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We report here source parameters of the Rocky Mountain carthquake swarm derived from Lhrec-component digial dat
During 6 days in October 1980, 21 cvents were recorded. Focal depths for these events are in the range of | 208102 % 2kn
Eleven cvents with local magnitudes from 2.1 1o 2.8 yiclded source parameters. Comer frequencics of the S-wave specira we
found in the range 6.2 + 0.5 Hz, giving source dimensions of 160 = 10 m. The comesponding P-wave cosner frequencies are
the range 8.6 = 3 Hz. The ratio of £ to § comer frequencies varies frum 0.9 10 2.1. There 1s a path effect between 13 and 16+
that could have atfected these rativs. The average failotl over three components at high frequencies varies from — 18t -2
High stress drops, ranging from 47 o 263 bar (4 7-26.3 MPa), and apparent stresses, from 2.5t0 23 bar (0.25-2.3 MPa), we
calculated. Five events have remurkably similat characteristics in the frequency and tme domains. For these events the ratio
minimum strain encrgy W, according 1o Kanamofi, Lo the encrgy calculated using the integration scheme of Hanks and Thatch
was 3.7 £ 0.5 A theoretical value gives 3.1, The seismic efficicney ranges from 0.2 = 0.04 16 0.17 = 0.8. Large seism
moments for relalively smafl magnitudes were found. Some of these spectral characteristics are best explained as the result
displacement along a smooth fault.

Nous rapponons ici les paramétres de la source: sismique d'une série de tremblements de rerre dans les Montagnes Rocheus
dérivés 2 I aide de données numérigues de trois composantes. En octobee 1980, 21 secousses sismiques ont £1€ enrcgistrées en
jours. Les profondeurs des Epicentres pour ces Secousses sismiques varieot enire | = 0,8 et 2 = 2 km. Onze secousses sismiqu
avee des magaitudes lucales de 2.1 2 2,8 ont fourni les paramétres de la source. Les fréquences au coude des ondes-§ du spect
fournissent une valcur de 6,2 * 0,5 Hz, ce qui donne comme dimensions de Ja source 160 £ 10 m. Les fréquences au coude d
ondes-P sont de 8.6 = 3 Hz. Le rapport des fréquences au coude des ondes variede 0,94 2. 1. flexistc un effet di au chemineme
des ondes entre 13 et 16 Hz qui peut avoir modihé ces rapports. L ralentissement moyen pour les trois composantes a haw
fréquences varic de —1,8 & -2,3. Les fortes chules des contraintes dans le domaine de 47 2 263 bar (4,7-26,3MPa) et |
contraintes apparentes de 2,5 & 23 bar (0,25-2,3 MPa) furent calcules. Cing secousses sismiques présentent des caracténistiqu
similaires en fréquence et en durée. Pour ces secousses sismigues le rapport de I"énergic minimum de lension Wo, définie |
Kanamorie. et de 1'éncrgie culcuiée au moyen de la méthude d'intégration de Hanks et Thatcher était de 3,7 = 0.5. Un cal
théurique donne 3,1. L efficacité sismigue varie e 0,2 * 0,0420,17 + 0.8. On observe des moments sismigues €levés pourc
magnitudes relativement petites. Centaines de ces caractéristiques spectrales s'expliquent plus clairement par un mouvement
long d'un plan uni de faille.

Can ). Earth Sci., 19, 07918 {198 (Traduit par le journ

Introduction 52°12'N and 115°14'W at a depth of 4 * 2km (Fig.

During late September and early October of 1980, a
local array of five gnalog vertical portable seismic
stations was operated by R. J. Weuniller of the Division
of Seismology and Geothermal Studics of the Earth
Physics Branch, Canada Department of Energy, Mines
and Resources. One University of Alberta digital three-
component portable station was deployed near Rocky
Mountain House, Alberta in order to study the seis-
micity of the arca. This area is the most active zone of
seismicity in the Foothills, Some of this acuivity has
been detected at Edmonton (Rebollar er al. 1982).

Events recorded by the analog and digital insiruments
were confined 10 an arca of approximately 8 km? near

Wetmiller 1981). Those events may be confined 1
hydrocarbon-bearing scdimentary layer in upper P
e0Zoic strala.

This study is mainly concerned with the evaluation |

focal depths and source parameters with a genera

-

P

accepted source model (Brune 1970, 197§). The |

source paramelers are compared with already publish
data, theoretical modeis, and results from laboratc
experiments of shear crack displacements, in a effort
explain their particular features.

