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ln numerous regions, the focal depths are not precisely determined from standard location methods because of the
poor azimuthal coverage by the seismic network or because of the important geological complexity. ln this study, we
attempt to refine the determination of the focal depth of some events by analyzing the waveforms of the seismograms
and the relative amplitude of the crustal phases. The discrete wave number representation method is used to compute
synthetics corresponding to sources at various depths. We present three examples of events which occurred in southeast
France in different geological unitso We conclude that the waveforms are not very sensitive to slight changes of the
crustal model or quality factors, but are very dependent on the focal depth. If a convenient crustal model is used in the
computations, the numerical simulations constrain the depth in a better way than standard location methods using
arrivaI timeso ln our examples, when the path from source to station crosses different structures, the best fit of the
envelope of the seismograms by synthetics computed in a flat-layered model is reached for a crustal model
corresponding to the source regiono

1. Introduction time domain [3-5] and in the frequency domain
[6]. Among other techniques, the discrete wave

ln most seismic areas, the anaJysis of arrivaJ number representation method [7,8] allows one to
tirne from seismologicaJ networks does not aJlow compute the exact response of a stack of visco-
constraint of the depth of hypocenters because of elastic layers to any type of dislocation source. ln
poor azimuthaJ coverage of the stations and aJso this study, we attempt to improve the precision of
because of regionaJ geological complexity which the focal depth and of the quality factors by
implies strong variations of the propagation laws. analyzing the waveforms of crustaJ phases. These

ln southeast France the crustaJ structures and parameters will be tested by iterative modeling in
the regionaJ tectonics are relatively weIl known. a triaJ-and-error process.
This zone is a complex area which includes the According to theoretical investigations [9], the
Ligurian Sea, characterized by its oceanic crust amplitude ratios between the wave trains (P, S, PD,
[1,2], the heterogeneous region of the southwestern P g and Lg) exhibit strong variations when the
Alps and the crystaJlophyllian massifs of Maures source depth is changed. The multireflected Lg
and Esterel (Fig. 1). This complexity results in a phase is particularly sensitive to focal depth. This
great difficulty to ob tain accurate hypocentraJ 10- phase becomes important at distances larger than
cations. Also resulting from this complexity is the the critical distance of Moho reflection. ln order
different apparent attenuation observed, accord- to get prominent Lg and relatively simple wave-
ing to the region crossed by the ray-paths. forms, we only consider in this work, seismograms

The simulation of wave propagation at regionaJ in the distance range from 80 to 160 km. We study
distance, in simple flat-layered media, provides here three earthquakes recorded by the stations of

~ synthetic seismograms in remarkable agreement the L.D.G. network (Fig. 1) located within this
.Ir with the observations, at least in stable continental epicentraJ distance range. The first event (Ml = ,
i' areas. Such results have been shown both in the 3.3) occurred in the southern Alps, the second
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Fig. 1. Location of epicenters and recording stations. The stars indicated by numbers 1, 2, 3 represent epicenters of the events on
September 2,1982 (Ml = 3.3), on January 12, 1984 (Ml = 3.6), and on October 4, 1985 (Ml = 3.9). The focal mechanisms computed

for these events are superimposed. The seismic stations used are denoted by triangles. The Moho depth beneath France is reported in
heavy lines, according to compilations by Him [23] and Meissner [24]. The Moho depth beneath Apulo-Adriatic plate is indicated by
the dashed lines, after Morelli et al. [25]. The stippled area of the Ligurian Sea is interpreted as oceanic basement and/or stretched
continental crust after Rehault et al. [26]0

(Ml = 3.6) in the Ivrea zone and the third (Ml = allowed us to evaluate average values for the qual-
3.9) beneath the Ligurian Sea. Their focal mecha- ity factors Qs from spectral analysis of Lg waves
nisms are displayed in Table 1 and Fig. 1. beneath the seismic network. For this area the .-

The influence of the mechanism on the wave- average quality factor Qs was found to be of the
form will be discussedshortly. A preliminary study form: 200/°06°, where 1 is the frequency. ln the

