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{E Introduction
&2 The analysis and understanding of short-period regional
%!
= phases from explosions and earthquakes is a major theme in CTBT

issues. If a total ban on underground testing is to be ade-
quately monitored, then the means must be available to discrimi-
nate between explosions and earthquakes down to very small seis-
mic magnitudes and at relatively short distances. Small seismic
magnitudes ensures that short-period data must be examined and
that high frequency wave propagation within various crustal

structures must be understood *o unravel the source effect from

wave propagation effects.

A major effort in this research has been in the computation

¢, short-period synthetic seismograms to explain data from local

0

)-\‘i.;i R . :

%ﬁ «nd regional earthquakes. 1In particular, Section 1 describes a

Ei study of very shallow foreshocks and aftershocks associated with

§£ the 1968 Meckering, Australia, earthquake. Vertical component

?2 short-period seismograms were modeled in order to investigate the

3% excitation of depth phases within the P arrival and the excita-

:3 tion of short-period Rg. .
éﬁ The purpose of this study was to find accurate depth discri-

od minants in the local seismograms themselves rather than relying )
g? on standard earthquake locations. This will be important in ana-

lyzing data from a sparse national network to determine source

!E type and depth. Depth is an important parameter in scurce dis-
5@: crimination since the likelihood that an event is a presumed

EZ explosion is small if the event can be accurately located below
%% several kilometers. In the Meckering study, both the existence
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of sP in the P wave form as well as large Rg/S ratios served to

produce very accurate depth estimates from single station data at

" 1’}
v Ay

ranges of 60 to 95 km from the source. The results of this study
vielded several interesting conclusions concerning the nature of

wave propagation in shield areas and in the tectonic implications
of extremely shallow faulting during the Meckering event. Ancil-
lary work was performed on the teleseismic and static uplift data

asscciated with the Meckering main shock and is presented in Sec-

tion 5.

Section 2 describes another study of near-regional wave forms
from small foreshocks and aftershacks associated with the 1967
i" Koyna, India, earthquake. In this case, a different distance
.
G range as well as crustal structure was considered with the same
goals in mind. Synthetic seismograms were computed to gain an
understanding of the wave propagation at distances of 100 to 150
km in order to investigate possible depth-dependent phases in the

observed data. This study was less successful because crustal

triplications generally obscured the interference between direct

o
:

Tyt

oM

and surface reflections in the body waves. General inferences on

depth were possible if short-period Rg was observed in the data.

k'
x

-
o Ty

The general conclusion of these studies on short-period wave

propagation was that short-period wave forms can be interpreted
to infer source depth accurately if an appropriate distance range

is available for the data and if wave propagation effects due to

"
A %

gpanasns.t

_g;.

T T R

the crustal model are understood. This research will be extended
in future work to consider data collected in other areas and at
other distance ranges. It is conceivable that isolated phases,

such as Pn, may be usefuliy modeled at short-periods to yield

T

_Ax

?

o
7

R D o LR T S TS T 0

S

S )

3



accurate depth estimates.

Sections 3 and 4 are concerned with the theoretical develop-
ment of a method to compute synthetic seismograms in layered
media with corrugated boundaries. A layer-over-halfspace model
was considered with the free surface of the layer allowed to be

corrugated. SH and P-5V line sources were considered in Sections

£ Aol e v S S R S

3 and 4, respectivelyt This kind of problem is important in con-

sidering the effect of waveguide imperfections on the propagation

=
- o

of regional seismic phases of all types. The results show that

=g

even simple periodic corrugations cause very complex spectra for

|

elastic waves. Displacements were considered on the free surface

Ll

as well as in the lower halfspace.

= g g P

A reconnaissance study was made of earthquake sources in the

African continent and is presented in Section 6. The purpose of

el o

this study was to determine accurate earthquake source mechanisms

= Tk

and depths to use in analysis of regional wave forms from the
same events. Although CTBT issues are mainly concerned with
regional wave propagation in the Soviet Union, it is important to

gain experience in effects of wave propagation in different crus-

s T Tl /% |

tal and mantle environments. Shield areas, for example, have
certain similarities in @ and velocity structures. These simi-
larities are stressed when it is important to infer the character
of wave propagation in areas of the Soviet Union for which there
is little data from the character of wave propagation in other,
known areas. The African continent is an area which has not been
studied in detail but has a nuclear test site as well as a net-
work of stations and regional earthquakes. The results of Sec-

tion 6 are being used in an on-going study of the depth effect in
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regional seismograms.

Section 7 contains a study of upper mantle structure as
determined by P wave forms. This work was supported by a previ-
ous AFOSR contract and carried over into the present AFGL con-
tract. A basic premise in studies of body wave propagation in
the upper mantle is the effect of the seismic source is suffi-
ciently well known to infer the smaller effects of triplications
due to mantle discontinuities. 1In this study, an intermediate
depth earthquake which occurred beneath Hispaniola was used to
examine the effect of mantle triplications for Eastern U.S. and
Western Atlantic structure. It was thought that the effective
source function of the intermediate depth event would be simpler
than those used in previous studies since near-source reflections
and reverberations could be avoided. 1In this way the mantle tri-
plication effect would be more clearly seen. The results show
that mantle effects are still difficult to model in the long-
period P wave data even for this event. However, intermediate-
period data recorded at DWKSSN stations clearly showed the tri-
plication from the 670 km discontinuity. Such mantle studies
would benefit from data recorded between standard long-period and

short-period frequency bands.
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Depth of Faulting During the 1968 Meckering, Australia,
Earthquake Sequence Determined from Wave Form Analysis
~f Local Seismograms

by

o T

Charles A. Langston

- ‘.o', '11’0

December 3, 1986
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g Abstract

Q Wave forms for eleven foreshocks and 48 aftershocks of the Ms
]

-

6.8 Meckering earthquake recorded at the WWSSN station MUN are

o S

analyzed to determine the depth distribution of faulting during

this unusual intraplate earthquake sequence. Clear depth phases

including sP and Rg are seen in the local seismograms at dis-

e e e
LA o A <

tances of 60 to 95 km and are studied using synthetiic seismograms

e
E e

computed using generalized ray theory and wavenumber integration
techniques. Large Rg/S ratios seen on the vertical component

short-period data for many events imply source depths less than 2
km. The short-period P wave form contains the best depth estima-

tor in the form of sP so that depth can be estimated to within an

S BT LV N e e Ve g T T

uncertainty of about 1 km for most events. The foreshocks clus-

SRS

ter at less than 2 km depth and most aftershocks occur within 1

=Y Bt

km of the surface. A few aftershocks occur as deep as 7 km.
These results are consistent with a previous teleseismic wave
form study in which faulting was inferred to start near the sur-
face at 1.5 km depth with rupture proceeding downward and not
exceeding 6 km depth. These results coupled with previous stress
studies in the Australian shield and models of crustal strength
show that faulting in a cold shield area is a near-surface phe-
nomenon and implies that most of the crust is too strong to be

fractured.
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Introduction

The occurrence of intraplate seismicity represents an oppor-
tunity to examine the state of stress within the major plate
regimes of the earth as well as inferring mechanisms of failure
in the crust (Richardson et al, 1979; Bergman and Solomon, 1980).
However, intraplate seismicity is little understood in comparison
to seismicity associated with interplate areas. Models of epi-
sodic faulting on well defined faults along plate boundaries seem
to have little meaning when applied to earthquakes in apparently
nondescript areas of the plate interior. It is not enti;ely
clear what the role of prexisting faults is within many élate
interiors and what the source of stress is which ultimately
causes these events (e.g., Zoback and Zoback, 1980).