Digital recorder
A three-channel Sprengnether digital recording s
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FiG. 1. The location of the Rocky Mountain carthquake swarm. The dashed lines isolate the seismic locations reported by
‘ctmiller (1981) and the Jocation of the digital scismic station. Almost all locations were near the gas wells.

m model DR-100 was used in this experiment. This
cording system was connected to five-pole antialiasing
sterworth flters and to Mark product L-4C {.0Hz
ismometers, to provide a single three-component
imable station. The sampling rate used in this experi-
ent was 100 samples/s. Absclute time was synchro-
2ed with the WWVB signal. A response curve for the
mbined recorder—seismometer for maximum gain of
10 and 60 dB is given in Fig. 2. The station was located
52.23°N and 115.27°W, southwest of Rocky Moun-
in House, and operated from October 3 to October 9,

1980 (Fig. {). The station was set up in sediments from
the Cretaceous, and operated with a gain of 66 dB due to
local background noise (mainly wind-generated and
oilficld activity).

Event locations
In order to analyse the events we need a structural
model. Richards and Walker (1959), from an approxi-
mately north—south refraction profile near 113.5°W and
between 50.8°N and 51.9°N, rcported two sedimentary
layers above the basement. The upper one is of
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Fic. 2. Magnification curves of the digital station at 20 and
120dB. The station was operated at 66 dB.

Mesozoic age with a thickness of 2km and a P velocity
of 3.6 km/s. The lower one is from the Paleozoic with a
thickness of 1.5 km and a P velocity of 6.1 km/s. One of
these events shows no discernible P or § waves. Five
events are remarkably similar in all three components
(bottoms of Figs. 4 and 5). This is not the first time that
this kind of carthquake has been observed. Geller and
Mueller (£980) reported four similar earthquakes in
central California at epicentral distances of 2051 km.
This also has been observed in the Victoria earthquake
swarm of 1978 in the valley of Mexicali, Meico and in
the aftershocks of the Oaxaca earthquake of November
28, 1978 (L. Munguia, personal communication, 1979).
This similarity implies that they are clustered in space so
that they follow the same path to the recording station.
The maximum amplitude was recorded in the east—west
component, where there was a dominant signal with a
period of about 0.2 s that corresponded to a wavelength
of 0.6 km, assuming &n 5-phase velocity of 3.0km/s.

The S- P times of these events were in the range 1.0 +
0.4s. The P arrival was read in the vertical component
and the S amival in the horizontal component. We
calculated theoretical travel-time curves using the
Richards and Walker (1959) model. A travel-time curve
for a source depth of 2 km gives an epicentral distance of
3km, for a source depth of 4 km. This corresponds to an
epicentral distance of 2.65 km. Deeper source depths do
not predict the observed S—P time; for example, a
travel-time curve for a source depth of 6 km predicts a
minimom 5—P timc of 1.2s above the epicenter.
Therefore these events have a source depth of approxi-
mately 2 * 2km (Fig. 3a).

These events do not have a large content of high
frequencies, even though the station was very near the
epicenter. It is well known that irregular rupture
dislocations with variable slip and complex strength on
the fault enhance high-frequency waves {Miyatake
19804, b). Perhaps these events correspond o a process
in which a barrier is being repeatedly broken and healed.
In this case the events share the same dynamic and

kinemalic characteristics. Another possibility is a col-
linear shear crack (Rudnicki and Kanamori 1981).
Geller and Mueller (1980) suggest that the clustering
and similarity indicate that these carthquakes can repre-
sent stress release at the same asperity.

One event with a relatively large S—P (2.1 5) time was
recorded; therefore it is not possible to determine the
approximate depth or epicentral distance. We filtered
the signal for this event with different bandwidths and
still observed clear P and 5 waves. Perhaps it was one of
the deep events that were analysed using S, phases at
Edmonton by Rebollar ef al. (1982). Unfortunately this
event was not recorded at Edmonton (Fig. 3b).

Calculation of the specira

This is the first time that this kind of analysis has been
done in the Foothills of the Rocky Mountains at short
epicentral distances (less than 5km). Source charac-
teristics at large epicentral distances, approximately
170km, for events recorded at station EDM in the
Rocky Mountzin earthquake swarm were analysed by
Rebollar et al. (1981).

Source parameters were caiculated using Brune's
{1970, 1971) mode}. This theory has been found 1o be
valid both at short epicentral distances of a few
kilometres and at teleseismic distances. See, for exam-
ple, Hanks and Thatcher (1972), Hanks and Wyss
(1972), and Hanks (1981) among others in an extensive
literature.