"
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absence of firnl information about Qp we assume wave amplitude (velocity component), is reported
a theoretical ratio Qp/Qs = 2, following the defi- in hundredths of millimeter per second for a
nition of the internaI friction Q - 1 [11]. seismic moment of 1023 dynes cm. This maximum

The source time function used for the synthet- decreases strongly when the focal depth increases.
ics is a smooth ramp with a rise time of 0.2 s. The When the source is located in the sediments the
theoretical ground displacements were convolved energy is mainly trapped in the shallow layers in
with the short period seismograph response (verti- the form of Rayleigh waves which have very large

, cal component) of the L.D.G. stations [12]. ln amplitude and low group velocities. They give rise
order to compare the synthetics with observed to very particular waveforms in the seismograms.
seismograms, all the signaIs were filtered between We may observe a clear decrease of the coda

.. 0.5 and 5 Hz. duration as the source depth increases. Except
when the source is in the mantle or in the sedi-

2. Earthquake of Roquebillere, southern Alps ments, the Pg waves amplitude stays almost un-
changed whatever the depth of the focus. This

The first event we consider occurred on Sep- results in a larger Pg/Lg amplitude ratio for deeper
tember 2, 1982. The hypocenter computed by intracrustal sources, as previously noticed by
E.M.S.C. is: 44 ° N :!: 0.02 0, 7.10 ° E :!: 0.03 0, Z = Campillo et al. [9]. Except for the deepest sources

10 km, close to the small city of Roquebillere, (20-30 km), the first arrivaI times are very similar
whereas the location from the L.D.G. network is (which expIrons the inaccuracy of depth de-
given with an undetermined focal depth (see point termination by usuallocation techniques), while P
1, Fig. 1). ln order to determine the depth of this waves exhibit very different aspects according t~
event, we compote the seismogram recorded at the the layer where the source is. So, with respect to
station LMR at an epicentral distance of 93 km the envelope of the S-wave train and the energy
(Fig. 1). For this station the ray-path is very close distribution in the P-wave train the best agree-
to a profile of deep seismic sounding: the line "lac ment between observed and synthetic seismo-
Nègre-Provence", studied by Recq [13]. The grams is obtained for a depth of 4 km.
crustal model used is deduced from the interpreta- We investigated in detail the effect of source
tion proposed by this author (Table 2). The focal depth around 4 km. Considering a source located
mechanism that we computed corresponds to a respectively at 4.5, 4 and 3.5 km, the arrivaI times
normal fault motion (Table 1). of the different energy pulses and the shape of the

coda lead us to conclude that it is for the depth of
2.1. Effect of source depth 3.5 km that the synthetic seismogram fits the
Synthetics obtained with different source de- actual one the most accurately (Fig. 3).

pths (28, 20, 15, 10, 4 and 1.5 km) are presented in
Fig. 2. The wavefornl and relative amplitude of 2.2. Discussion
the synthetics are strongly sensitive to the focal We will investigate the effect of quality factors
depth. For each computation, the maximum of Lg on the synthetics. ln the previous computations

TABLE 1

Fault-plane solutions for the three events studied. Solutions used in this study and which are in good agreement with the tectonics
[10] are given first. These focal mechanisms are reported in Fig. 1. Other solutions close to the previous ones and also relatively
coherent with the distribution of the first motions are shown in parentheses. They were also tested by modelization

Date Time MI Location Depth Plane A Plane B P T
(h:min:s) (km)

2Sep8221:45:25 3.3 44.00oN,7.20oE 10 55W60 20E35 185-69 311-13
(38 W 56 55 E 35 97- 77 315-11)

12 Jan 84 8:24:46 3.6 44.66°N,7.35°E - * 05E20 108W85 215-37 358-46
.. (350 E 65 96 W 59 44-04 171-41)

4Oct85 15:22:11 3.9 43.64°N,8.09°E 12 30W45 05E48 107-01 204-77
(350 W 61 61 E 60 115-01 26-45)

" * Not determined.
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Fig. 2. Synthetic seismograms (z velocity component) computed at various depths corresponding to an epicentral distance of 3.5 km '

for event 1 by using the crustal model of Table 2. Each signal is normalized and the amplitude of the maximum is given in

hundredths of a millimeter. These seismograms are compared with the observed record at station LMR.
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Fig. 3. Seismograms corresponding to the fitting of the source depth for event 1. The epicentral distance and crustal parameters are
the SaIne as in Fig. 2.