A stress model based on plate boundary forces and geometry
has had some success in explaining the directicns of principal
stress inferred from stress measurements and fault plane solu-
tions of intraplate events in many of earth’s plates (Richardson
et al, 1979; Cloetingh and Wortel, 1985). However, the questions
of failure mechanisms for continental intraplate earthquakes and
earthquake recurrence intervals have yet to be satisfactorily
addressed.

In this paper, the depth extent of faulting during the 1968
Meckering, Australia, earthquake sequence is examined to infer
patterns of crustal strength in an intraplate shield area under
substantial deviatoric stress. The Meckering main shock (Ms 6.8)
is one of the largest intraplate events to have been recorded and

also produced spectacular fault scarps within the southwest Aus-
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tralian shield (Everingham and Doyle, 1969; Gordon, 1971: Gordon
and Lewis, 1980). The main event was the subject of & teleseis-
mic body wave study by Vogfjord and Langston (1987). Also incor-
porating a static dislocation model of published releveling
measurements across the fault scarp, they determined that fault-
ing during the main event did not exceed a depth of about six km.
Interpretation ~ short-periad P waves a.so suggested thac fault-
ing initiated near the surface at about 1.5 km depth and propa-
gated downward to a similar depth.

The unusual nature of extremely shallow rupture initiation,
surface faulting, and limited depth extent of faulting was
explained by a strength model of the crust after Meisner and
Strehlau (1982) and Strehlau (1986). Measured heat flow in the
area is about 40 mW/m2 (Cull and Denham, 1979) suggesting that
the crust is relatively cold and should fail in a brittle fashion
following a frictional sliding strength relationship down to Moho
depths. The brittle-ductile transition is substantially
depressed compared to a crustal column with higher heat flos.,
which effectively makes the crus¢al strength almost everywhere
much higher than plausible ambient stresses. Near surface stress
measurements in the area (Denham et al, 1980) show relatively
high deviatoric stress of about 20 MPa near the surface with an
assumed depth gradient less than the strength curve implied by
frictional sliding. The only area within the crust that can
fail, according to this model, is within a few km of the surface
where deviatoric stress exceeds the crustal strength. This model
is significantly different from models proposed for interplate

faulting where aseismic slip on a fault in the brittle-ductile
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trans‘tion of the lower crust eventually forces the brittle upper
crust to fail in an earthquake (e.g., Strehlau, 1986).

Several questions naturally follow from Vogfjord and Lang-
stor.’s(1987) study as well as implications of the proposed
strength model. F.rst, it is important to determine whether the
rupture initiation point of the main event wae near the top of
the fault plane or elsewhere. The short-period modeling study
was somewhat ambiguous due to the occurrence of a substantial
foreshock a few seconds before the onset of large fault motions.
Second, it is also useful to check the inferred depth of faulting
of the main event. Third, the crustal strength model implies
that most events within the Southwest Australian seismic zone
have source depths nu greater than a few km. The only exception
should be large events like the Meckering earthquake which can
dynamically rupture into relatively high strength areas of the
crust. Thus, it is important to determine source depths for other
events to test the model.

Short-period wave form data from Meckering foreshocks and
aftershocks recorded at the WWSSN station at Mundaring, Aus-
tralia, will be examined to determine source depth and to address
the first two issues above. These source depth results coupled
with studies of other moderate earthquakes in the area will also
be used to partially address the implications of the strength
model on source depths for the seismic zone. A major assumption
of this study is that the foreshocks and aftershocks follow
closely the faulting behavior of the main event. It will be
assumed that if the foreshocks cluster at a certain depth, then

this is the depth that rupture initiated during the main event.
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The depth extent of aftershocks will be assumed to follow the
depth extent of faulting for the main event. It will be seen
that the foreshock and aftershock depths agree closely with
results from the teleseismic study.

The aftershock wave forms will be modeled utilizing pre-
viously determined velocity structure for the area and a wavenum-
ber integration technique to compute complete seismograms. The
excitation of short-period Rg and the body wave phase sP will be
used to precisely constrain source depths to within one km for
many of the events. The éimplicity of the velocity structure and
its effect on wave propagation at ranges of 60 to 95 km makes the
study of these phases possible.

It will be demonstrated that even these short-period data
recorded at single station can be used to precisely constrain
some source parameters of small earthquakes. These methods may
find some use in the analysis of events recorded by sparse local
networks and in the discrimination of explosions from earth-
quakes. In the later case, discrimination can occur if an
event’'s depth is determined to be greater than a few km excluding
plausible scenarios for the emplacement of an underground nuclear

test (e.g. Dahlman and Israelson, 1977).

Foreshock and Aftershock Data

Figure 1 is a map of a portion of the Southwest Australian

seismic zone showing the location of Mundaring station (MUN) and

the fault and aftershock zone of the Meckering earthquake. Mun-

daring station is at a distance of 60 to 95 km from events asso-
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ciated with the Meckering event and wave paths are entirely
within the Archean Yilgarn block of Australia. Immediately to
the west of Mundaring is the Perth basin bounded by the Darling
fault which underwent several kilometers of normal offset from
Permian time throughout the Mesozdic. See Gordon and Lewis(1980)
for an overview of geologic structure and history of the area.

The structure of this part of the Yilgarn block has been stu-
died by seismic reflection and refraction techniques and by gra-
vity interpretation (Mathur, 1974; Drummond and Mohamed,1986).
Table 1 displays crustal velocity structures determined from
these studies which will be incorporated in synthetic seismogram
calculations later in the paper. The crust between the Meckering
area and Mundaring appears to be relatively homogeneous with no
significant sedimentary section near the surface. Both struc-
tures show relatively high P-velocities of about 6.1 km/sec near
the surface indicative of the crystalline granitic terrain seen
in the surface geology. There is a substantial intermediate
velocity layer at 10 km depth in the Mathur(1874) model which
grades into a high velocity lower crust at only 17 km depth. The
more recent Drummond and Mohamed(1986) model is smoother showing
very small positive velocity gradients with depth and with an
area of higher gradient near 13 km. Topography between Mundaring
and Meckering shows very little relief.