Comections applied before the calculation of seismic
moment wete: free surface reflection of 5y or Sy waves,
radiation pattern, scismic attenuation, geometrical
spreading, and instrument response. In this study 11
reliable events were used in order to get source parame-
ters. Epicentral locations, azimuths, and angles of
incidence calculated by R. J. Wetmiller (personal
communication, 1981) were used. These events were
rotated in order to have a “pure” Sy wave in the
transverse component, and the horizontal component of
the Sy wave in the radial term. Comections for free
surface reflection of the radial and vertical components
of Sy waves were calculated using Nutili's (1961)
formulas. Taking inmo consideration short epicentral
distances and the sedimentary layers of the Foothills, a
Q of 150 was used to correct for attenuation in both §
and P spectra, However, etrors in the choice of { were
not critical because of short epicentral distances.

The sedimentary layers of the Foothifls consist of
shales, siltstones, sandstones, and carbonates with
sccumitlations of hydrocarbons ranging in age from the
Cretaceous Period 1o the Cambrian Period in the
Paleozoic Era (Bokman 1963). Therefore, we assumed a
P-wave velocity of Skm/s, a density of 2.5 g/cm’, and
a Poisson ratio of 0.33, in order to take into considera-
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FiG. 3. {a) Travel-time curves for different depths using the Richards and Walker (1959) model. Amows show 5--F times of

approximately 1.0s for 1ypical events. (b) Possible decp event.

tion the low-velocity body waves of sediments reported
by Richards and Walker (1959). Sample lengths of 1.0
and 1.55 were used for S-wave spectra and 0.5s for
P-wave spectra. All the spectra were filiered between |
and 45 Hz and smoothed with a Danicl window of 1 Hz.

Source parameters and discussion
of the spectra

Eighteen events with §-F times of the order of 15
were analysed; of these, 11 yielded source parameters.
The spectra of these events show a significant path effect
between 13 and 16 Hz in the transverse or north--south
component and vertical component of the spectra. This
cffect is less prominent in the radial or cast—west
component. This path effect makes it difficult to
recognize comer frequencies, and sometimes it suggests
a spurious corner frequency of high frequencies (Figs. 4,
5). In the spectra of P waves this effect is even more

(¢) Typical event with S—P time of approximately 1 s.

noticeable, moving the comer frequency of four events
up to 11 Hz (Fig. 8).

Laboratory experiments have shown that the spectra
of waves radiated from the displacement of a homoge-
neous fault have a simple spectrum, i.e., a low-level
amplitude and the falloff at high frequencies with a few
peaks decreasing in amplitude. However, displacement
spectra from an inhomogeneous fault (with asperities or
obstacles) have a different form: the low-level amplitude
and the peaks in the falloff at high frequencies are
comparable in magnitude with the low-level trend,
suggesting two comer frequencics (Vinogradov 1978).
Therefore, these results could explain high peaks at
“high” frequencies in our spectra. However, the same
experiments show that shear displacement along a
homogencous fault (without asperities} gives a high
s¢ismic moment for a relatively small magnitude. This is
in agreement with our results. Since seismic moment is a
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spectra (all of the spectra were calculated at 60 dB; therefore they should be decreased by 6 dB in order 10 get 66 dB).

more reliable parameter we conclude that those effects
present in the observed specira are more likely due 1o
local inhomogeneities.

Comer frequencies were found in the range of
5.8-6.3Hz (Figs. 6, 7). This is equivalent o source

dimensions of 161-148 m. Some comer frequencies
the P-wave spectra are strongly affected by path effe:
as can be seen in the spectra of Fig. 8. Hanks (198
pointed out that source parameters calculated at a sing
station are more likely to be affected by path effects.
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Fio. 7. Spectra of the vertical (Z), radial (R), and transverse (T) components of the § wave of the events used in this analysis.
Arrows show comer frequencies. Some spectra show possible path inhomogeneities.
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the range of 1-636 bar (0, 1-63.6 MPa) for 61 events of
the Brawley carthquake swarm with magnitudes from 1
4.7,

Stress drops of possible deep events of the Rocky
Mountain House carthquake swarm are of the order of a
few tenths of a bar (Rebollar er al. 1982). Since the
shallow events have high stress drops, this seems to
coniradict the observations that the stress drop increases
with depth (Fletcher 1980, Hartzell and Brune 1977).
However, this observation could indicate that shallow
cvents are an indirect consequence of the extraction of
oil and gas whereas deep events are more likely of
tectonic origin. Figure | shows the epicentral arca
reported by Wetmillee (1981). Those epicenters tend o
lie near the gas wells of the Strathcona fields.