we have considered Qp and Qs to be independent Fig. 4B. The comparison with the results obtained
of depth. Now, we choose quality factors increas- with the initial model (Fig. 4A) indicates that this
ing with depth as suggested by different studies gradient of attenuation leads to a better distribu-
[6,14-18]. tion of energy among S waves and a more realistic

First, we consider a model with a lower at- synthetic.
tenuation in the thick bottom layer while Q values Next, we investigate the effect of an increase of
in the upper crust remain unchanged (Table 2b). the quality factor in the upper crust. The model is
The synthetic seismogram computed is depicted in presented in Table 2(c) and leads to the synthetic
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Fig. 4. Modelizations obtained with different quality factors. The synthetic traces A, B and C are computed by using a focal depth of
3.5 km and quality factors given in Table 2(a, b, c, respectively). D corresponds to computed wave-trains obtained for a depth of 4.5
km and quality factors shown in Table 2(c).
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TABLE 2

Crustal mode! and different Q. quality factors used for event 1, with Qp = 2Q.

Layer P-wave S-wave Density (a) (b) (c)
thickness ve!ocity ve!ocity (g/cm3) Q. Q. Q.
km (km/s) (km/s)

1 3.00 1.73 2.00 200 50 100
1 4.50 2.60 2.60 200 100 200
4 5.80 3.40 2.80 200 200 350

'20 6.20 3.65 2.90 200 400 400
8.05 4.70 3.30 99999 99999 99999

~

1 depicted in Fig. 4C. That shows the relatively -A 2 km deeper Moho weakens the last part
weak sensitivity of the signal to a change of qual- of Lg and the reflected P waves (Fig. SE).
ity factor limited to the first kilometers of the -Finally a smoother velocity increase is pos-
crust. The comparison with the result obtained tulated in the lower crust. The synthetics obtained
with the same crustal model but with a slightly by assuming again a source depth of 3.5 km has a
different source depth (4.5 km in place of 3.5 km) slightly stronger amplitude (Fig. 5F). This syn-
shown in Fig. 4D, indicates the prominent part thetic remains in good agreement with the ob-
played by the focal depth on the waveform, in served seismogram.
spite of the fact that the source remains in the From this example we conclude that focal depth
same layer. This is a fundamental point that we determination is Dot critically dependent on the
will investigate shortly in the present example. details of the crustal model considered. On the

The possibility of focal depth determination is, other hand, if the crustal model used is too differ-
of course, dependent on the knowledge of a realis- ent, we cannot obtain a realistic synthetic even by
tic crustal structure. ln order to evaluate the sensi- changing the focal depth. For example, the lack of
tivity of the seismograms to the characteristics of a sedimentary layer produces a clearly simpleT
the model, we studied the effects of perturbations seismograIIl whatever the depth is. ln a case of a
of the velocity distribution. The crustal models slightly deeper Moho, the effect is much legs
including small changes with respect to the refer- dramatic. Especially, the Lg wave train is modified
ence model previously used, are presented in Fig. because a stronger geometric attenuation weakens
5 (right) with the corresponding synthetics. The these multireflected waves. Although weaker, this
observed seismogram and the synthetic computed effect exists for the reflected P waves. Thus, we
with the starting crustal model, depicted on the tried to compute a seismogram with a new depth
right of the figure, are reported in Fig. SA. (5.5 km) which kept the vertical distance from the

- The lack of the first sedimentary layer drasti- focus to the Moho. The corresponding synthetic is
cally diminishes the complexity of P and S waves not so realistic as the previous one, because of the
(Fig. SB). modification of the incidence angle of the waves

- ln contrast a 1 km thicker seaimentary layer in the upper crust.
introduced in the computation leads to a synthetic We may conclude that the focal depth de-
with a more important coda (Fig. SC). Neverthe- termination seems reliable in this example. ln
legs, the shape of the seismogram is DOt strongly many cases, this type of study allows us to ob tain
disturbed in comparison with the initial synthetic accurate evaluation of the focal depth while stan-
of Fig. SA. dard methods using arrivaI times give only precise