A list of foreshocks and aftershocks above Richter magnitude
3.0 for the Meckering event was published in Gordon and Lewis
(1980) and was used to initialiy examine the WWSSN archives for
data recorded at MUN. An effort was made to obtain all principal

foreshocks and major aftershocks which occurred within three days

---------
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after the main event. Other events were obtained as available.
In addition to events listed in Gordon and Lewis(1980), a sig-
nificant number of somewhat smaller events were discovered and
used in the analysis.

Events used in this study are listed in Table 2 by P arrival
time at MUN. The S-P time and maximum trace amplitude on the

vertical component were read where possible to estimate distance

- and local magnitude, respectively. Distance was computed using

phase identifications from the synthetic seismogram computations.

f: Local magnitude was computed using the Richter(1858) formula for
iﬁ California events and corrected for the WWSSN short-period

gﬁ instrument magnification at MUN. Magnitudes computed this way
§§ genereally agreed with those listed in Gordon and Lewis(1980) to
'@ within 0.1 magnitude units, although Doyle et al(1968) state

2

that local magnitude at MUN is computed using the maximum hori-

¥
rs

o e

zontal motions. The size of events examined in this study range

from about Ml 2.5 to 4.2.

Locations for those events shown in Figure 1 were determined

-'w

B
e

from data from a sparse regional network. Location error is

probably better than 25 km (Doyle et al, 1968). Distance deter-

minations used in this study relied on the S-P time and compari-

2

§§ son with synthetics rather than the published locations. All

:! observed events at MUN could then be treated in a consistent man-
Qg ner. S-P times coculd be read to at least 0.5 sec in all cases

;§ which implies a distance error of +4.5 km for either crustal

gt U

~
g

model assuming a Vs/Vp ratio appropriate for a Poisson solid.

Figure 2 shows three-component wave forms for two aftershocks

e
h 4
-

g

which occurred on 14 October. These data were hand digitized
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from copies of the analog seismograms from MUN and accurately
show the main features of the original seismograms. The two
events shown are characteristic of the foreshock and aftershock
data. A large number of events show close similarity to the 7:38
} aftershock in which the vertical wave form contains a relatively

small P arrival and a major secondary phase at about 12 seconds

after P. A careful comparison of the horizontal components with
the vertical shows that the S arrival is always zbout 9 seconds
after P since most events are at similar distances. The large
secondary arrival on the vertical component characteristically
shows normal dispersion and arrives at the expected Rayleigh wave
time for the crustal structure. It is very difficult to examine
the relative phase of peaks and troughs of this Rayleigh wave
between the vertical and horizontal components since the data are

band limited by the WWSSN short-period instrument response. The

R e R T R e e R e s T A e

data are also difficult to digitize because of typically high
Rayleigh amplitudes for most events above local magnitude 3.0.
However, a careful comparison of the vertical and EW components
for this presumed Rayleigh phase seen in relatively small events
shows retrograde elliptical motion. This Rayleigh phase is desig-
nated Rg in Figure 2 after Ewing et al (1857). They use the name
Rg for the fundamental Rayleigh wave With periods of 8 to 12 sec- =
onds propagating within continents at regional distances. The Rg
phase as used here is understood to be the fundamental Rayleigh
wave at one second period seen at relatively short distance.

In comparison to the very simple wave form of the 7:38 event
is the 8:38 even: (Figure 2) which shows larger body wave phases

relative to the expected Rg phase and greater overall complexity.
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A The P arrival appears to have at least two distinct arrivals
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within it compared to the 7:38 P wave and it is difficult or
impossible to see the dispersion of Rg in the S wave coda. Events
of this type are more rare than those displaying the large Rg
phase.

Figure 3 displays six aftershocks showing the typical variab-
ility seen in the vertical wave form. Usually the Rg phase is
well developed but may range in size from being comparable to the
S5 wave amplitude to an order of magnitude larger than the S wave.
Presumably, these relative amplitude variations are caused by
different source mechanisms between events and source depth. The
radiation pattern of each phase will depend on mechanism and the
excitation of the Rg wave should be expected to decrease exponen-
tially with source depth. The initial working hypothesis that is
suggested by this cursory analysis of the data is that it may be
possible to estimate bourds on the source depth from Rg relative
amplitudes alone. The mitigating factors will be wave propagation
effects for the body wave vhases in the crust and the unknown
source mechanism.

Only the vertical wave forms were used in the analysis that
follows. Since these events are not accurately located and
because of the practical difficulties of digitizing short-period
data from analog records, the " horizontal components of
motion was confined to determ arrival times. Any vector

rotation of these horizontal data to obtain radial and tangential

motions for study would probably be of very poor quality because

£ of unknowns in back zimuth to the source due to epicenter error
”-:N
Ef and because of the digitization. 1In fact, many of the Rg phases
e |
R
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shown in the figures were obtained by digitizing the peaks and
troughs, which could be seen on the records, and then linearly
interpolating for plotting purposes. The Rg analysis of all
events was further simplified by simply measuring the peak-to-
peak amplitudes directly from the seismogram. Likewise, P and S
amplitudes were also read although the P wave form is used for

another purpose below.

Svynthetic Seismogram Calculation

Synthetic seismograms were computed to investigate the exci-
tation of the Rg phase relative to the body wave phases as a
function of source depth. Because the total wave field is needed
for this problem, a wavenumber integration method was employed to
compute the Green’s functions required for constructing moment
tensor point sources. Details of the technique may be found in
Barker(1984) and Apsel(1979). An integral over real wavenumber
is performed using an adaptive Filon method. The kernel of the
integral contains a product of the vertical wave function and a
Bessel function of integer order depending on the type of seismic
source. The vertical wave function is computed using a propaga-
tor matrix formalism for plane elastic layers which are homoge-
neous and isotropic. Anelastic attenuation is included using
complex-valued wave velocities. The moment tensor formalism
'given by Langston(1981, 1983) is used to combine the four
Green's functions needed for computation of vertical displacement
from a general moment tensor source.

Vertical displacement seismograms for ranges of 60 to 90 km
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were calculated for the Mathur(1974) model of Table 1. The
short-period WWSSN instrument response and a Brune (1970) time
function with a corner frequency of 1 hz were convolved with
these displacement Green’s functions to produce the final syn-
thetic seismograms. The wavenumber integration was carried out
over the interval between 0.0l and 0.4 sec/km (in ray parameter)
which was sufficient to include all body and surface wave phases
for the structure model. A Nyquist frequency of 5 hz was assumed
and 256 frequency samples computed to yield a time series after
inverse Fourier transforming of 512 points at 0.1 sec sampling.

