fig. 8a,b). To model the arrival time of the Ps
phase we must then use a Moho depth (43 km)
larger than the known values for the Central
Apennines (Cassinis, 1983; Geiss, 1987; Giese
and Morelli, 1975). To obtain Ps phase ampli-
tude as large as observed, we should instead
assume a velocity contrast even larger than 2.3
km/s; but it is very unlikely.

An other character to consider for the mod-
elling of crustal structure is the different ampli-
tude of Ps phase with respect to back azimuth.
In an Earth model consisting of horizontal, lat-
erally homogeneous layers, the amplitude of
the converted Ps phase does not vary with
back azimuth and decreases only slightly as
distance increases (fig. 9). This is because the
incidence angle of teleseismic rays varies very
little for epicentral distances between 25° and
90°. This is no more true in the case of dipping
interfaces, since each ray, depending on its
back-azimuth, has a different incidence angle
on the discontinuity. The consequence is the

variation of amplitude ratios for converted
waves.

All synthetic traces in figs. 6a-d have been
computed for a horizontally homogenous, lay-
ered structure, but we can work with amplitude
ratios Ps/P by explicitly computing them from
ray theory. To justify these amplitude varia-
tions, we consider a crustal and upper mantle
model with a dipping Moho interface (Owens
et al., 1988). In this case, teleseismic P waves
with identical ray parameters, but with differ-
ent back azimuth, will generate converted
phases with different amplitude due to differ-
ences in the angle of incidence on the dipping
interface. To illustrate this geometric effect, we
computed the variation of the Ps/P amplitude
ratio with respect to epicentral distance for
model of table II, with a dipping interface (5°,
8° and 10° fig. 10a-c). The Ps/P ratio in-
creases rapidly as distance increases for updip
back azimuths and decreases slightly for
downdip rays. These tests indicate that the
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Fig. 9. Deconvolved radial component of synthetic waveforms computed for several epicentral distances.
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Ps/P amplitude ratio is sufficiently sensitive to
surface dip to allow to model its geometry, and
that the spread of values is consistent with a 8°
dip.

Fig. 11 shows the variation of Ps/P ampli-
tude ratio with respect to back azimuth. Most
of the observations of Ps/P ratios with ampli-
tude (0.57/0.82) larger than that calculated for
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Fig. 10a-c. Variation in Ps/P amplitude ratio with
respect to epicentral distance. The continuous lines
describe the variation in Ps/P amplitude ratio com-
puted for a model having a single dipping interface
with a dip of 8° for several back-azimuths with re-
spect to interface strike. Updip and downdip direc-
tions are the relative back-azimuths respectively of
90° and — 90°. The squares indicate the Ps/P ampli-
tude ratios of data.

the synthetic seismograms (0.52/0.55) are clus-
tered at azimuth around N, whereas lower val-
ues are found for paths from the south (180°).
Data are compared, in fig. 11, with lines show-
ing theoretical variation as a function of az-
imuth for a dip of 8° toward north. Variation
with epicentral distance (represented by lines
in fig. 10a-c) is shown by the two curves com-
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Fig. 11. Variation in Ps/P amplitude ratio with re-
spect to back-azimuth. The continuous line and the
dashed line describe the variation in Ps/P amplitude
ratio computed for the epicentral distances respectively
of 90° and 25° for a model having a single dipping in-
terface towards north with a dip of 8°. The squares in-
dicate the Ps/P amplitude ratio of data.

puted for 25° and 90° distance. From the anal-
ysis of fig. 11 we may conclude that data are
consistent with a 8°, northward, dip of the
Moho. Even if this interpretation is not unique,
we will see that it is supported by other evi-
dence.

If the Earth structure can be represented by
a model consisting of horizontal, laterally ho-
mogeneous layers we will only see SH wave
type on the tangential component. A dipping
interface instead causes a non-zero contribution
of the first arrival on the tangential component.

The presence of a dipping -interface bends
the ray path from the vertical toward the dip
direction. In this way the tangential P wave
components are azimuthally antisymmetric
with respect to interface dip direction
(Langston, 1977; Owens and Crosson, 1988).
Plotting these polarities (fig. 12) we can infer
that the dip direction is, again, generally to-
ward north. This is also consistent with relative
residuals of Ps/P times of each group (fig. 13),

Fig. 12. Polarity of tangential P motion. The pluses indicate positive polarity, circles indicate negative polar-
ity, and the small circles indicate events where no reliable determination could be made.

