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THE APPLICATION OF N-TH ROOT PROCESSING TECHNIQUE 9
S-WAVE RECORDS =

By: Lilik Hendrajarva *

ABSTRACT

There are many methods to increase signal-tu-noise ratio (S/N) of seismic records in order
to identify the interested signais, resolve them into their components and extract any
valuable information relating the source mechanism, the earth’s structure in which the
seismic waves travel, and other seismic wave properties. In this study N-th Root process-
ing technique i3 applied on S-wave data recorded at the Warramunga Seismic Array (WRA)
in Northern Australia. Besides signal enhancement, arrival identification and slowness
measurement are also products of this processing. ‘

SARI

Ada beberapa cara untuk menaikkan angka perbandingan isyarat dan derau (S§/N) pada
rekaman gelombang seismik yang berguna dalam proses mencirikan isyarat, memisahkan
kelompok gelombang dan menarik beberapa informasi penting yang berhubungan dengan
mekanisme sumber, struktur dalam bumi yang dilalui gelombang dan beberapa sifat gelom-
bang seismik. Pada penelitian ini dicoba digunakan teknik akar pangkar N pada data ge-
lombang § yang :terekam pada stasiun pengamat gempa Warramunga i Australia Utara.
Selain perbaikan amplitudo isyarat dihasilkan juga pencirian gelombang dan pengukuran
siowness (kebalikan kecepatan) oleh pengolahan data gelombang ini,

————

* The Earth Physics Group, Department of Physics ITB 11. Ganesa 10 Bandung, Indonesia
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Introduction

The world wide seismograph network and other seismic station provide data
which may and have been used for construction of travel time curves. Slow-
ness value, another name of slope of travel time curve (dT/dA), may then be
ifverted to produce an average earth’s structure. On the other hand seismic
array may be used to obtain direct slowness measurements.

The Warramunga Seismic Array (WRA), installed by the United Kingdom
Atomic Energy Authority {(UKAEA) near Tennant Creek in the Northern
Territory of Australia, began operation in October 1965 and i3 now jointly
operated by the British Procurement Executive of the Ministry of Defense and
the Australian National University. It is classed as a medium aperture array,
has an L-shape, and contains twenty short period vertical-component will-
more MKII seismometers, arranged in two lines of ten. Both linesare 22.5 km
long and are approximately at right angles to each other (see Figure 1 and 2).
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Figure 1. Location of the WRA seismic array with respect to earthquake regions from which
events have heen used in this study.

Region 1: Banda Sea — Halmahera — Philippines islands — Taiwan

Region II: Sunda arc islands
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Figure 2. Configuration of thr Wariamunga Seismic Atray.
Larger dots contain three component short period instruments.

In 1978, 3 sets of horizontal short period seismometers were installed at sta-
tion Res. R10, Bl, B&, B10. Signals Irom cach seismometer are radio-telenne-
tered to a central recording station and were originally recorded, sinmultaneously
with o time code, on to 24-track FM magnetic tape. in 1978 the primary
recording system was changed to a digita! recording system and the analog FM
tape drive was at this time relegated to providing a back up. For this study
records from both vertical and horizontal components and both FM and digi-
tal tapes have been used. Output samples of the individual channels are presen-
ted in Figure 3
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Figure 3. Records of the individual channels of avent L1L 518 from the Banda Sea region,
The P and S records have different normalization seales.

PDE data: 17 Aug. 1979 20h 19 min 36.2 sec 4 372 S 127270 E ; h =288 km ,Mb =55
Dist. = 16.72°
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This study is the continuation of thar of Muirhead and Ram Datt (1976) and
in some cases show better phase resolution especially when the noise level
is high.

The N-th root processing technique

With an aperture of about 22 km. the WRA array is smatl compared with the
distance between the source and the array for all except close events. Most arri-
vals can therefore be considered as plane waves, which implies that they sweep
the array with a single apparent velocity and a single dircction (azimuth). The
azimuth of each event is determined using spherical geometry rule. with the
source location given by either ISC (International Seismological Commisions)
or PDE (Preliminary Determination of Epicentre).

If (st Y.) is the location of the j-th senspr, the arrival time relative to the
origin’of’the coordinate system for a plane wave with apparent velocity Va apd
azimuth o is (see Figure 4)

incoming
plane waves \ Va apparent velocity
\ i

sensor

- —r;cos(a—f)

. . . . ’ _ i —
relative arrival time {time-delay) at;m sensor: f; = y
a

Figure 4. Time delay as a function of azimuth (o), apparent velocity fV,}, and the sensor
coordinates.