Figure 4 displays vertical displacement synthetic seismograms
for a range of 80 km, the average distance of the foreshocks and
aftershocks from MUN. Wave forms for five different source
depths show that the excitation of the Rg wave decreases with
depth as expected, relative to the body wave phases, and is only
well developed for sources above 4 km depth. The character of
the wave forms for %he 0.25 km source depth is similar to some of
the data wave forms of Figure 3.

At this point it should be mentioned that the original Mathur
(1974) crustal model did not have the thin low velocity layer at
the top of the section as shown in Table 1. Initial synthetic
seismogram calculations without the layer produced a single
undispersed Rayleigh pulse. The published refraction data did
not resolve the upper 0.5 km of the crust. However, the disper-
sion of the short-period Rg data clearly suggests that a posi-
tive velocity gradient exists near the surface. Theoretical dis-
persion curves given by Ewing et al(1957) were used to approxi-

mately match the observed dispersion and to obtain an equivalent
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h layer thickness for a layer with a modest velocity contrast
1
' appropriate for near surface granitic rocks (Press, 1966). It
g was important to produce a dispersed Rg wave form more in accord
5 with the data to investigate tne zmplitude dependence of the Rg
! wave with near surface structure. Dispersion will tend to lower
i maximum amplitudes since energy is spread out over time. How-
'
ﬁ ever, the net effect of the lower velocities near the surface was
g to increase gmplitude in nearly the same amount that dispersion .
|
% decreased amplitude, in comparison to the body waves. The behav-
}s‘
Q jor of the body waves remained the same between models.
l' i
g Figure 5 shows the typical variation of relative amplitude
bt
§ expected as a functioi of range. There are some changes in
,9-'
g relative amplitudes mainly due to structure effects on the body
{ waves. In fact, maximum amplitudes of the wave form appear
f roughly constant over this distance range because of wide angle
-4
é reflections from the shallow intermediate crustal layer. This
' overcomes the differences in geometric spreading expected by a
% simple direct body wave (1/r) and a simple surface wave (1/r%-5).
)
& It can be expected that variations in Q and scattering along
! the path of transmission will aifect Rg amplitudes. The Q struc-
! ture assumed in the seismogram calculation is reasonable for a
& continental area but may be somewhat high. However, a 1 hz sur- -
g face wave propagating over 80 km is only attenuated to about 80%
ﬁ of its nominal value with this structure. Using a Q of 250
a
og
é instead of 500 for shear waves reduces a 1 hz surface wave to 70%
ﬂ of its unattenuated value. Scattering is probably minimal along
% the path since topographic changes are minimal. Most effects of
R
ﬁ scattering, if they occur, will tend to reduce surface wave
J
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amplitudes while lengthening the surface wave coda with scattered
energy. Thus, the seismograms presented here will maximize the

expected Rg phase amplitudes. Any effects of Q and scattering

will reduce the observed Rg amplitudes tending to make an event
appear deeper than it really may be. Therefore, source depths
interpreted from these synthetic Rg amplitudes will tend to be
overestimated, all other factors being equal.

A straightforward interpretation of Figure 4 would suggest
that Rg relative amplitudes of one or more are only possible for

sources less than 4 km in depth. However, it is possible that
source orientation may affect the amplitudes of all phases such
that Rg may be near a radiation pattern minimum when the body
waves are large, even for a very shallow source. To investigate
this, a grid search process was set up to sample all possible

fault orientations for Rg/S and Rg/P ratios. A 10 degree incre-
ment was assumed for changes in dislocation dip, rake, and
strike. The maximum Rg, S, and P amplitudes were found for spe-
cified tims windows of the synthetic seismogram which included
these phases, ratios taken, and the ratios were then placed in
bins with an integer interval. It was found that the Reg/S ratio
was the most robust measure of source depth since it appeared
possible to get nearly any Rg/P ratio for any source depth. This
is logical since the Rayleigh wave from a dislocation source is
closely tied to the shear wave potential and it is not difficult
to produce nodal P waves for specified azimuths and incidence
angles.

For a source depth of 0.25 km the range of Rg/S varied from 4

to 20. The range of values for Rg/S assuming other source depths
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varied generally from O to a well defined maximum. Figure 6
shows the maximum Rg/S ratio as a function of source depth and
range for these trials. This graph is to be interpreted as pro-

viding a maximum estimate for source depth based on a measured

Rg/S ratio. High Kg/S ratios of 10 or greater imply sources with
depths less than 2 km for observations within the assume distance
ranges. A low Rg/S ratio may still be possible for a 2 km depth
source but there is no way from the ratio itself to determine
this. The low ratio will be interpreted as being due to a larger
source depth with the understanding that this will be maximum

estimate of depth.

Ir addition to the Rg wave depth effect, note the character
of the body wave phases in Figure 4. As the source becomes

I deeper, the simple P pulse for near-surface sources splits into a

~ distinctive double arrival. The isotropic source does not show
this effect suggesting that the second arrival in the other
synthetics is an S to P conversion. Indeed, an analysis of the P

wave forms using ray and generalized ray theory shows that the

secondary phase after direct P is the surface reflection sP. ;
Body wave phases may be expected to be sensitive to details
of structure. In the Mathur(1974) model, the initial P arrivals

are dominated by wide angle reflections from both top and bottom

S S S WSS,

interfaces of the 6.7 km/sec layer (Table 1). Alternatively, the
Drummond and Mohamed(1986) model consists of smooth gradient
zones throughout the crust and would produce true turning rays.

Figure 7 displays a synthetic P wave record section for a CLVD

U Ty N Tugpep—

source at 4 km depth incorporating the velocity structure of both

crustal models. These synthetics were computed used generalized
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ray theory (Helmberger and Harkrider, 1878). The gradient model
was constructed by using a number of thin layers and responses

computed by summing all primary reflections from each interface

in the model.

Since the Mathur model consists of only a few discrete

layers, the wave forms show several small arrivals between P and

sP due to wide angle pP reflections from the two interfaces of
the 6.7 km/sec layer (column A, Figure 7). The gradient model
results (column B) display simpler wave forms overall but contain
the emergence of a phase at distances greater than 90 km. The
high velocity gradient near the Moho produces a triplication in
the wave form for these distances. Even with this complication,
sP is still an easily seen phase in the wave form. Overall, both
crustal models allow for the development of an unambiguous sP
phase. However, it is clear that relative amplitudes will depend
on model details. The phase pP is not well developed at this
range primarily because of the inefficiency of the free surface

reflection at the appropriate ray parameters. The S-to-P conver-

sion is near a maximum while P reflection is near a minimum.

