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RESUMEN

Tiempos de arribos, medidos en la Red Sismografica de Costa Rica, fueron empleados para extraer informacién sobre la corteza
y el manto por debajo de Costa Rica. Datos de tiempos de arribo de la onda P y S de 100 sismos locales y regionales ocurridos
durante el periodo 1984-1990 fueron usados para obtener la velocidad Pn, la razén de Poisson, la anisotropia de la yéocidad Pn
correcion de las estaciones. La razon de Poisson para la capa superior del manto por debajo de Costa Rica es 0.268 y¢a velocid
Pn encontrada es de 7.81 km/sec. La presente investigacién no muestra variaciones anisotropicas significantes parada onda Pn.
profundidad del Moho se calcula en 34 km, aproximadamente.

PALABRAS CLAVE: Método de tiempos de arribos, velocidad Pn, razén Vp/Vs, anisotropia, Costa Rica.

ABSTRACT

P- and S-wave arrival-time data from 100 local and regional earthquakes recorded by the OVSICORI-UNA Costa Rica seismo-
graphic network, between 1984 t01990, are employed to extract crustal and upper mantle information beneath Costa Rica. Pn-wave
velocity, Poisson’s ratio, velocity anisotropy and station corrections were calculated in this study. Poisson’s ratipgerrizesu
mantle beneath Costa Rica is 0.265 and the Pn velocity is 7.81 km/sec. The present study does not reveal any signdagnt Pn vel
anisotropy. The computed Moho depth beneath Costa Rica is approximately 34 km.

KEY WORDS: Time-term method, travel times, Pn velocity, Vp/Vs ratio, anisotropy, Costa Rica.

INTRODUCTION velocity are similar, but we obtained a significantly smaller
crustal thickness. We discuss this disparity in conclusions.
Costa Rica is located near the southern terminus of the
Middle America Trench (MAT) in a complicated
seismotectonic environment. The most prominent feature of
this region is the tectonically active junction between four The OVSICORI-UNA seismographic network is a
major lithospheric plates, namely the South American, Nazca, telemetered network consisting of 26 seismographic stations.
Cocos and Caribbean (Mann, 1995). The interaction of these The seismometers are mainly short-period vertical-compo-
plates generates subduction of the Cocos plate under thenent Ranger SS-1 (1 Hz) instruments (Gueertlal, 1989).
Caribbean plate, subduction of seamounts in southern Costalt has been operating since early 1984 and is administered
Rica, a volcanic chain, back-arc thrusting and fracture zones by the Universidad Nacional Autbnoma. Location of stations
(Silveret al, 1995). used in this study is displayed in Figure 1 and station coordi-
nates may be found, e.g., in Glienetedl. (1989). The prin-
cipal data gathered by the network, are seismograms from
local and regional earthquakes. To determine the Pn veloc-

DATA

We apply the time-term method of Scheidegger and
Willmore (1957) for extracting crustal thickness and upper-

most mantle velocity from an ensemble of seismic-wave ar-
rival-times. We use P and S waves from local and regional
earthquakes that occurred during the period from 1984 to
1990, recorded by the Observatorio Vulcanolégico y

Sismoldgico de Costa Rica, Universidad Nacional

(OVSICORI-UNA) local network. From this data set we es-

timate Pn-wave velocity, Pn-velocity anisotropy, Poisson’s

ratio (Vp/Vs) and station corrections.

Matumotoet al, (1977) carried out a travel-time study

ity, the present study makes use of 100 earthquakes from the
time period 1984-1990, with duration magnitude (as defined
in OVSICORI, 1993) N4, and in the distance range from
116 km to 666 km. Respective epicenters are displayed in
Figure 1. Data selection is based on the following criteria.
We need at least one station with a Pn-phase reading. The
event should be recorded by as many stations as possible,
usually more than 6 stations. Focal depths of events consid-
ered are less than 45 km. The event location is also reported
in the ISC bulletin. We consider only events located by

and found that the thickness of the crust beneath the central OVSICORI-UNA within location error limits given by ISC.