@ is measured clockwise from North (N} to the epicentral direction vecter.

ri is the radial distance of the ;™ sensor can be expressed in cartesian coordinates:

= 2 24,4
= XY
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¥ Cos(a —8)

ti =

e

This relative time arrival is also called time delay. The apparent velocity is
assumed and the azimuth is known. so the individual sensor channel delay can
be taken from its observed arrival time before forming multi channel stack
where the N-th root technique is applied. This method (N-th root) is intro-
duced to provide a new method of reducing the effect of non-Gaussian noise
which is present in the coda immediately following the first arrival.

After all the channels have been phased (delayed), the N-th root of the wave
train magnitudes of each channel are taken, followed by a summing and ave-
raging process. The summed output magnitudes are then raised to the N-th power
before forming the TAP (Time Average Product). Even though there is a
non-tinear distrortion in the signal wave shapes, this technique is a powerful
methods of enhancing the S/N. especially for arrival identifications purposes.
The maximum TAP for a particular wavelet will determine the right value of
agsumed V. then the measured slowness value (p) will be

FHE TS (km/ duf)
P= wmm—e = gecfdeg
l’ fkm/seL)

Mathematically the N-th root technique can be written as follows, if f is the
i-th sample of the output of sensorj. the steps of the process are:

1 Take the N-th root of the amplitude of the phased wave train

N .
foy = U.,‘ ! signum (£
2 Determine the average of f, .. tor all sensors, in each arm (Red and Blue)
. Nif
or tota

MR

Fy (Red) = MRZ fNu‘ MR = number of sensors in Red arm
L

f (Blue} =——X Fp. MB = number of sensors in Blue arm
MB ;=

MR+MB

_ 1

3 Form the N-th root sum by raising f,,, to the N-ih power.
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.f?\,r. (Red) = U'\._ (Red)i‘v signum (fTNr. (Red))
. vi

- — h' ——
fyp Blue) = |1, (Blue){ signum (fy, (Blue))

; - ¥ —
j.-\’i {total) = U(_‘\«': (total}  signum (ff\ii (total))

4 The Time Average Product (TAP) is form from the above partial N-th root
sums by the relation -

TAP, =fm (Red) Sy (Blue)
and the average partial TAP over an s sample window is

} ]
TAP; = EEH TAPk

Muirhead and Ram Datt (1976) determined experimentally that the best value
of N for processing WRA data was 4 and this value has been used in this study.
[t appears to be an appropriate value for enhancing the S/N without excessive
distortion of the signal wave shape. The distortion due to this N-th root techni-
que, is not necessary a failing of the technique, but in fact it has advantages.
Muirhead and Ram Datt (1976) showed in their cxperiment on P-wave thatin
the absence of noise the signal was passed undistorted This means that those
portions of the signal where the S/N level are high are emphasized, which eases
the restrictions on both the window length and its position when TAPs are
formed to determine slownes measurements. This phenomenon on S-wave data
is illustrated in Figure 5 (a through e) which show that wavelets containing
noise are converted into a series of narrow sharp impulses. This spiky wave
train may not appear aesthetically pleasing to one used to looking seismograms
but it can be made to look more like the original signal by smoaothing as shown
in Figure 5 b.

The advantage of emphasizing portions with large $/N ratios extends to signals
that are not correctly phased, with the result that the TAP becomes shaper as a
function of slowness or apparent velocity. Consequently, the two unresolved
arrival signals with different apparent velocities can be better identified by app-
lying the appropriate velocity when analysing each phase.

This distortion is also sensitive to signal direction (azimuth); and so to obtain a
TAP output which is close to the maximum a close approxgimation to the cor-
rect azimuth is required. Previous studics using WRA data (c.g. Ram Datt 1977)
have determined that the signal direction obtained cither from PDE or ISC
source data is close enough to the correct direction when only slowness values
are required.
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Figure 5. Block diagram of the Data Processing System.
Solid line : flow of information
Dashed line : flow of control signals

The processing sequence

WRA data used in this study is available in two formats. The first is analogue
data which have been recorded on FM magnetic tapes as continous records.
These tapes contain the outputs from the 20 vertical seismometers only and
were recorded before the installation of the horizontal instruments. The second
are automatically edited digital records which are stored on IBM compatible 9-
track tapes. Including timing information, these digital tapes contain the 20
channels of vertical components and 5 channels of $-N and E-W horizontal
components.