;ﬂ

. These modeling results suggest that secondary phases ia the P

2

wave form, if seen, will be sP. Source depth can be determined

=
.,X

from such arrivals by simply reading the sP-P time and using the

=L _J”

ray theory approximation
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to solve for depth. Here N, and QB are the vertical slow-
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nesses for P and S waves, respectively. The appropriate ray. par-

R e N R R e = =

ameter, p, is 1/6.2 sec/km. This equation was tested by using
the wavenumber synthetic seismograms (e.g. Figure 4). The sP-P
times were read from the synthetic wave forms, depth calculated
from equation (1) and these values compared to the actual depths
used in the synthetic calculations. The depth determined by ray
theory agreed to within 0.5 km.

If sP phases can be seen, then it is possible to infer abso-
lute source depth very accurately. Timing between peaks on
observed wave forms can easily be read to 0.3 sec which gives a

possible depth error of only 1 km. This will be taken to be the

o A A BT e K N K R R P oo A e o el s T T T T -

error of the determination if the separation between phases is
I clear. However, there still exists the possibility that other
" crustal structure arrivals, like the arrivals from the Moho of

the Drummond and Mohamed model shown in Figure 7, may make this

-

ambiguous. In this case, we rely on the data to make an argument
in self-consistency. It was seen that events with the same S5-P
times can have a single P arrival, implying a very shallow source

depth, or two clear P arrivals implying P and sP and a larger

ML i N W S R ARLE L R T

depth. Also, it was seen that events with a single P arrival
occurred at ranges from 68 to 89 km implying that the Drummonad
and Mohamed model may need some modification in structure near

the Moho to push the triplication out to greater ranges.
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Analysis of Foreshock and Aftershock Data

The experience gained by examining the synthetic seismograms
suggests two ways of treating the data to Jdetsrmins source depth.
The first consists of estimating the maximum allowable source
depth from the Rg/S ratio. To do this, it is only necessary to
read the maximum amplitudes of the Rg and S phases from seismo-
gram copies, take the ratio, and read off the maximum depth from
the curves of Figure 6. The other method consists of examining
the P arrivals to determine the timing of inferred sP phases and
compute the source depth from equation (1). These are very
simple techniques for interpreting the data but are probably the
only techniques warranted by the data at this time. The use of
wave form inversion techniques to determine mechanism or other
parameters depen<s .un the veracity of the crustal model used and
the quality of the digital wave form data. Since the data are
from a single station, are not conducive to accurate digitiza-
tion, and because crustal models for the area are still only
approximate it seems unwise to pursue such inversions.

Vertical component seismograms for the events listed in Table
2 were examined to obtain the Rg/S ratio. This ratio was taken
for those events where the Rg phase was on scale and is listed in
the table. P waves of events with clear P rhases were digitized
for display purposes to show the picks of sP. The sP-P time was
read from the digitized wave form aqd interpreted to obtain
source depth. All depth results are shown in Table 2.

Figure 8 shows vertical wave forms of foreshocks which were

clear enough on the record to be digitized. Note that the wave
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forms are nearly identical for all these events implying close
hypocentral locations and source mechanisms. The Rg/S ratio is 5
for all events suggesting a maximum source depth of 3 km.

P wave forms from all foreshocks are shown in Figure 9. All
except the foreshock immediately pracediﬁg the main event (00:04
event of Figure 8) and the 5:24 event show a distinctive double P
arrival. Figure 10 shows synthetic P waves calculated using gen-
eralized ray theory and the Drummond and Moiamed model of Table
1. The source mechanism assumed is a pure thrust fault (or
CLVD). Note the detail of splitting of the P wave pulse into P
and sP as a function of source depth. The time interval between
peaks indicated by the arrows in Figure 10 is a good measure of
sP-P time. The data wave forms of Figure 9 show this character-
istic interference in the double P arrival. Measuring this time
separation in the data yields an estimate of the source depth.
The arrows in Figure 9 show the inferred arrival of sP which is
interfering with direct P. The source depth implied by this tim-
ing is 2 km for the first four events and 1.7 km or less for the
remaining foreshocks.

Note that the S-P times are all within the reading error
implying that distance 1is nearly the same for all foreshocks.
Also note that the P waves can be simple or showing the interfer-
ence of sP and P at the same distance strongly suggesting that
the interference effect is not due to triplications from crustal
structure. It is also highly unlikely that most events would
show the same wave form complexity due to multiple ruptures.

Furthermore, foreshock dept s determined from the Rg/S ratio is

consistent with the sP depths.
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o
% Figure 11 shows P wave forms for 13 aftershocks of 14

October. They have been arranged in order of apparent depth
J based on the observation of sP in the wave form. The 8:47 event
% is included to show a nodal P arrival. These data show that the
! P wave forms can have significant differences in apparent sP-P
% time intervals for events at nearly the same range. For example
% the 8:18 and 8:38 events have the same S-P time, yet both the
g Rg/S ratios and sP observations demonstrate that the 8:18 event
é is significantly shallower than the 8:38 event. A check of the
m synthetic seismograms demonstrated that source depth does not
% significantly change the S-P times for a constant distance.
g Potentially, there is one ambiguity in these interpretations
% which arises from the case where the Rg/S ratio implies signifi-
i cant depth but the P wave form shows no sP phase. It is conceiv-
g able that sP could be nodal compared to P because of source mech-
g anism. This should be a rare occurrence but cannot be dis-
% counted. Alternatively, a small Rg/S ratio does not really imply
§ a large source depth as seen in the grid testing result. How-
E ever, the true source depth in these cases will be ambiguous so
! that bounds are all that can be determined.
g Figures 12 and 13 show sP picks for the other aftershock
% data. Some picks are equivocal particularly for those P waves
% where it appears that sP closely follows P. In these cases, the
E event still must be shallow. Most events have very simple pulse-
i like wave forms implying near surface rupture.
g
S
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Discussion and Conclusions

A compilation of maximum source depths (Figure 14) inferred
from Rg/S ratios shows about 17 events with default depths at 5
to 6 km but with most events occurring above 3 km. Only the 8:04
event of Figure 11 showed no obvious Rg wave which could be
interpreted. This aftershock was inferred to be at 7.6 km depth
from it’s sP-P time and is the deepest event found. The
frequency of events with source depth found using sP times is
shown in Figure 15. Again, most of the events occurred above 3
km but it appears that seismicity is concentrated near the sur-
face and falls off exponentially with depth.

Figure 14 is biased towards ‘deep’ hypocenters because of the
nature of the Rg analysis. Figure 15 may be slightly biased
towards very shallow events for those interpretations which may
be affected by nodal sP. There may also be some bias in the
choice of data in this magnitude range but it is not known in
what direction the bias could push the distribution. A study of
the records showed many smaller events which could be seen only
by their Rg waves. If these events were included they would cer-
tainly increase the number of events at depths shallower than 3
km. However, events of the same moment that occurred deeper
would be undetectable since they would not generate high ampli-
tude Rg phases. In the largest events Rg went off scale and was
unavailable; these are the events in Table 2 for which M1l is not
given. However, these larger events concentrate at about 2 km
depth as determined by sP. Thus, it appears that very shallow

source depths are characteristic of this earthguake sequence.
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It is interesting to note that the excitation of Reg by very

x
1
e

shallow events will allow small moment earthquakes to be classi-

fied as relatively large events if Ml is calculated. This should
be addressed in ary future study of earthquake magnitude - moment

relationships for the area. The synthetic Rg amplitudes suggest

-

that magnitudes may be biased upwards by a full unit for very

b P T

shallow events.