volcanic axis of northern Costa Rica is about 43 km and the
upper mantle velocity is 7.9 km/sec. Our results for mantle
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In total, we selected 100 events and made use of measure-
ments at 26 stations. The selected events show root-mean-
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Fig. 1. Location of events used in this study and recorded by the OVSICORI-UNA seismographic network. The epicenters are indicated by
circles and the stations by triangles. MAT= Middle America Trench, PFZ= Panama Fracture Zone. The rectangular zone indicates the location

of the array used in the work of Matumetioal., (1977).

square time residuals §g<Tca.) less than 0.4 sec, where  with the trench, source-to-station azimuths are concentrated
Togs refers to OVSICORI-UNA measurements. Due to the around 110 and 3259see Figure 2).

elongated configuration of the OVSICORI-UNA network and
to the distribution of selected earthquakes, roughly parallel Arrival-time readings from OVSICORI-UNA seismo-
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Fig. 2. Histogram of source-to-station azimuths used in this study.
logical bulletins are compiled and classified with respect to Table 1
the quality of the onsets. For P and S waves, the onsets are
classified in the usual way as either “i" (for impetus) or “ P-velocity model used in the location procedure

(for emersio) and assigned a relative weight between 0 to 4,
depending on the quality of the seismogram, as defined in

the program Hypoinverse (Klein, 1984). All earthquakes are Vp km/sec Depth km
located using the program Hypoinverse (Klein, 1984), with
the 1D P-velocity model listed in Table 1 (see Guiendel, 1986 5.10 0.00

for the reference model). AVp/Vs ratio of 1.78 is used in the

earthquake-relocation. The hypocenters are concentrated 6.20 8.20
along the Wadati-Benioff zone and around the Panama Frac-

ture Zone (see Figure 1). 6.60 21.10

TRAVEL-TIME STUDIES 7.80 43.40

8.15 60.00

Assuming that locations and origin times of employed
earthquakes do not contain large errors, the initial identifica-
tion of the recorded P or S wave is based upon the 1-D ve- theoretical travel time for direct and refracted waves and
locity model described in Table 1 and on information pro- chose the wave type, which gives the minimum difference
vided by ISC. To identify the wave type, we compute the between the corresponding, observed and calculated travel

173



R. Quintero and O. Kulhanek

time. As shown and discussed below, our depth to Moho is 1981). In the present work, a structural model specified in
34 km and differs from that given by Matumetioal (1977, Table 1 has been used in the phase identification.
see also Table 1). However, we do not believe that this ambi-
guity will influence significantly travel times of direct P For the refracted wave, and for an accepted location and
waves (for events shallower than 34 km, about 75% of present origin time, we determine the apparent velocity v, from the
data) and of Pn for larger distances. relation
i1d =d+Alv. (3)

For a general case, where the source is at any arbitrary
depth in a model consisting of N layers over a half-space, ~ Where tis the travel time to the i-th station,isla delay
the corresponding travel time, for a ray refracted along the associated with the i-th station, d is a fixed defgys the

top of the k-th layer and a source in the j-th layer, becomes epicentral distance and v is the apparent velocity. We solved
egs. (3) for d and v by weighted least-squares. The used

A 9 hQy k-1 hQy weights are associated with the inverse standard deviation
Ty = Vi ViV + z ViV, + ZZ AV (1) of the residuals, and with the quality of the seismograms, as
1=1 =] explained before.