925




Antonella Megna and Andrea Morelli

Fig. 13. Azimuthal distribution of residuals of Ps/P time. The residual Ps/P time of each group has been
computed with respect to the average of time delays of all groups (5.0 s).
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Fig. 14. Effect of interface dip on Ps/P amplitude
ratio for a teleseismic distance of 70° (continuous
line). The dashed lines indicate the maximum and
minimum values of the experimental data.
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even though travel times in the crust might be
affected by lateral heterogeneities which we
are not modelling.

The magnitude of the dip angle can also be
estimated by computing the change in Ps/P
amplitude ratio for updip and downdip direc-
tions for the same epicentral distance (fig. 14).
The spread of experimental values, shown with
a horizontal band in fig. 14, is such as to sug-
gest a value of about 8° — as used previously —
but, more reliably, included between 5° and
10°. The small value of the dip angle, and its
northward direction, are consistent with the
values of crustal thickness we determined by
fitting average receiver functions. Indeed for
the groups A and E the Moho depth is about
34 km, while it is respectively 33 and 32 km
for the other two groups, B and D. An inclina-
tion of 8° would account for a difference of
about 2-3 km in Moho depth where it is inter-
sected by rays with updip and strike az-
imuths.
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5. Conclusions

Analysis of broadband receiver functions is
a rather reliable method to derive information
on the structure of the crust and the Moho just
below a seismograph station. Preliminary anal-
ysis of receiver functions computed for tele-
seisms recorded at MEDNET station AQU
(I’Aquila) allowed to identify 5 groups on the
basis of waveform similarity and back-az-
imuth. Similarity of receiver functions com-
puted for paths with similar incidence and
back-azimuth suggests that their characters are
mainly controlled by near-receiver structure.
Traces from each group can, subsequently, be
stacked in order to increase signal-to-noise ra-
tio and to limit the number of traces to
model.

A first conclusion which may be drawn is,
then, about the average crustal structure be-
neath station AQU. Comparison with synthetic
receiver functions computed for a flat layered
model reveals that a homogenous, 33 km thick
crust is capable of reproducing the gross fea-
tures found in the data. Such a model is consis-
tent with previous determinations (Cassinis,
1983; Geiss, 1987; Giese and Morelli, 1975).

A closer look at the fit obtained by synthetic
radial receiver functions for a flat layered
structure reveals that there is a significant vari-
ation of the Ps/P amplitude ratio with varying
azimuth. This can of course be explained with
lateral variation of the structure. The simplest
variation that we can model is represented by a
dip of the Moho surface. Such a feature is
mainly suggested by the coherent pattern of
polarization of first P arrival, with energy on
the horizontal transverse component not ex-
plained by a horizontal refraction surface. Po-
larity of first impulse on the transverse receiver
function rather consistently changes sign along
a line with an azimuth of about — 15°. This can
be accomplished by a Moho dipping to NNW.
More complicated features are also present on
receiver functions suggesting a more compli-
cated pattern for heterogeneity, possibly in-
cluding variations of vp and vg. This is shown
for instance by the difficulty to fit group C
(eastward backazimuth) with a flat layered
model. Such variations will need additional
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work and a larger set of data for the mod-
elling.

Besides the average Moho depth of about
33 km, then, we can deduce that there is indi-
cation of a northern dip of the crust-mantle in-
terface beneath AQU by 8°. These values may
of course be affected by some uncertainty
which we find, for the moment, difficult to
quantify. They should, however, be considered
as a first step toward a more precise determina-
tion of the crustal structure. We used a simple
model, consisting of a homogenous crust. The
receiver function technique by modelling both
differential travel times and amplitude of con-
verted and reverberated waves — can resolve
between crustal thickness and wave velocity.
However, we did not consider in the present
study more complex models because we lim-
ited ourselves to a simple trial-and-error pro-
cess for reproducing the observed waveforms.
More resolution, as well as a better estimate of
the uncertainty of the results, may be achieved
by resorting to the formulation of a standard
linearized inverse problem, currently under
way.
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