5
A

Felt reports and descriptions of local damage (Gordon and
Lewis, 1980) are consistent with this characteristic of near-
surface rupture. Gordon and Lewis(1980) report the formation of

tensional ground cracking and structural damage during one of the

iﬁ magnitude 3.0 aftershocks. There are other felt reports in which
tE shaking was only felt locally which would be consistent with

" near-surface rupture. Although the main shock produced much of
ﬁ the surface deformation, complex cracking and faulting occurred

away from the main scarps during the aftershock sequence.

il

.

The dislocation source mechanism was assumed here for the

. \Lq

J analysis of all foreshocks and aftershocks. The complex surface

7| ruptures and ground cracking observed during the aftershock

showed very similar wave forms with very large Rg/S ratios.

g sequence implies that a number of fault mechanisms are possible
; in the data and that the very shallowest events could have a gen-
§ eral moment tensor source description. A tensional crack, for

E example, will be explosion-like containing a large isotropic com-
% ponent to the radiation pattern (Langston, 1983). Vertical wave
§ forms will be similar to the isotropic wave form seen in Figure

5 4. Indeed, a few of the events, like the 7:38 event of Figure Pl
‘7
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Assumption of a tension crack type of mechanism will not affect
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the depth results significantly since it is likely that tension

cracking is only possible near the surface. Also, Rg excitation

i

g decays more guickly with depth for the isotropic source Green’'s

a function than for the dislocation Green’s functions. Thus, large

! Rg phases will still imply shallow source depths.

3 The foreshocks show a remarkable clustering in depth as

! revealed both by the Rg/S analysis and from sP observations. It —

q appears that the sequence initiated at 2 km depth with later :

events occurring somewhat higher at about 1.7 km. The depth ]
noticeably decreased by direct comparison of the wave form inter- :
ference of sP and P between foreshocks. The foreshock just
before the main event appears to be surface focus for all practi-
cal purposes. Vogfjord and Langston(1987) suggested that rup-
ture during the main event started at about 1.5 km. These fore-

shock interpretations support this extremely shallow initiation

S R X A S I O 3 S XK

2

point if the assumption of foreshock clustering at the mainshock

hypocenter is true. (

% Vogf jord and Langston(1987) also show from the static uplift
% data and teleseismic wave form models that the fault surface of

5 the main event cannot be significantly deeper +han 6 km. There
ﬁ are very few aftershocks which have depths greater than 6 km with
g the deepest event being at 7.6 km. Thus, the overall shallow

% distribution of events in combination with the deepest after-

& shocks is also consistent with the maximum depth of faulting.

v, Y‘I;;I‘

The picture that emerges here is that faulting in this intra-

plate shield area is a near-surface phenomenon. Focal mechanisms

S . \
oy and source depths determined for other moderate events in the
1)

»x’ 3

*h Southwest seismic zone show similar behavior. Fredrich et al
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(1986) studied the 1979 Cadoux event (M 6.1), which broke the

surface, and found thrusting at hypocentral depths of only 2 km.

:5 The 1870 Calingiri earthquake (M 5.9) also produced a prominent
Eg tfault scarp within the shield (Gordon and Lewis, 1980). Consid-
Ii ering the size of the Meckering earthquake and the 37 km long

E? ) fault scarps that it produced, it is evident that this area is
ﬁ& currently unique among the seismogenic regions of the earth.

Some models of faulting, particularly applied to interplate

areas such as the San Andreas fault zone, have a large fault

A

affected by ductile rheology below the brittle, seismogenic

region. Slip in the ductile region before an earthquake stresses

the crack tip near the brittle-ductile transition causing an

e
»
=

-,
r..I'

%E instability for the occurrance of future event on the fault

i! (Thatcher, 1983; Strehlau, 1986). An alternative model has slip

gé occurring during an earthquake in the upper brittle layer causing

%i large stresses to build up at the brittle-ductile transition
causing the same kind of instability. Seismogenic rupture occurs

almost exclusively in the upper brittle layer with only minor
rupture into the ductile region (Strehlau, 1986). Rupture initi-
ates in this high strength transition zone between the brittle

and ductile layers of the lithosphere. A variation of such a

- model has been proposed by Gordon and Wellman(1971) and Gordon

.
S
E and Lewis(1980) for the occurrence of the Meckering event. They
&
'Y
E suggest that aseismic slip on a deep shear zone within the crust
X a
o~ stressed the upper portiocn of the crust to eventually cause fail-
X0

ure during the Meckering earthquake.

In contrast with this model is the inferred rupture behavior

-..; :,1;' - &

of the Meckering event which initiated near the surface on the
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upper third of the fault plane and propagated downward to termi-
nate at only 6 km depth. This behavior is consistent with a model

suggested by Furlong (personal communication) and Vogf jord and

Langston(1987) which was described above. In this model the i
strength of the Australian shield exceeds the ambient deviatoric

stresses everywhere except near the surface. The fault is driven 3

simply by high deviatoric stresses. The high strength of the
crust requires that faulting stops before penetrating too deeply
into the crust. Rupture proceeds down-dip in a manner suggested
by Strehlau(1986) until dynamic frictional resistance exceeds
the stresses induced by faulting at the crack tip.

The southwest seismic zone of Australia may be an area that
has interesting possibilities for physical experiments. Because

the hypocentral region is only at 2 km depth or so it would be

very feasible to drill into it with existing technology. Gauges
could be emplaced over the length of the borehole to measure
physical properties such as temperature, strain, stress, and the
state of pore fluids. Such an area would be an accessible earth-
quake laboratory in which physical and seismic monitoring would
yield information on the formation of continental intraplate
events. Because of the homogeneity of crustal structure and
topography in the area, complications of structure normally found
in most tectonic areas of the world would be avoided or mini-
mized. It may also be possible to perform limited physical
experiments in the generation of man-made earthquakes depending
on physical conditions found in the upper crust (e.g., Rayleigh

et al, 1972). In any case, scientific study of such an area

would be complimentary to those sites along active intervlate
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Hﬁ fault zones which are currently heavily instrumented.
b& This faulting model also has some implications for earth-
§% quakes in other shield areas of the earth. For example, a stress
§§ model suggested by Cloetingh and Wortel(1985) for the Indian-
!g Australian plate implies that much of peninsular India is under
Eg - high deviatoric compressive stress. Inasmuch that this shield
%? region of India is an area of moderate seismicity, it is possible
) to determine accurate source depths using teleseismic wave form
g% methods. ©Source depths from a few events have been determined
gg (e.g. see Langston and Franco-Spera, 1986) and do suggest similar
: ; shallow faulting at depths less than 5 km.