The corresponding critical distance reads .
A total of 581 recorded onsets, from a distance range

_ ZV, + hv, +2 hv 5 between 116 and 666 km, were interpreted as Pn arrivals.
Sk = le 2 (2) The travel time versus distance distribution was fitted with a
straight line (Figure 3). The resulting relation reads
forj=1, 2,..., N-1 and k = 2,3,...,M.is the epicentral dis- _
tance( is the source depth measured from the top of the j-th t= (5.621%0.1434)+(0.12840.00054 . (4)
layer,Qy; = (V¢ = V?)"? andQy; = (v - v?)"?, hyis the thick- The inverse slope of the straight line in Figure 3 gives a
ness and the velocity of the i-th layer (Lee and Steward, Pn velocity of 7.79 km/s.
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Fig. 3. Travel times of Pn waves plotted against epicentral distances. There are 581 measured travel times in the distamecd téng
km to 666 km used in the diagram.
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As can be seen in the plot of the travel-time versus epi-
central distance for the Pg wave (Figure 4), we can fit the
data for short distances, i.e. approximately between 11 km
and 150 km and 0-35 km focal depth, with another straight
line. This approximation gives an average Pg velocity of 6.56
km/sec and Moho depth of 34 km. We calculate the dgpth h
to Moho using the equation #sv, + 2h (v3 - v2)Y 21V,
where the time is given in eq. (4),i8 the Pn velocity andv
is 6.56 km/sec.

Although the OVSICORI-UNA seismic network consists
mainly of vertical-component instruments, we also tried to
employ Sn- and Sg-wave arrival-times to estimate the Vp/
Vs ratio by constructing the Wadati diagrams. We use the
slope in the graph (Ts-Tp) versus Tp, where Ts-Tp is the
difference between the S- and P-wave travel-times (Kisslinger
and Engdahl, 1973). In order to make use of data from a

number of shocks, we adopted travel times rather than ar-
rival times. In our case, 298 observations of Pn- and Sn-wave

travel-times give a Vp/Vs value of 1.769 (Figure 5). Then,
from the relation between Vp, Vs aadisotropic material),
we obtain Poisson’s rati@, = 0.265+ 0.001, for the layer
just below Moho.

100

Pn-wave observations in Costa Rica

If we combine direct waves and waves refracted from
Moho and other discontinuities, then the Wadati diagram
exhibited in Figure 6 provides an average Vp/Vs ratio of
1.77'#0.002, and Poisson’s ratio of= 0.268+ 0.001. Dif-
ferences between the Vp/Vs ratios as well as between
Poisson’s ratios, deduced from the two data sets, are small.
This was expected since for a layered medium and large epi-
central distances (compared to focal depths), Wadati diagrams
are mostly representative of Vp/Vs ratios in the deepest layer
sampled by seismic waves (Lee and Steward, 1981).

STATION CORRECTIONS

We also examined whether or not the travel-time residu-
als, relative to the velocity model in Table 1, are azimuth
dependent. In doing this, we used the formula

(5)

Where {4 is the i-th residual at station j; Zs the azi-
muth from source i to station j, ang, &8; and E are deter-
mined by the method of least-squaresisAcalled the mean
station-correction, Bis the amplitude and; i the phase of
a sinusoidal function (Herrin and Taggart, 1968). Both the

szAj'f'Bj Sin(Zj+Ej)=Aj+Cj SIn(Z])+D] COS(Zj) .

Travel-Time (sec)
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Fig. 4. Travel times of Pg and Pn waves versus epicentral distance. There are 994 measured travel times in the distancé ke f
to 666 km used in the diagram.
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Fig. 5. Wadati diagram for 298 event-station pairs with recorded Pn and Sn waves. Vp/\VE3:0080bserve that travel times rather
than arrival times are used in the diagram (see the text). Focal depth varies from 0 km to 45 km.
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Fig. 6. Wadati diagram for events with focal depths between 0 and 45 km, showing a Vp/Vs valuex® 0027 Tor 447 P and S wave
travel times. Both direct (Pg, Sg) and refracted (Pn, Sn) waves are employed.
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direct and refracted waves, i.e. P and Pn, respectively are T, )minus the “predicted” residual travel time (cf. eq. (5)),

included. If we assume no azimuthal effect, the station cor- and M is the number of calculated parameters.
N
rection is the mean residuai% Z Uj; , which needs to be We repeated the analysis station by station, for the case
1=1 when only Pn travel-time residuals were considered. In this
case, the estimated standard errors for each station are large,
i.e. of the same order as the estimated parameters Aj, Bj and
Ej. One exception is the POA station, for which the least-
squares method for 19 Pn travel-time residuals gives
A=0.15+0.05, B=0.4%0.12 and E=58.96-°3.16 (Figure 8).
These values indicate that for source-to-station azimuth ap-
proximately 30 and 210, the POA station correction (Pn)
Ucpm = -0.15 + 0.12 sin(@pu-82.34) . (6) is 0.6 sec too short and -0.3 sec, respectively. We believe
that the high station corrections for TIG and VTU (Table 2)