 ar oz

ey bt « -

Source parameters of the five similar events are more
homogeneous, reflecting the almost perfect match in the
seismograms. A plot of local magnitude versus seismic
momemt {Fig. 9) shows consistently large seismic
moments for this range of magnitudes. However, they
follow the same slope as the relation log My = 1.3M, +
16.6 (Rebollar er af. 1982). Large seismic moments for
relatively small magnitudes have been observed in
laboratory experiments of shear shiding along a smooth
fault (Vinogradov 1978). This could explain those high
moments, even though laboratory experiments are an
oversimplification of a real earthquake.

The radiated encrgy E was calculated using Hanks
and Thatcher’s {1972) integration scheme. They found
an analytic expression integrating the far-ficld shear

i . Jinee Rk ikt R B B B ER 7. | i DL S VR I N R TR YT 7T T T T T T mAT s mee el o me s

REBOLLAR ET AL.

TaBLE 1. Source parameters of selected events

25

My E,

ID  Recordingtime M, (dyn-cm) (erg) f5

r Ag " A
fr felfs ¥ (m) (bar) w (bar) Ao/nd (km)

I 19800ct. 030557 2.1 2.68x10%® 62 x10'" 64 116 1.8 1.8 150 47.3 0.15 3.61 13.1 2.0
2 19800ct.0318.35 2.} 1.47x10%° 2.41x10" 67 11.6 2.1 20 169 62.1 008 256 24.2 1.0
3 19800ct.0406.1F 2.4 7.07x10° 6.60x10'® 6.3 L4 1.8 2.3 148 2110 0.14 14.56 14.5 2.0
4 19800ct.0500.48 2.3 2.2ix10® 8.28x10' 63 1.3 1.8 2.2 148 747 0.16 534 128 1.0
5 19800ct.0810.52 2.5 1.I5x10" 1.71x10'7 58 55 09 1.5 172 1420 033 23.20 61 5.0
6 19800ct. 0812.15 2.8 1.56x10% 2.18x10" 63 — — 1.9 150 2653 0.17 21.80 1208 3.0
Similar events
7 19800ct.0710.51 2.6 828x10® 899x]10"™ 62 7.4 119 2.2 150 1135 0.30 1694 6.7 20
8 19800c¢t.0710.59 2.5 6.70x10%° 5.30x10"™ 6.0 7.1 1.18 2.1 155 92,1 0.27 12.34 7.4 2.0
9 19800ct.0711.50 2.6 8.28x107° 6.05x10"™ 59 7.1 1.20 1.9 158 1057 0.22 1140 92 2.0
10 19800ct.0716.25 2.8 LiSx1?' 1.39x107 58 7.3 1.26 2.2 161 1460 0.26 18.86 7.7 2.0
11 19800ct. 0804.59 2.7 1.04x10" 1.31x10"” 59 91 1.54 2.1 158 127.4 0.31 1965 6.4 2.0
Notes: M. = local magnitude; My = seismic moment (| dyn = 10Ny, E, = radiated seismic enecgy (1erg = 0.1 pJ); fs. fp = S-wave,

P-wave comer frequency; v = average falloff of the spectra st high frequencies; r = source dimension; Ao = stress drop (10 bar = | MPa);
v = seismic efficiency; nd = apparent stress (10bar = | MPa); A = epicentral distance.
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F1G. 9. Plot of apparent stress versus stress drop. The beavy
line shows the Hanzell ant Brune (1977) relation for the
Imperial Valley earthquake swarm. Similar events have a
relation to 4o = (7.4 = 1.1, Events 1-6 have & ratio of
11.9 with a great standard deviation (9.2). Note: 10 bar =
1 MPa.

displacement spectra proposed by Brune (1970), assum-
ing a complete stress drop (¢ = 1) and a falloff of -2 at
high frequencies. Thatcher and Hanks (1972), however,
pointed out that uncenainties in the falloff at high
frequencies can give a misleading measure of the
encrgy. In our case the average slope in the three
components of the shear spectrum at high frequencies
varies from 1.8 t0 2.3 (Table 1). Therefore, emmors in the
calculation of the radiated energy due to the slope at high
frequencies are small. Most of the ecnergy of small
carthquakes is radiated in short-period waves; hence,
because of the short cpicentral distances, litde energy

can be lost. Therefore the integration scheme can give a
better estimate of the radiated energy

Energies range from 2.4 X l0' &’(2.4 x 10' )
(M_=2.D)t02.1 % lO"erg(2 1 X 10°1) (M, = 2.8).
Radiated scismic encrgies calculated using Gutenberg
and Richter’s (1956) and Thatcher and Hanks® (1973)
empirical relations derived for California give smaller
values as we can see from Fig. 10. This couid mean that
the integration scheme gives a better estimate of the
radiated energy at short epicentral distances (less than
4km).