.

The use of wave forms to infer source parameters is not a new

o5

e & o i
AP

.

idea, but it is interesting to see how much information may be

[ o

obtained from an analysis of vertical component short-period data

from a single station. It was possible to determine source depth

B o o o o
» e N
"’I x xl.L“ :'.

from these data principally because the seismic structure between

source and receiver was simple and because the data were recorded

e

at a range where structure effects were minimal. It might be

0 S R,

expected that a significant low-velocity sedimentary section at

. 5 ¥ e
]
2 3

F
r

the surface would have complicated the seismograms to such an

|
P

s

’

extent that depth phases would have been obscured. A receiver at

EEL e

a greater range would record triplicated body wave phases, again

| o0 2 e ey
i
iw e

~bscuring surface reflections if such triplications could not be

accurately modeled. The gentle topography of Southwestern Aus-

L SO A
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tralia serves to make Rg wave propagation efficient; it would be

expected that large changes in topography would scatter this

b
o

v

phase. Nevertheless there are large continental areas of the

%%
-

earth where similar conditions exist and similar methods may be
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usefully employed. Indeed, it is possible, in principle, to
employ wave form analysis in those areas which are more compli-
cated but have been extensively studied so that wave propagation
affects are well understood. These kinds of methods would sup-

plement network analysis of local seismicity in determining

with only short-period vertical seismometers.

L source parameters even for those networks which are instrumented
|
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A Table 1

Velocity Models

A

Model Vp Vs Density Layer
‘km/sec) (km/sec) (gm/cc) Thickness (km)

—x r =

8 Mathur(1974)1 5.54 3.20 2.38 0.5
ﬁ 6.13 3.54 2.78 9.5
f 6.70 3.87 2.94 7.0
| 7.49 4.32 3.10 25.0
i 8.39 4.84 3.45 -
;
) Drummond and 6.10 3.52 2.78 3.0
¥ Mohamed (1986)2 6.15 3.55 2.78 3.0
| 6.20 3.58 2. 80 3.0
¢ 6.25 3.61 2.80 2.0
. 6.35 3.67 2.85 2.0
% 6.45 3.72 2.90 4.0
y 6.55 3.78 2.92 5.0
; 6.65 3.84 2.94 3.5
. 6.75 3.90 2.95 4.5
i 6.95 4.01 2.95 1.0
y 7.25 4.19 2.95 1.0
3 7.55 4.36 3.00 1.0
. 7.85 4.53 3.10 1.0
8.20 4.73 3.20 1.0
8.40 4.85 3.30 -

1: The top layer was inferred from observed Rg dispersion and was
not given in the original reference. Assumed Qo and Qs for
all layers is 1000 and 500, respectively.

2: Model layers approximate linear gradients for the P-wave
velocity structure described by Drummond and Mohamed(1986).
A Shear wave velocities and densities were assumed.
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Table 2
Meckering Foreshock and Aftershock Data
sP-P Maximum sP
P Time S-P Time Dist. Time Rg Depth Depth
Date . T (sec) (km) Re/S (sec) (km) (km) Ml
Foreshocks
10/03/68 03:03:11 - - - 0.5 - 2.0
10/03/68 03:18:09 - - - Q5 > 2.0
10/03/68 03:55.46 - - o 0.5 - 2.0
10/03/66 04:49:43 9.7 82 5.8 0.5 3 2.0 3
10/03/68 05:24:30 9.7 82 4.7 0.4 3 1.7 3.8
10/03/68 21.55:07 9.7 82 5.0 0.4 3 1.7 2,
10/13/68 18:35:28 10.0 85 4.8 0.4 3 1.7 2.
10/13/68 22:51:43.6 9.6 81 - 0.4 - 1.7 3
10/13/68 23:02:38 9.7 82 4.7 = 3 - 2
10/13/68 23:13:41.5 9.8 83 5.0 0.4 3 1.7 24
10/14/68 00:04:59 9.5 81 4.7 = 3 <1 3.
Aftershocks
10/14/68 03:14:57 9.0 76 2.3 0k./5 6 2.0 3y
10/14/68 04:48:20 10,5 89 0.0 - 6 <1 3.
10/14/68 05:05:06 9.0 76 1.3 - 6 <1 2.
10/14/68 05:36:26 10.9 85 3.9 0.7 3 2.6 <
10/14/68 06:01:07 9.2 78 1.4 0.5 6 2.0 3.4
10/14/68 06:17:21 9.5 81 0.5 1.0 6 3.8 3.
10/14/68 (07:38:42 8.5 72 11.6 - 2 <1 3.8
10/14/68 08:00:05 9.0 76 2 5. T - 6 <1 3.
10/14/68 08:04:45 8.0 68 - 2. - 7.6 2.8
10/14/68 08:18:32 10.0 85 9.3 - 2 <1 3.
10/14/68 08:20:35 8.0 68 8.0 = 3 <1 3.
10/14/68 08:38:27 10.0 85 1.8 1.3 6 4.9 3.
10/14/68 08:47:12 10.5 89 0.8 - 6 - 3.4
10/15/68 06:08:32 8.2 69 22.0 = <1 <1 3.4
10/15/68 06:31:23.5 9.0 76 3.2 0.6 6 2.3 3.
10/15/68 07:25:19.5 8.0 68 8.7 = 3 - 2.7
10/15/68 07:41:38.5 8.0 68 16, T - 2 = 2
10/15/68 12:46:31 = - - = = <1 B
10/15/68 16-°07:286 8.5 72 17.7 = 1 = 3.
10/15/68 16:44:11.5 8?7 (68) 10../5 - 2 - 2.
10/15/68 18:16:23.5 9.4 80 1.7 = 6 <1 2.
10/16/68 00:55:23.2 9.0 76 - 1.5 = 5.7 -
10/16/68 02:56:04 9.0 76 5.8 = 3 <1 3.
10/16/68 08:24:40 10.0 85 1.1 1.2 6 4.5 3.4
10/16/68 08:34:10.4 8.5 72 19.7 = <1 <1 . 3.4
10/16/68 09:53:46 8.9 75 12.0 - 2 &l S
10/16/68 12:12:06.8 10.0 85 1.0 1.1 6 4.2 2.8
10/16/68 12:45:26.5 11.0 94 1) = 6 - 2.8
10/16/68 23:14:55 10.5 89 9.7 - 2 = 3.
10/21/68 02:16:36.5 9.8 83 1.7 0.9 6 3.4 2.
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Figure Captions

Sketch map of the Meckering area showing epicenters of
earthquakes in the SW Australian seismic zone, the
Meckering fault scarp, and location of Mundaring (MUN)

station. Map was modified after Figure 1 of Denham et

al (1980). |

Two aftershocks of 14 October (see Table 2) recorded
on the WWSSN short-period system at MUN. Maximum I
ground motion for the vertical (Z), East-West (E), and
North-South (N) components is normalized and given in l
microns for each trace. Major phases are denoted by
P, S, and Rg. Most events have large Rg phases evi-
dent on the vertical components as shown by the 7:38
event. In contrast, the 8:38 event has a poorly
developed Rg phase in addition to a complex P wave.
Short-period vertical component wave forms from six
aftershocks of 14 October (Table 2) showing the

.

variability of relative amplitudes among the major

arrivals.