We repeated the procedure for 22 stations with 10 or more are associated with the local geology beneath these sites.
recorded events. Calculated station corrections are summa-
) X . VELOCITY ANISOTROPY
rized in Table 2. Parameters A, B and E are the estimates of

calculated for each station.

As an example, Figure 7 shows the travel-time residuals
without station correction, for station Cerro de la Muerte
(CDM) with the highest altitude, plotted against azimuth.
We found that the residuals at CDM for 92 events can be
expressed as

Aj, Bjand k, respectively, j=1,...,22. N is the number of earth- To estimate the apparent velocity Vo, time delays and to
quakes considered? is the variance of the regression  examine the possible variation of the Pn velocity as a func-
) ;I% g2 0O tion of azimuth, we employ the modified version of eq. (3)
0" =0) (N—myd Where & is the residual Toss (Raittet al,, 1969)
1=1 0
1 T T + T T T T T
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Fig. 7. 92 travel-time P-wave residuals measured at CDM station and plotted against source-to-station azimuth. Thes &tk i
sinZj+Ej), eq. (5), where the residualsdhm are relative to the 1D velocity model listed in Table @y is the azimuth from event i
to station CDM, A=-0.15, B = 0.12 and E=-82.34.
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Fig. 8. Pn travel-time residuals for POA station plotted against source-to-station azimuth. The plotted gaAeB; sin(Zj+E;)
according to eq. (5). The residualgade relative to the 1D velocity model listed in TablejlisZhe azimuth from event i to POA,
Aj=0.15, B=0.47 and 58.96. 19 Pn travel-times residuals were used.

§ = at+g+ly/Vo+(Fa+Fbay)/ \/02 ov (7) where the parameters A, B, C, D are functions of the aniso-
tropic elasticity of the upper mantle a@ds the source-to-
where } is the travel time from source i to receiver prad @ receiver azimuth.

are time delays at the source and receiver, respectively, Fa _ o _ o
and Fb are horizontal offsets between the source and receiver ~ The velocity variation between any source-station pair is

and the point of critical refraction, respectively, @udep- estimated using eq. (7), i.e.
resents a weak anisotropy of the Pn refractor velocity. Note
that the approach based on egs. (7) does not require a spe- Ov = (f - & - g - &/Vo) VZI(Fa+Fbay) . (9)

cific initial velocity model, which was the case in the pre-
ceding section. An offset distance could be used instead Fa  The estimated velocities are plotted in Figure 9 as a func-
and Fb (Morriset al, 1969). By solving a set of egs. (7) we  tion of angleg. The solid line in the figure represents the
inverted simultaneously for Vy, a, 3. Whereas eq. (5)is ~ calculated velocity using@and 4p terms of the Backus
solved for one station at a time, egs. (7) are inverted for all anisotropy function specified by eq. (8).
stations at the same time.

To solve eq. (7), we arbitrarily fix the time term of one

Backus (1965) shows that small anisotropy can be rep- Selected station and the other delay times are calculated rela-

resented in the form tive to the fixed one, as defined in McCollom and Crosson
(1975). Table 3 summarizes the results for least-squares analy-
dv = Acos2p+ B sin2p+ C cos4p + D sin4p (8) ses that use 571 arrivals from 94 earthquakes, recorded at 23
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Table 2

Pn-wave observations in Costa Rica

Calculated station corrections *
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stations. The CDM station delay was fixed at 1 sec, and the one would obviously need a data set with more even distri-
other delay times are calculated relative to the CDM delay. bution of source-to-station azimuths (cf. Figure 2).