The chosen events have been retrieved using an analog playback system for the
FM tapes and a special plotting program for the digital data. They have been
processed by the following sequence:

digitizing (for the analog data only) and reformatting;

— beam forming using the N-th root technique (as discussed before);

arrival identification.

After the chosen event has been located, the FM magnetic tape is backed up fo
a position about 20-.30 seconds before it commences. The event is then digiti-
zed using a4 12-bif A-to-D converter and stored on a temporarv disk file. About
500--600 seconds of the event is normally digitized to cover both P and S arri-
vals, To determine the quality of a record, the first 20 seconds or so of digiti-
zed data is plotted out as single-channel records on a calcomp plotier. This plot
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allows a visual inspection to determine which seismometers are not working
correctly, wd these can be masked oft in the reformatting stage. Betore refor-
matting, the source parameters, c.g. data source (PDLOISOY, latitude, longitude,
origin time, focul depth magnitude and bad channel indicators are typed into a
lieader record programme which computes the expected Poand S arrival times
hased on the J-B travel Hme curve. This imformation can be used to select
wlich part of the digitized event and what Tength will be stored i the refor-
matted form. Each reformatted event is automatically identiticd wath the digi-
tal tape number and the number of the event (or file) on the refonnatied digi-
tal tape, and this information is printed out for later rerrieval purposcs. A block
diagram of the digitizing-reformatting system is shown in Figure 6.

Because of the noise from the P-wave codaand possible percursors, the first arri-
val of the S-wave train is not always casy to identify. Besides examining the
horizontal component data, a guided trial-and-error method is used. The proce-
dure of this trial-and-crror approach are:

U If the P-wave data shows some feature in the travel-time or slowness data,
does this same feature exist in the shear wave data?

2  The feature of several consecutive arrivals on one trace at a particubar dis-
tance must be in agreement with those shown by events at nearby distances.

3  Excepts as otherwise indicated by possible multiplicity on the travel-time
curve, or alternatively the record is noisy, slowness values of arrivals on the
same branch must agree within the error of measurements.

4 Due to possible errors in source parameters (location and origin time),
minor errors in the travel-time have not been considered when constructing
composit record sections. In other words, the origin time has been allowed to
vary by a few seconds in order to match up corresponding arrivals.

Using these 4 constraints, the procedure of identitication of arrivals can be des-
cribed as follows:

1 Using the J-B table for S-wave, the slowness of the fiest arrival ts estimated
and the corrected distance is calculated.

2 Using the measured slowness values produced by the TAP outputs and a
gross shear-wave travel-time curve, the tollowing steps have been followed.,
starting at the largest distance (in this case about 48 degrees) where the travel-
time curve is less complicated and working backwards.

@/ Draw a straight line representing a first-arrival branch of the travel-time
curve with alimost constant slowness value on graph paper, which has its dis-
tance scale on its horizontal axis. This slowness value of this line is initially
tuken as the measured value of slowness of cvents at the larger distance range,
but can be changed so that the gross S-wave travel time curve is not violated.
This reasoning is consistent with the fact that slowness values measured by the
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Figure 6b. 4-throot-sum output phased to the slowness values in Figure 6a
The four arrival groups A, B, C, and D are more distinctively resolved
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Figure 6c. TAP {N=4) output phased to the slowness values given in Figure 5a

Here it can be seen that A and B may contzin more than one signals A, is a phase slower
than A;; B, and B,
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Figure 6d. TAP value of one-second window as a function of slowness, for window contains

signal A
The maximum TAP is at 15-9 sec/deg

array may be offset by structure under the array.
b) Write down the measured slowness values for the corresponding onset
signals on the linear-sum output trace.

¢/ Place the trace on the graph paper at the corrected distance and fit the

interpreted first onset to the estimated first arrival branch.

d) Care must be taken with later arrival slowness, They must follow other

different straight lines or curves.
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Figure 6e. TAP value of une-second window as a function of siowness, for window contains
signal B,
The maximum TAP is at 13.9 sec/deg

e) Multiplicity of the travel-time is indicated by the convergence of first and
intermediate later arrivals to form an intersection. In this case, a second straight
line is drawn by referring to the trend shown by the later arrivals. Often, this
second straight line is not easily drawn due to possibly more than one multipli-
city found in short distance range or uncertainty of the distance of the cross
over point (intersection pointh.

3 Continue the steps in 2 until all available output traces cover all corres-
ponding distances, adjusting the straight lines or frace position as necessary to
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fit the gross travel-tine curve and to obtain a better mateh configuration.