Log Moment (dytremg

-0 [ s I REE )
Local Megnitude

F1G. 10. A comparison of the relation of local magnitude
versus seismic moment for deep cvents detected at the digital
station of Edmonton and shaliow events recorded with the
portable digital station. The heavy line shows the relation log
My = 1.3M, + 16.6 (Rebollar er af. 1982). Note: | dyn =

10 pN).
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Corner frequencies of P-wave spectra were consis-
tently larger than those of the S-wave spectra. Only one
comer frequency of P waves was found to be less than
the corresponding corner frequency of the S-wave
spectra (Table 1). P-wave frequencies seem to be more
affected by local path effects, Those path effects are
easily recognized because they appear in the same range
of frequencies, independent of the obvious variation in
the radiation pattern that can be recognized by inspec-
tion of the seismograms. Ratios of the P and §
frequencies (comer frequency shifts) were found in the
range of 0.9-2.1. However, the average ratio of fe to f5
in similar events is 1.2 + 0.2, more in agrecment with
the general observation that fp /fs is greater than one and
with theoretical models that treat earthquakes as equi-
dimensional faults (Brune 1970; Madariaga 1976; Bur-
ridge 1975) or long and narrow faults with near-sonic or
transonic rupture velocities (Savage 1974). Hanks
(1981) suggests that the frequency shift is an intrinsic
characteristic of the far-field spectra of body waves
independent of source strength (seismic moment),
hypocenter, epicentral distance, or recording device.

The minimum strain energy drop Wy (Kanamori
197 is

(11 Wo = (Ac/2u)M,

which assumes a complete stress drop if o; =0 orifthe
Orowan (1960) condition is met (o2 = o). Substituting
in [1] the moment and stress drop according to Brune
(1970, 1971), we get

212%
1.26

2] W= PRRULY?

where p is the density; P is the shear-wave velocity; R is
the epicentral distance; £; is the comer frequency; (1, is
the low-level amplitude of the Sy spectra; and 1.26is the
product of the average radiation pattern and the free sur-
face reflection of Sy waves. The radiated seismic energy
E, according to the integration scheme of Hanks and
Thatcher (1972) is given by

- 128w’ 20 243
E.= 5 2ep PRR WL

Taking the ratio of Woand E, we get Wy = 1.1 E,. If we
assume that one third of the seismic energy is contained
in the P wave, we have W = 4.1E,. This means that
even though Wy is a minimum estimate of the encrgy,
the integration scheme gives even lower values of the
radiated encrgy. Table 2 gives the values of Wy, E,, and
the ratio Wy /E,. This ratio for similar events is 3.7 +
0.5, in good agreement with the theoretical result
{Wp = 3.1E,}), which docs not include the contribution
of the P-wave energy. However, events 1-6 give an
average ratio of 6.8 with a large standard deviation of 3.

TasLE 2. Comparison of energy estimates

Minimumsstraincpergy  Radiated seismic

drop Wy* energy E,b
My (erg) (erg) Wo/E,
21 4.1x10'" 6.2x10"% 6.5
21 2.9x10' 2.4%10" 12.2
24 4.8x10"7 6.6x10' 712
23 s.3x10" 8.3% 10" 6.4
2.5 5.2%10"7 1.7x 10" 3.0
28 1.3x10" 2.2x 10" 6.0
Similar events
26 3.0x10" 8.9x10'¢ 33
2.5 t.9x 10" 5.3x10'" 37
2.6 2.8x10" 6.0x 10'® 4.6
28 s5.4x10"7 1.4x10" 38
2.7 4.2x10" Lax0"? 3.2

Naves: My = local magnitude: 1 erg = 0.1 ul.
*From Kanamori {1977).
tFrom Hanks and Thatcher (1972),