The standard error about the regression is equal to 0.32 sec,
the mean velocity is 7.81 km/sec, and the magnitude of the
2@ and 4pterms is 0.078 km/sec and 0.053 km/sec, respec-
tively. The magnitude of theg(4g) term is computed by Travel-time analyses of 100 regional earthquakes, re-
taking the square root of the sum of squares of Aand B (C ¢orded by the OVSICORI-UNA seismographic network with
and D) coefficients (Morrigt al, 1969). NumerlcaAresults an assumed multilayered velocity model show the follow-
are summarized in Table 4. For the dgsea; + g + % , ing:
i.e. no azimuthal velocity dependence, the Pn velocity?s simi-

lar to that deduced from the diagram in Figure 3. Hence, we Poisson’s ratio for the uppermost mantle beneath Costa
conclude that the present data do not indicate any significant Rica iso = 0.265. The best linear fit for the direct and re-
anisotropy of the Pn velocity. For more conclusive results fracted wave gives the velocity ratio Vp/Vs = 1.78.

CONCLUSIONS
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Fig. 9. Pn-velocity anisotropy expressed as deviation from mean velocity of 7.81 km/sec, plotted as a function of azisulith.lifike

represents Pn velocity deviation calculated from eq. (8). The deduced parameters are A=0.061, B=0.049, C=-0.043, D=0&81CThe B

terms are small when compared with their standard errors. Data in the figure are from the 100 events and stations shewin TThEigu
largest anisotropy ter! AZ+B? is 0.078 km/sec. The other term‘C2 +D? is 0.053 km/s and close to the standard deviation.
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Fig. 10. Source-to-station pairs employed in the present study.
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Table 3

Station delay-times obtained according to eq. (7)*)
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*) We correct for the elevation according to the formula c=(3.47-
altitude)/5.1, where 3.47 km is the CDM altitude. The value is added
to the second column and the result is given in the fourth column.

Table 4

Anisotropy results

Coefficients ~ Numerical values Standard errors
egs (7,8) km/sec km/sec
Vo 7.81 0.030
A 0.061 0.031
B 0.049 0.037
C -0.043 0.018
D 0.031 0.024

The Pn velocity obtained in this study is 7.81 km/sec,
which is in good agreement with the Pn velocity found by
Matumotoet al., (1977).

Pn-wave observations in Costa Rica

The Pn velocity deduced for an assumed isotropic mate-
rial is close to the velocity for an anisotropic case. We con-
clude that the present data (with highly uneven azimuthal
distribution) do not indicate any significant anisotropy of the
Pn velocity.

Pn travel-time residuals do not give any evidence of azi-
muth dependence, with the exception of the POA station (Fig-
ure 8). In general, if the residuals do not show azimuthal
effect, the station correction for each station can be found
through the mean of the residuals (Table 2).

The calculated Moho depth beneath Costa Rica is about
34 km, which differs from that of 43 km presented by
Matumotoet al. (1977). The latter is derived from observa-
tions made by a 25km x 25km array (except one outlier sta-
tion) around the Arenal volcano in northern Costa Rica. Their
result is, therefore, relevant only for a rather limited area of
the country.

In contrast, source-to-station pairs employed in this study
(Figurel0), sample crust and the upper mantle beneath the
entire Costa Rica, except a narrow strip along the Caribbean
coast, and consequently provide an average Moho thickness
for the whole country. Our Moho depth is in good agreement
with those available for Japan, Mexico and South America
(Matumotoet al., 1977) i.e. 33, 38 and 29 km, respectively,
whereas the thickness given by Matumetal., (1977) for
Costa Rica appears to be too large. Also, ¢taad., (1990)
estimated the crustal thickness in southeastern Costa Rica to
lie between 28 km and 35 km. For northern Central America
(Honduras), Kinet al, (1982) give an average crustal thick-
ness of 37.4 km. These results again are in agreement with
that found in this study.
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