4+ After the final matched configuration has been niet, all stowness values
are recorder as the measured slowness values tor their corresponding travel-time
branches, cither first or later arrivals. lurther more, the shape of the lirst-ar-
rival travel-time is also obtained.

The phases identified by this procedure must all be identitied as S phases, This
requires that other phases which occur in the S-wave train must also be identi-
fied, especrally the one which can disturh the first S arrival as a precursor or
immediately after the first § onsct. The above mentioned phases are S-to-P con-
version (Sp) at the Moho. PeS and ScP (both are the reflected phases from the
mantie-core boundary), and PS (reflected phases from the carth's surface). A
small computer program using geometrical ray tracing theory lhas been deve-
loped to calculate their travel times to see where they will arrive in the S-wave
train at a particutar distance.

Some results on first-arrival slowness measurements

Some corrections must be applied to the measured slowness determination to
obtain more representative values of dT/da versus distance (a). The require-
ment for these corrections exist because ol different focal depth and local
structure under the array. The focal depth correction arises because rays from
decp events at a certain distance tollow the same path and thus have the slow-
ness value as those from shallow events at a greater distance. The procedure
adopted in this study for providing a common base is to project rays from
deeper events to a surface focus and thus obtain a corrected distance. A small
computer program is used to caleulate these corrections using tocal depth and
slowness value as inputs by applying travel-time (T) and distance (A) gquations
described by Bullen (1963, p. 111 112). The velocity distribution model for S
used for this correction is adopted from P-wave model CAP8 (Hales et al, 1980}
divided by 1.785 (Huales and Muirhead. 1980).

To avoid errors due to local structure under the array the events are sclected
from the sources which are Jocated in a narrow azimuth range, because the scis-
mic rays travel approximately the same path when arriving at the array. The
ratio between observed and corrected stowness is less likely to be perturbed in
an unknown manner by local structure (Ram Datt and Muirhead, 1976). The
results which will be presented here, are selected from sources within an azi-
muth range (341 + 8) degrees which is along Banda Sea-Halmahera-The Philip-
phines-Taiwan trend.

Figure 7 shows first arrival slowness data in the distance range of 12.5t0 22.75
degrees. [t can be examined statistically that there are four types of slowness
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trends likely to be drawn trom the data. This indcates that there should be
three distiret velocity boundaries in the earth’s mantle within the depth ranges
pencirated by scismic rays with slowness shown by the data. Further discussion
in th:s matter will be presented in another paper.
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Figure 7. First arrival slowness data in the distance range 12.5 to 22.75 degrees from events
from Banda Sea-Halmahera-Philippine islands-Taiwan trend

Three apparent breaks are indicated at distance near 14,17 and 20 degrees. A, B, C, D are
four branches of travel-time curve

Conclusions

This experiment concludes that the application of N-th root processing tech-
nigue on S-wave records produces good result in signal enhancement as in the
P-wave processing: in some cases are better, Arrival identification appears to be
less difficult, since the distance between signals (phases) along the trace is wider,
which is easier to resolve. This is ulso tound in indicating breaks on the slow-
ness datu.
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Introduction

The difficulty in identifying the S-onset on the vertical records in the distances
less than 25 degrees (™ 2780 km) is a serious problem. This causes the standard
travel-time curve given by Jeffreys and Bullen (1940) is not accurate. Since in
this decade three component instruments are no longer difficult to obtain, the
mentioned serious problem is ¢xpected to be overcome.

Marshal et af. (1975) using WRA (Warramunga Seismograph Station) vertical
component data, observed two phases about 6 seconds apart in the S-wave train
and interpreted them as a strong Sp phase (S-to-P conversion at the Moho by
refraction) which preceded S (see Figure 1). However, the particle motion pola-
rization analysis may examine their result using earthquake records from the
same sources.

The measurement techniques

Two techniques are used in the phase identification. The first one is the N-th
root beam forming process for measuring the slowness of the interested S-phase
{Hendrajaya, 1983, in this issue). The second technique is the particle motion
polarization analysis to examine whether the interested phase has P (compresio-
nal) or SV {shear wave with vertical polarization plane) particle motion.

The three components: the vertical motion (Z) and two horizontals: — East-
West (E-W) and North-South (N-S) motions — can further be transformed into
Z (unchanged}, radial (R), and transverse (T} motions. Since the epicentral
azimuth can be obtained from either the ISC (International Seismological Com-
mission) or the PDE (Preliminary Determination of Epicentre) bulletin, the
transformation of E-W and N-S into R dan T motions can be performed by ap-
plying the rotation matrix below:

Z 1 0 0
T = O Cos o —Sin « X
R 0 Sin o Cos « Y

o is the azimuth.