-If we consider DOW a 2 km thicker upper determination of the epicenter. The main limi-
crust the change of the computed synthetic is very tation seems to be that the crustal structure along
small and only involves a different ratio in the the path should be uniform and of course known.
energy pulses of S waves (Fig. 5D). ln the next example we consider a case where the

,
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structure is changing drastically from the source 3.2. Discussion
area to the receiver. We may verify the effect of a different gradient

of attenuation in the crustallayers. The synthetic
3. An earthquake in the Ivrea body seismograms displayed in Fig. 7 are computed

with quality factors given in Table 3(b) and with
This event occurred on January 12, 1984, Qp = 2Qs. These new values allow us to model

located at 44.70 N :f: 0.020, 7.30 E :f: 0.030, in the rather weIl the relative amplitude of the different
Ivrea zone, with an undetermined depth, accord- energy pulses observed in the wave trains. ln order

\

ing to the L.D.G. and the "Istituto Geofisico di to enhance this improvement, a ratio Qp = Qs is

Genova". We model the seismograms recorded in now used (Table 3,c). The synthetics displayed in
c- stations FRF, LRG, LMR, respectively 134, 156, Fig. 8B, corresponding to a focal depth of 10 km

162 km away from the epicenter. The focal mecha- and stations FRF and LRG are computed with
nism is a strike-slip fault (Table 1). The anoma- these new Qp values. The comparison with the
Ions character of the Ivrea zone is weIl known Fig. 7B, where the signais are calculated with
[15,19,20]. So, a high-velocity layer is added in the Qp = 2Qs shows that the energy pulses of P waves

crustal model in order to simulate the slice of the fit now the observed ones more accurately. Indeed,
overthrusting upper mantle. The quality factors in this case, a realistic P /S amplitude ratio needs
used are the SaIne as in the first simulation (Table weak Qp values. This strong apparent attenuation
3,a). should be due to the lateral heterogeneities of the

medium.
3.1. Effect of focal depth As it was previously pointed out in this exam-
The lack of strong Rayleigh waves on the pIe, the structure encountered along the path be-

observed seismograms (see Fig. 6A for station tween the sourœ and the receivers presents strong
LMR) excludes the hypothesis of a very shallow lateral changes. We have to test the implications
Cocus. Thus, the depths 29, 21, 10 and 5 km were on the seismigrams of the choice of the crustal
investigated at first (Fig. 6). Considering station model, introduœd in the .computations, which we
LMR, the synthetic waveforms obtained for a 10 assumed to be plane and homogeneous.
km deep source are the most similar to the re- Fig. 8B show the results obtained for stations
cords. LRG and FRF with the crustal model displayed

By performing further computations, we in Table 3 taking into account the Ivrea Body.
checked the effect of focal depth from 8 to 12 km. If the anomalous character of the source region
With respect to the envelope of the S wave-train is ignored and the synthetics computed with the
and the distribution of the energy pulses in P and SaIne crustal model used for the earthquake in
S waves, a intermediate value between 8 and 10 Roquebillere (Table 2), the theoretical P /S ampli-
km is proposed. The corresponding synthetics for tude ratio is too high with respect to the observed
stations LRG and FRF are presented in Fig. one (Fig. 8C). The S wave form is also modified.
7B-D. If we consider a model in which the Moho is 40

TABLE 3
Crustal model and different quality factors used for event 2. ln the cases (a) and (b) Qp = 2Qs

Layer P-wave S-wave Density (a) (b) (c) (d)
thickness velocity velocity (gjcm3) Qs Qs Qp Qs
(km) (kmjs) (kmjs)
1 3.50 1.70 2.00 100 50 50 50
1 4.50 2.60 2.60 200 100 100 100
4 5.80 3.40 2.80 350 200 200 200

20 6.20 3.65 2.90 400 200 200 200
5 7.40 4.30 3.10 400 400 400 400

8.05 4.70 3.30 999999 999999 999999 999999
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km deep, as was found southwest of the epicenter and Lg waves [21]. This seismogram is very differ-
(Fig. 1), this model corresponds to the actual ent from the ones analyzed in the previous exam-
structure on a rather important part of the Tay pIes. ln order to check the sensitivity to focal
path, but the synthetics computed for stations depth, we computed synthetic seismograms for a
LRG and FRF are clearly different from the point dislocation at depths 6 km, 9 km, 12 km,
observed seismograms (Fig. 80). and 18 km. The synthetics corresponding to sta-