The apparent stress is defined (Wyss 1970) as

1o = pE/Mo

where 7 is the seismic efficiency; & is the average shear
stress: p is the shear modulus; E, is the radiated seismic
encrgy; and M, is the seismic moment. Uncertainties in
the evaluation of the apparent stress are a direct
conseguence of the uncertaintics in the cvaluation of the
radiated energy. Therefore the seismic efficiency is one
of the most uncertain parameters in seismology. How-
ever, Wyss (1970) calculated a seismic cfficiency of 0.1
for deep and intermediate earthquakes in South Amer-
ica. Apparent stress calculated by the Wyss formula
ranges from 2.5 to 23.2 bar (0.25-2.32 MPa) (Table 1).
A plot of stress drop versus apparent siress can be
compared with that calculated by Hartzell and Brune
{1977). Even though there is some scatter, it follows a
similar trend (Fig. 11). Those differences indicate
regional variations in the apparent stress and conse-
quently the state of stress in the crust of the Rocky
Mountasin House area.

The ratio of stress drop to apparent stress for similar
events is almost constant at 7.4 with a standard deviation
of 1.1. This ratio suggests a possible way to calculate
absolute stress; however, in order to do this it is
necessary (o know the seismic energy and the frictional
energy.

Following Wyss (1970) it is possible 10 calculate an
approximate upper bound for the seismic cfficiency
given by

Timex = 2NG/80 = 0

Seismic efficiency calculated in this way for similar
events gives aconstant value of 0.2 = 0.04. This reflects
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Fig. 11. Plot of local magnitude versus log of radiated
seismic energy calculated using the Hanks and Thatcher
(1972) integration scheme. For comparison we plotted the
Gutenberg and Richter (1956) (GR log E = 9.9 + 1.9M, —
0.024M ") and Thatcher and Hanks (1973) (TH log E =
2.0M + 8.1) empirical relations for California.

the cormect selection of comer frequencies in the spectra.
Events 1-6 give 0.17 = 0.8 (Table 1). These high
values apparently suggest a high conversion of potential
energy to clastic scismic energy for these shallow
carthquakes.

Conclusions

Events with S—P times of about 1 s and source depths
of 2 * 2km show different amplitudes of P and §
waves, indicating dislocations with distinct fault orien-
tations. Similar events have small variations in source
parameters, perhaps indicating a process in which a
barrier or asperity is being repeatedly broken and
healed. Stress drops and apparent stress were consis-
tently high for all the events. Hydrocarbon recovery
operations can cause concenlration of stresses in sur-
rounding arcas. This could result in brittle fracture in the
sedimentary rocks or the granitic basement by activating
ancient faults and joints or by rupturing along pre-
existing cracks. Laboratory experiments reveal a lesser
accumulation of strain energy, and consequently
stresses, in a closed fracture as compared with an open
fracture (Shamina et al. 1978). Therefore, high stresses
could indicate a highly fractured zone, since stress drops
represenl minimum teclonic stresses related to the
scismic events.

Radiated seismic cnergy calculated using Wo =
(Ao /2u)M, (Kanamori 1977; Hanks and Thatcher
1972) gives a ratio of 3.1, in good agreement with the
observed ratio of 3.7 *+ 0.5 for similar events. Larger
energics were obtained for a given magnitude using the
Hanks and Thatcher (1972) method than for those
calculated using the empirical relationships of Guten-

berg and Richter (1956} and Thatcher and Hanks {1973)
for events in California. This could mean that the
integration scheme gives a better estimate of the radiated
energy at short epicentral distances (less than 4 km).
Values of 0.2 + 0.04 and 0.17 = 0.8 for the seismic
efficiency were found, suggesting a high conversion of
potential energy to elastic energy for these shallow
carthquakes.

Comer frequencies of the S-wave spectra were found
between 5.8 and 6.7 Hz, giving source dimensions of
150-169m. The ratio of comer frequencies of P-wave
and S-wave spectra gives a valuc of 1.2 * 0.2 for similar
events, as has been usually observed (Hanks 1981).
However, comer frequencies for events 1-6 give ratios
ranging from 0.9 to 2.1. These ratios could have been
effected for local inhomogencities, such as that found in
our spectra between §3 and 16 Hz.

A plot of local magnitude versus seismic moment
gives systematically large seismic moments for relative-
ly small magnitudes. This follows the same trend as the
relationship found for deep events by Rebollar er al.
{1982). Laboratory experiments show that displacement
along a smooth fault is a possible mechanism of
earthquakes with large seismic moments and a relatively
small magnitude (Vinogradov 1978). This could explain
those high moments.
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