If upward motion in Z component and radially outward motion in R compo-
nent are set to be positive then the product of R and Z components (RZ) may
tell the phase of ariiving signals. The P-phase always has positive RZ values, on
the contrary the S—phase produces negative RZ values. For non linear or elip-
tical or Rayleigh-wave type motion the RZ values will be positive and negative
alternately. Figure 2 shows how the RZ concept works and Figure 3 is an
example of RZ record for both P and S arrivals from a Fiji earthquake.
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Observed (a--¢) and modelled (d—f} wave seismograms showing double arrivals. The later arrivals on the
observed seismograms are interpreted as true S waves and the preceding arrivals as S to P conversions at
the Moho beneath the receiver. The modelled seismograms included no effects of layering in the source
region; all the arrivals are generated from a single S wave arrival at the base of the receiver crust, Note that
the PcS wave for earthquakes at the depth and distance inllustrated in ¢ {P wave reflected from the core as
an 8 wave) arrives just before the S—P arrival,

a: November 2, 1972, Loyalty Islands; origin time 18h 35 min22.1 s; m_=6.3; A = 32.40; h = 32km.
&: October 26, 1972, New Hebrides Islands; origin time 22h 48min. 34.4s; m, = 54; A=318;h =157
km. c: March 9, 1971. South of the Fiji Istands; origin time 08h 11mijn, 52 8s; m, = 50; A=424.h=
511 km. d: IJ =3.5;e: tﬁ. =1.3;F: ‘ﬁ =0.7.

Figure 1. Three events recorded at WRA which were interpreted to have Sp phases by Mar-
shall et al {1875}
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The origin O is the receiver position. The product between R and Z components for P-wave
is always positive, for SV-wave js always negative, and for compiex SV-wave will have alter-
nate positive and negative values.
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Near distance range

In this distance range, S-waves from shallow earthyuakes are both very complex
and noisy. They are. however, much clearer for deeper events. Because the time
separation between Podan S is small, the noise comes from the P coda. The
complexity is caused by other phases (which are not S) arriving in the S-wave
tram.

Figures 4 and S show S-wave records of two events from the Banda Sea region.

LILS@7.PDE-DATA, APR 2@ 1988 8HRS IMINS 3.1SECS 6.1945 131.574E
H=39KM AZ=348.45 DIST=13.93 MB=S.6 P=22.135/0 TANIMBAR [SLANOS

RRD .456

TRA L456

Rx=?

U UL ML

Figure 4. Three-component stacked record of event L1L507 from the Banda Sea region.

The records are phased using slowness values which are close to those of their
corresponding first arrivals. The vertical record is much clearer than the hori-
zontals since it is formed from the output of 20 channels, while horizontals are
formed by, at most, § channels. In both figures the S-wave trains contain a lot
of energy with a P-or Rayleigh-wave polarization, as is indicated by the posi-
tive peaks in the RZ plot. These unexplained arrivals have alinost the same
slowness values as S, which indicates that there must be some relationship
between them and 8. S-to-P conversion at the Moho or other crustal layers can-
not be used to explain these P-phase arrivals, since the slowness values are too
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high (using critical angle reflection criteria) to allow S-to-P conversion. The
most likely possibility is that they are a form of SP, the conversion oceurring
because of surface topographic effects. For example. SP phases may oceur and
arrive carlier than S it the carth’s surface is not horizontal but dipping slightly.

LILSG, POE , JAN 5 1980 7HRS 4BMINS 7.QSECS
6.8585 129.720E H=93kM DIST=13. 760G £X.DIST=15.27DEG p = 22.75 /0

? 10 AN A A A A A

RAD 410

TRA .4la

Figure 6. Three-component stacked record of event LIL506 form the Banda Sea region.

Altematively these SP phases may be produced by scatterring. In either case,
the incident S-wave will produce compressional energy whose minimum veloci-
ty must be that of the near surface P-wave velocity. If there are many places on
the earth’s surface between the epicentre and the station which have the appro-
priate topography, a considerable amount of P-wave energy may be generated.
Also, if the problem is considered to be two dimensional rather than single
dimensional, P-wave energy may arrive both before and after the S arrivals.
SP precursors to the S-wave train may be generated in the distance if the slow-
ness values of the near-surface P-wave is about 21.3 sec/deg. This explanation is
also consistent with the observations of Jeffreys and Bullen (see the introduc-
tion to their travel time tables) that the shear-wave records from shallow events
are complex out to a distance of about 25 degrees. Figure 6 diagramatically
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Figure 6. Diagram illustrating how P-wave signal-generated noise may be generated due to topographic effects at the earth’s sur-

face.