Synthetic seismograms for the four fundamental terms
needed to construct a general moment tensor point
source. VSS, VDS, CLVD, and ISO denote vertical
strike-slip, vertical dip-slip, compensated linear

vector dipole, and isotropic sources, respectively.
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Distance to the receiver is 80 km and seismograms are
shown as a function of source depth, H. The wavenum-
ber integration technique was used calculate these
synthetics for the Mathur(1974) model of Table 1.

They include the short-period WWSSN instrument
response and a Brune(1970) time function with a corner
frequency of 1 hz. Amplitude is in cm for an assumed
source moment of 1020 dyn cm. Note the existence of
large Rg phases for sources at depths of 2 km and

less compared to F and S phases. Rg is not well
developed for deeper sources. Also note the existence
of sP which separates from the first arriving P as
source depth increases. The isotropic source does not

show sP since this source does not generate S waves.

The effect of range on wave forms. A vertical strike-
slip (VSS) source at 4 km depth is assumed. Model

parameters are the same as those used in Figure 4.

Maximum Rg/S ratio plotted as a function of source
depth. Curves are shown for ranges of 60, 70, 80, and
90 km. Note that large Rg/S ratios of 10 or more
imply shallow source depths of less than 2 km. How-
ever, small Rg/S ratios may also be produced for
sources less than 2 km depth because of source radia-
tion pattern effects. These curves are used to esti-

mate maximum allowable source depths from the Rg data.
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;

\ﬁ Figure 7: The effect of crustal model on expected P wave forms,

2 Column A shows a profile of P waves computed using

; generalized ray theory and the Mathur(1974) model.
Range is given in kilometers. Source depth is 6 lkm.
A CLVD source is assumed since it is likely that many
Meckering events are caused by thrusting; a CLVD seis-

. mogram can be interpreted as being excited by a 45
degree dipping thrust fault seen at 45 degrees azi-
muth. Column B shows a profile of synthetic seismo-
grams again computed using generalized ray theory but
assuming the Drummond and Mohamed (1986) model. Note
that the relative amplitudes of sP and P depend on

range and the type of crustal model in detail but sP

is always prominent. At ranges of 90 and 100 km the

k!
"\

(3

Drummond and Mohamed model produces a triplication due
to the high velocity gradient at the Moho. This
causes prominent Moho turning phases iike sPm. There

is little evidence for this triplication in the data

TR ot v AR T

although there are few events seen at distances

greater than 90 kn.

Figure 8: Observed short-period vertical component wave forms

for six foreshocks. Amplitude is 3in microns for maxi-

=Twlw W s IR

mum displacement. The large excursions in the data

for the 23:02 and 23:13 events after the Rg phases are

T Nt ST

from the effect of minute marks which were digitized.
Aside from different signal to noise ratios which
principally depend on the size of each event, note the
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Figure 10:

similarities in wave form between the foreshocks.
This implies that the events probably had similar

hypocenters and source mechanisms.

Observed P wave forms for eleven foreshocks (see Table
2). High amplitude P wave forms (e.g., 3:03 and 00:04
events) were difficult to digitize and are represented
mainly by the peaks and troughs of the observed seis-
mogram. The peak indicated by the arrow on the 3:55 P
wave was truncated on the record since it went off-
scale although it is likely that it was similar to the
P waves of the previous two events. The arrows indi-
cate the interpretation of a wave form feature associ-
ated with sP (see Figure 10). Based on interpretation
of sP to obtain source depth, the foreshock sequence
initiated with events at about 2 km depth. The fore-
shock just before the main event at 00:04 shows a wave
form characteristic of a source less than 1.0 km in

depth.

Synthetic seismograms computed using generalized ray
theory and the Drummond and Mohamed model (Table 1) to
show the effect of source depth on P and sP interfer-
ence. The synthetics were constructed with the short-
period WWSSN instrument response and a Brune(1870)
time function with a corner frequency of 2 hz. A CLVD
source was assumed although the wave form for a VSS

source is similar. Amplitude is arbitrary on the fig-
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ure. The two arrows show a wave form feature which
depends on the time separation of P and sP. This time
interval between peaks was used to estimate depth when
interpreting the observed P wave forms of Figure 9.
Note how the P wave for a source at 0.5 km shows a
simple, compact wave form similar to the P wave form
of the 00:04 event of Figure 9. The interference of P
and sP for slightly larger source depths produces the
distinctive double P pulse seen for P waves from the

other aftershocks.

Aftershock P wave forms for events of 14 October.
Each event can be identified by its P arrival time
(e.g., 7:38) and the P wave is scaled to maximum
amplitude. These wave forms are arranged to show the
effect of source depth where the shallowest sources
are in the upper left and the deepest in the lower
right. The arrows show the interpretation of sP which
was used to determine source depth. All wave forms
were digitized from the vertical component except for
the 5:36 event P wave. The east-west component was
used for this event because of microseismic noise
obscuring the P arrival on the vertical. Note the
interpretation of sP which separates from the first
arrival P wave with increasing source depth. The 8:04
event was the deepest event found showing no Rg phase

and a large differential sP-P time implying a source

depth of 7.6 km.
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Figure 12: Aftershock P wave forms for events of 15 October, 16
October, and 21 October. The events are arranged in
chronological order from top to bottom and left column
to right column. All wave forms are from the vertical
component. The arrows show the interpretation of sP

which was used to determine source depth.

Figure 13: Aftershock P wave forms for events of 22 October, 29
October, 4 November, 7 November, 9 November, 8 Decem-
ber, 9 December, 18 December, 10 March 1970. Same

scheme as Figure 12.

Figure 14: Histogram of the number of foreshocks and aftershocks
as a function of source depth determined from Rg/S
ratios. The Rg/S method maximizes the inferred source

depth as discussed in the text.

Figure 15: Histogram of the number of foreshocks and aftershocks
as a function of source depth determined from sP-P

times. Note the rapid decrease of event numbers with

source depth.
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