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SUMMARY

SECTION A

F-k analyses of short-period recordings of both U.S. and Soviet underground nuclear explosions

at the Eskdalemuir (EKA), Scotland array indicate arrivals from a local source about 15 km due north-

west of the array. Use of residual seismograms derived by subtracting the beamed record from each

array channel confirmed the presence of the same scatterer. The secondary seismic source appears to be

short-period surface waves due to the scattering of incident P waves at a nearby deep valley known as

Moffat Water, in agreement with Key's (1967) earlier results. Similar analyses of the NORESS (Nor-

way) array data from U.S. and Soviet nuclear shots also indicate secondary arrivals suggesting a local

near-surface scatterer about 25-30 km south-west of the array, in the region of Lake Mjosa. Thus,

short-aperture array data can be useful in identifying and locating sources of near-receiver scattering.

SECTION B

F-k analyses of short-period recordings of both explosion and earthquake sources at the high-

frequency NORESS array indicate secondary arrivals from a near-receiver source about 25-30 km

southwest of the array. Use of residual scismograms, derived by subtractiug the beamed record from

each array channel, improved the identifcation-f-thsame Scatt . F-k power difference plots,

obtained by subtracting (after normalization) the f-k power versus slowness estimates for the initial P

window from those for the later windows, provided nearly identical results. The secondary seismic

source appears to be short-period surface waves, Rg, generated by the scattering of incident P waves in

the region of Lake Mjosa, 27 km SW of NORESS, where there is about I km of relief from the bot-

tom of the lake to the top of an adjacent hill.\Polarzation analyses of two explosions recorded on

three-component elements of NORESS also suggested a secondary phase with polarization characteris-

tic of Rg and arrival time and azimuth consistent with those derived from the f-k analyses for one but

not for the other shot. Near-source scattering is investigated by f-k analysis of data from reciprocal

iii



arrays formed by interchanging the roles of source and receiver. Application to closely spaced Yucca

Flat (NTS) shots recorded at several stations provides evidence for Rg -- P scattering near the

northwestern and other basin boundaries of the Yucca Valley. It seems that deterministic locations of

near-receiver P -4 Rg and near-source Rg - P scattering can be obtained by f-k techniques.
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SECTION A

GF 'UHY., c.1i( E. I L A Allt.i [.. FrEI,, , ! . 1I, NO. 2, PA(; FS 18 1- !6, F RUARty 1990

BROADBAND F-K ANALYSIS OF ARRAY DATAJO II)NTIFY SOURCFS OF LOCAl. SCATlFRING

I. N (;upoa, C S Lynrc-s. and R. A Wagner

Teledyne Gcotech, Alexandria, Virginia

Abstract. F-k analyses of short-period recordings of both The method was first applied to the Eskdalemuir (EKA)
U.S. and Soviet underground nuclear explosions at the Esk- array recordings of two underground nuclear explosions.
dalemuir (EKA), Scodand array indicate arrivals from a The EKA array has 20 elements arranged in an "L"
local source about 15 km due northwest of the array. Use configuration with element spacing of 0.9 km and max-
of residual seismograms derived by subtracting the beamed imum element spacing of 9.8 km (Bache et al, 1985). The
record from each array channel confirmed the presence of results are expressed in terms of frequency-slowness spec-
the same scatterer. The secondary seismic source appears to tral estimates of the signal at specified times. Starting a
be short-period surface waves due to the scattering of few seconds before the onset of P, Parzen-tapermd 6.4 sec
incident P waves at a nearby deep valley known as Moffat long windows, with incremental shifts of 0.2 sec. were used
Water, in agreement with Key's (1967) results. Similar ana- to obtain the frequency-slowness plots. A single element
lyses of the NORESS (Norway) array data from U.S. and record of the Nevada Test Site (NTS) shot, KASSERI (28
Soviet nuclear shots also indicate secondary arrivals sug- October 1975, nb = 6.2, epicentral distance, A = 72",
gesting a local near-surface scatterer about 25-30 km back-azimuth 309o) is shown in Figure Ia. The results of
southwest of the array, in the region of Lake Mjosa- Thus. f-k analysis for several time windows are shown in Figure
short-aperture array data can be useful in identifying and 2. Here the P window is defined as that centered on the
locating sources of near-receiver scattering. onset of P so that it contains only 3.2 sec of signal The

window starting I sec after the P window (designated the
Introduction P+ I sec window) was generally found to have the highest

power and may therefore be considered to represent the ini-
There have been few studies of teleseismic P coda in tial P. On each slowness plot, the highest amplitude value