Other focal depth values have been tested in tion CVF are depicted in Fig. 9.
:: computations using the two crustal models ln the case of the two shallower sources (6 and

described above. None of these trials provided fits 9 km) the synthetics exhibit characteristics com-
as realistic as those obtained previously. pletely different from those of the observed seis-

The conclusion of these tests is that the best mograms. The waves guided in the sedimentary
crustal model for the simulation seems to be the layers give rise to very long and energetic coda
most characteristic of the structure of the crust (see Fig. 9B where the depth is 6 km). When the
just around the epicenter. focus is in the volcanic layer (z = 9 km), we still

obtain a strong excitation of guided waves (Fig.
4. An earthquake beneath the Ligurian Sea 9C). If the source is located in the lower crust

(layer "3b"), the fit between actual and theoretical
This event occurred on October 4,1985, at 15 h seismograms is better (Fig. 90). When the locus is

22. It was located at 43.6°N::!: 0.02°, 8.00E:I: in the mantle the P waves are more impulsive (Fig.
0.02, z = 10 km as computed by E.M.S.C. The 9E).

location from L.D.G. is given with a focal depth The fit with observed seismogram, P-wave
of 14 km whereas according to I.G.G. the depth is arrival-times and global shape of the wave train,
18 km. The focal mechanism indicates reverse leads to choose a source in the lower crust which
faulting (Table 1). The crustal structure in the is only 4 km truck (Table 4,a), that is to say an
Ligurian sea is known from numerous seismic intermediate depth between 10 and 14 km. A
sounding surveys [1,2]. The starting crustal model depth of 12 km is used in the following computa-
deduced from thcse studies is reported in Table 4. tions.
At first the quality factors are assumed to be
constant with depth: Qs = 200, Qp = 400 (Table 4.2. Discussion

4,a). The first synthetics displayed in Fig. 9 are
computed with average quality factors Qs = 200

4.1. Effect of depth and Qp = 2Qs. Then, values increasing with depth

The wave trains observed at station CVF (Fig. are used (Table 4,b) with low values for Q in the
9) are characterized by an emergent shape typical sedimentary and volcanic layers. The seismogram
of the propagation in the oceanic crust. Another synthesized by using these values is depicted in
feature of oceanic propagation is the absence of P g Fig. lOB and may be compared with the one

TABLE 4
Crustal model and different quality factors used for event 3. Qp = 2Qs in cases (a) and (b)

Layer P-wave S-wave Density (a) (b) (c) (d}
thickness velocity velocity (gjcm3) Qs Qs Qp Qs
(km) (kmjs) (kmjs)
2 1.05 0 1.03
1 1.80 1.06 1.50 200 60 30 60
5 4.40 2.60 2.60 200 80 40 80
2 5.80 3.40 2.70 200 200 100 200
4 6.90 4.10 3.10 200 400 200 400

" 4 * 7.40 * 4.30 * 3.20 * 200 * 400 *
8.00 4.70 3.30 999999 999999 999999 999999

* Used for stations LRG and FRF (case c) in order to simulate the behavior of the wave train crossing the continental slope.
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Fig. 9. Comparison between the observed record (vertical displacement component) at station CVF from event 3 (A) and the
synthetic seismograms computed with the source located in different layers. B. The focus is in the Messinian sedimentary layer (6
km). C. The focus is in the volcanic layer (9 km). D. The focus is in the lower crust (12 km). E. The focus is in the mantle (18 km).
The crustal model and quality factors used are reported in Table 4(a). The maximum of amplitudes are given in microns.

computed with constant quality factors (Fig. 10C). the different ray-paths (Fig. 1), one can observe
The ratio between P and S amplitudes is DOW that the seisrnic waves towards the Corsican sta-
more realistic. tion CVF cross the oceanic crust and undergo a