The incident S waves at position 1 to 6 have almost constant slowness value.

At position 6, pure S wave arrives at the receiver.

At position 1 and 4 thorizontal surface) the S waves do not generate P phase because of critical angle criteria. At position 2,3,

and 5 P waves can be generated by conversion since the angles of incidence have been decreased by the sloping surfaces. 5
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Figure 8, S-wave records of event LHF033 from the Fiji islands region showing clear SP
arrivals.

Conclusions

The above evidence and discussion show that topographical shape of the earth’s
surface will generate noises or precursors to the S-wave with a P-wave or Ray-
leigh-wave type polarization. Since this type of noise or precursor is generated
by an incident S5-wave then it can be categorized us an SP phase. For teleseismic
distance range the normal conversion SP phase is allowable, so this phase will
be strong and arrives several seconds later after the main S phase. The obser-
vation of this SP phase rejects the previous hypothesis that the Moho generates
S-to-P conversion which appears as a double arrival with the main S.

This conclusion, however, is produced by analysing three component S-wave
records: measuring the slowness and determining the type of particle motion
polarization.
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Sy and S, "are the wavelets that were interpreted to be Sp and § phases by
Marshall ef al. (sce Figure B) have negative RZ values for S, and positive for S,
The slowness values measured on the vertical component records give 15.5 sec/
deg for Sy and 15.7 sec/deg for S, ", Ray tracing cateulation using available crus-
tul and upper mantle P-wave velocity model (Hales ¢f af.. 1980) indicates that
S,' is consistent with an SP phase and that the point of surlace reflection and
conversion from S to P occured about 1.5 degrees (v 160 ki) from the WRA
station. Further investigation shows that the strong SP phasc is the phase sp_ P,
i.e. the P-wave generated at the surface which travels down and is reflected
from the Moho betfore arriving at WRA. As a consequence of this phenomenon,
one can deduce that any S body-wave arrival (either first or later arrival) will
have a corresponding SP arrival, provided that the P and S velocity distributions
in the crust permit this conversion (the reflected P has the same slowness as the
incident §8). It follows that the arrival S;' can be interpreted as an SP phase
generated by later arrival 8, (S-phase). S, and S, have greater time separation
than S; and S,’. This is a consequence of its lower slowness value (14.9 sec/
deg) when compared with the slowness value of the phase S,. The reason for
interpreting later arrivals with positive RZ values as SP phases is based on two
premises. Firstly, as has already been mentioned, ray tracing calculation has
been carried out to estimate the distance partition of P and S paths for a parti-
cular slowness value. The difference in the travel time between S and SP phases
can then be used to check the difference between the S and suspected SP phase
shown on the trace. The second reason for identifying the phasc in question as
SP is that the measured slowness values are very similar to the corresponding S
arrival, which strongly suggests that the phases are related to each other.

Figure 8 shows event from Fiji islands with a focal depth of 592 km. This
record indicates a clear S onset and shows no evidence of P-wave precursor
which would indicate S-to-P conversion at the Moho. This suggests that the
Moho in the vicinity of WRA is not a sharp transition, but is rather spread out
over a depth interval of several kilometres. This conclusion is in agreement with
the analysis of crustal study in the vicinity of WRA where a transition region
going from a P-wave velocity of 7.4 km/sec at 45 km depth to 8.25 km/sec at
a depth of 53 km has been inferred (D. Finlayson, Australian Bureau of Mine-
ral Resources, personal communication).
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Figurs 8, S-wave records of event LHFD33 from the Fiji islands region showing clear SP
arrivals,

Conclusions

The above evidence and discussion show that topographical shape of the earth’s
surface will generate noises or precursors to the S-wave with a P-wave or Ray-
leigh-wave type polarization. Since this type of noise or precursor is generated
by an incident S-wave then it can be categorized as an SP phase. For telescismic
distance range the normal conversion SP phase is allowable, so this phase will
be strong and arrives several seconds later after the main S phase. The obser-
vation of this SP phuse rejects the previous hypothesis that the Moho generates
S-to-P conversion which appears as a double arrival with the main S.

This conclusion. however, is produced by analysing three component S-wave
records: measuring the slowness and determining the type of particle motion
polarization.
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