which actual sources of scattering have been identified, is indicated (with power in db) along with its direction of
Perhaps the most convincing study so far has been the approach or back-azimuth (in degrees) and phase velocity
identification of scattered arrivals from the region of a nat- (in kn/sec). The contour interval is I db and a range of 10
row lake in Scotland, about 13 km long called Moffat db is used- The signal/noise ratio for the EKA recordings of
Water which ties at the bottom of a northeast-southwest KASSERI is good over the frequency range of 0-5 to 3.0
trending 200 m deep valley (Key, 1967). By beaming Esk- Hz. The corresponding broadband results for the P+I sec
dalemuir (EKA) array records from several earthquakes and and P+5 sec windows are shown in Figures 7a and 2b,
nuclear explosions, Key identified a low-frequency. Ray- respectively. Figure 2c shows results for the narrow fre-
leigh wave arrival with velocity of about 2.5 km/sec from quency passband of 1±0.25 Hz. Dominant energy in the
the direction 3150, originating about 13 km from the center first window shows a back-azimuth of 3050 and phase velo-
seismometer. Theoretical studies by Hudson and Boore city of about 19 km/sec; both are close to the expected
(1980) confirmed the source of the local wave to be due io values for initial F. The power contours are, as expected,
scattering of incident P into Rayleigh waves. In this study, elongatcd along directions that coincide with the directions
we demonstrate the usefulness of broadband f-k analysis to of the two arms of the EKA array. In addition to main
identify sources of local scattering such as Moffat Water arrivals from the explosion source region, Figures 2b-c sug-
near EKA and Lake Mjosa southwest of the small-aperture gest low-phase-velocity, secondary sources of energy, espe-
NORESS array. Both U.S. and Soviet nuclear explosions cially from the northwest direction, probably due to
are ,used as seismic sources to provide different source- forward-scattering of teleseismic P to surface waves, as
receiver azimuths. Residual seismograms torrocA] by .ub iuggestej b) Key).s ( ' ., , -7.,2,_,,1
tracting the array beam from each channel improve In order to enhance the local secondary arrivals with
identification of the sources of locally scattered arrivals, respect to the primary arrival, residual P and P coda were

obtained by subtracting the time-domain beam from the
F-K Analysis of U S. and U.S.S.R. Shots at EKA original P waveform for each EKA channel. The beam used

for this purpose was obtained by aligning the first peaks
Array recordings of seismic events are useful fir after the onset of P and summing all channels. The result-

studying detailed characteristics of wave propagation across ing residual seismograms, expected to be richer in near-
the array. We use a broadband f-k technique described by receiver effects since the pnncipal arrival due to direct P
Kvaema and Ringdal (1986) has been suppressed, were then used to obtain the

frequency-slowness plots Re',ults for the P+5 sec window
but for three different frequency passbands (Figures 2d-f'
Indicate j consstent. ll .. phase velocity principal.arval

(t plyr (Ifit. I-,t( I I,', t!' .1 .r I, ,r IY. I I' I I I ! r I I I T. A com parson of Iiures 2b c with 2d c dcrnnsrrates the

q',, r rrirt.-r ;. .:'.. , ? usefulic-ss of rcfirdU.il ,eismogram , in the identftication and

The U.S. Government Is authOrized to reproduce aid sell this report.

Permisslon for further reproduction by others must ne obtained fron

the copyright owner.



184 Gupta ci a.: F-K Anaysis to Identify Local Scattering

(,) KASSERI (EKAR1) sc4.orldary arnvals appears to be almost random, with many
~ sources of nearly equal amplitudes. It is interesting to noteV-\/Of-\ " that Key (1967) found the spectrum of the local wave to

163.0 NM peak around I Hz and drop sharply at higher frequencies.
KAZAKH 84351 (NRAO) A similar analysis was applied to EKA array records of

Eastern Kazakh shot of 23 December 1979 (mb = 6.2. A =

470, back-azimuth 61°). The most prominent secondary

4901.2 NM arrival appears the P+7 scC windows, with nearly the
same direction and phase velocity as that for the U.S. shot

(c) LOCKNEY (NRAO) This arrival time is later than those in Figures 2b-c, which

is consistent with the longer travel path of the scatered
incidemt P wave relative to the direct P. Assuming near-

92.7 NM surface scattering, these results indicate the scattering
source to be about 15 km from the array center, in the
vicinity of Moffat Water, again in agreement with Key's

5.0 SEC results.

Fig. I. Single element records of (a) KASSERI at EKA
amy and (b) Kazakh shot of 16 December 1984 and (c) F-K Analysis of U.S. and U.S.S.R. Shots at NORESS
LOCKNEY at NORESS array. Zero-to-peak amplitudes are
given in nanometer. We now show results from similar analysis of data from

the short-aperture array, NORESS, which consists of scn-
son within a 3 km diameter array (Ingatc et al., 1985). The