The importance of the water layer present in sharp transition between the oceanic and con-
our crustal model along the entire ray-path is tinental crust in the vicinity of the station. To-
illustrated by computing a synthetic seismogram wards the stations FRF and LRG the ray-paths
with the same crustal model but where the water mainly cross the continental slope which is an
layer is replaced by a thicker sedimentary layer. intermediate domain between the ?œanic and
The result is shown in Fig. 10D. The comparison continental crust and where the Moho is dipping
with the Fig. 10C indicates that the water column from 14 up to 35 km under the stations [1]. ln
does DOt play an important part on the seismo- order to take into account this slope of the Moho,
gram shape but produces a global decrease of the we introduce in the model a fictitious transition
energy. layer beneath the oceanic crust, as displayed in

The synthetic signaIs corresponding to stations Table 4(c). Fig. lIA and C show the comparison
LRG and FRF are characterized by a lack of between the computed and observed wave-trains.
energy pulses in comparison with the actual wave We may notice that this crustal model enhances ,
trains, as shown in Fig. 11B, where the quality P-wave arrivals. To obtain a better fit, the quality
factors depicted in Table 4(b) are used. Exarnining factors have been checked. Very low values of Qp

t.
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Fig. 10. Comparison between the observed record at station CVF from event 3 (A), epicentral distance 134 km, and the synthetics

computed with different quality factors depicted in Table 4 (a: signal C; b, signal B). For the seismogram reported in D the water

layer is replaced by a sedimentary layer with a P-wave velocity of 1.8 km. The foc us depth is 12 km for each computation.

are necessary to get a realistic aspect in the syn- For the other stations, the Tay path mainly crosses
the tics (Table 4,c). Once again, this apparent at- the continental margin; the introduction of a
tenuation of P waves should be linked to strong fictituous intermediate layer at the bot tom of the
lateral changes along the path between the source crust allows to obtain realistic synthetics.
and the stations. We noticed that the envelopes of the seismo-

grams are very dependent on the focal depth.
5. Conclusion Therefore, if a convenient crustal model and a

precise focal mechanism are used in the computa-
The discrete wave number method was used to tion, we may constrain the depth of the source in

model seismograms at distances from 80 to 160 a better way than with the standard location
km. methods that use arrivai times, as we showed in

As a first step, this method was applied to a the first example. If the structure changes from
rather homogeneous area (first example) and a the source area to the receiver, we deduced from
reliable crustal model introduced in the computa- our modelings, that the crustal model providing
tions allows the recorded wave trains to be de- the most realistic synthetics is this one describing
scribed with a good accuracy. For the two other the structure in the vicinity of the epicenter. ln
examples the wave trains crossed heterogeneous this last case, we may assume that the depth,
media. ln the second ex ample, the most realistic deduced from the computation, ma y be realistic,
synthetics were obtained with a crustal model although not so accurate as the determination
characteristic of the structure of the area around obtained in the first example.
the epicenter: the region of Ivrea. For the third The waveforms show a much weaker sensitivity
example, an earthquake in the oceanic domain, to slight variations of the crustal structure than to
good results were obtained when the ray-path, the source depth. Nevertheless, we have seen that
from the source to the station is mainly oceanic. the computation of realistic synthetics involves
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Fig. Il. Comparison between the observed records (vertical displacement component) at stations LRG and FRF from event 3 (A),
corresponding to epicentral distances of 116 km and 132 km and synthetic seismograms computed: (8) with the crustal parameters
shown in Table 4 (a); (C) in adding a transitionallayer as shown in Table 4(c).

few degrees of freedom for the crustal model The more the ray-paths cross an heterogeneous
which, therefore may be improved by the fitting of medium, the weaker is the apparent ratio Qp/Qs
the synthetics. as already explained by Richards and Menke [22].

By modeling seismograms from an hetereoge- We studied three earthquakes with weIl con-
neous region we have pointed out the importance strained focal solutions. However, in order to study
of apparent anelastic attenuation. The good fit of the sensitivity of the waveform to the source
the ratios of P to S amplitudes obtained between mechanism, we computed synthetics with small i
synthetics and observed seismograms lead us to variations of the focal parameters. The azimuth or
introduce quality factors that increase with depth. clip of the fault planes were changed by about 200

..
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