The maximum amplitude arrivals in Figures 2d-f indicate 24 short-period vcrtical-componcnt sensors used in this
a phase velocity of about 3 kn/sec and back-azimuth of study are located along four concentric rings. A single elc-
about 310*. Combining this with the phase velocity and mcnt record of the Eastern Kazakh shot of 16 December
back-azimuth in Figure 2a and assuming the scattering 1984 (mb - 6.1, A = 38*, back-azimosh 750) is shown in
takes place near the surface, the scatterer should lie about Figure lb. A shorter (3.2 sec long) window is used for f-k
15 km from the center element of the array. These results analysis because of the smaller dimensions of NORESS as
agre remarkably well with those of Key (1967). For a compared to EKA. Results are shown in Figure 3 in which
center frequency of 2 Hz (Figure 2f), the distribution of the initial P window indicates the largest-ampitudc arrival

(a) P 1.0 sec. 1.75± 1.25 Hz (b) P 5.0 sec. 175 ± I 25Hz (c) P *50s sec. 101025 Hz
At 305.2 Val:19 10 P- 722 Az 3178 VGP224 P- 179 A, 317 1 VO 279.0 P'2 '29

0 ~ 0

(d) P +5.0 sec. 1 75± 1 25 Hz (e) P 5.0 sec. 1.00± 0 25 iz (1) P 5 0 sec. 2 00 0 50 HZ
Ar;313.3 VOA 285 P- 12 2 Al'3139 VW 318 P-r 162 At 3057 VOl 2 67 P- 04

900

C' 0. J. '0 0 r. 0'

Fig. 2. Freq uency- slowness spectra] estimates derived from (a c) normal and (d f) residuail l:KA records oIf KASS-.RI T11c
numbers on top of each plot indicate back-azimuth (deg). phase. velocity (kmlV~cc), and %igni1 power (dBi), respectively of
the highest -amplitude arrval which is shown connected to the origin. 'he maxiniuin slowness value is 0 4 secfkm. J i
signal windows and frequency passbands are indicated on each plot. Note the low phase velocity arrival fiom thc northwct
direction appearing as a secondary arrival in plots (b) and (c), and as the prinluip~il ar-sil in plots (d f)

2
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(.1 P 1 0(r-( 4 01) * C( l) I ' , 1 -4 4 01) 3 () 0,j P I I 2 SC. 2 001 05"0 HZ
go.l0 V,, , tl 1 . 4 ' 1133 V 5

I~ J

(d)P~t~sec400t000 A9i70

Aj :'36 2 Vo 1 14 Pi3' 2 A ?18' Vl I P-. 338 Al 73144 VN 3O 01 r' 36 6

0 4 '00 0 4 01 0 4 a04 180004

Fig 3. Similar to Fig. 2 but derived from NORESS recoi-d- of the Kazakh shoc of 16 December 1984. A low phase velo-
city arrival from the southwest direction appears as the pn-ncipal phase on all five later arrival windows.

(a) P *1 0 sec. 1 75 ± 1 25 41r (b) P *10 6 nec 1 IS 1 25 Hzi P + , 6 sec, 2 00 ± 0 50 Hz
Aj 3284 Vol IS47 0,, 230 Al 317C V 16 a I A-- L3!,'S Ve Z31 P- 9 6

(d) P + 105 F,wc 1 15 1 7 ?!4 (P) 'j I C P no0 0 So iiz (i P logS ste 3 00 t 0 75 Hz
A, 21279 VW 20 P-~ 43 V15\. 2 86 P, 6 A, /3134 V.1 31C6 P- 1 0

T7'! r, S

Fi 4Siilr o ig2 rr~c fomNO LS rrod o OKN e.1.)hith i"iu o~m~ i crAT'elw h~ vliy rialfo te tjhcc irtn i idyr r h.qjj%.1 eodv ria n()bl
appar- asteprni-la'-, npot df
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186 (;upta l al.: F-K Analysis to ldcntify I.;xal Scattering

to have a back azimuth of 800 (Figure 3a), in good agree Rayleigh waves originating from the deep valley, Moffat

ment with the expected value. Two later windows with fre- Water near EKA and the vicinity of Lake Mjosa near

quency passbands of 4±3 lIz and 21'0.5 (Figures 3b-c) indi- NORFSS

cate prominent secondary arrivals from the southwest diec.
tion. Figures 3d-f show the residual seismogram f-k results AckAowledgmenis. The authors thank Tom McElfresh

for passbands of 4±3 Hz, 1±0.25 Hz, and 21AI5 Hz. Each for his help with computer software and Doug Baumgardt

of these figures indicate low-phase-velocity arrivals from for making valuable suggesuons. This research was funded

the southwest. A comparison of Figures 3d-c with 3b-c by the Defense Advanced Research Projects Agency and

shows that the use of residual seismograms again facilitates monitored by the Air Force Geophysics Laboratory under

the isolation of secondary sources. Assuming the secondary Contract F19628-88 C-0051. The views and conclusions

source to be near the surface, the results in Figure 3 sug- contained in this report are those of the authors and should

gest the scatterer to be 25-30 km from the array. It is noAt be interpreted as necessarily representing the official

interesting to note that there is a large lake (Lake Mjosa), policies, either expressed or implied, of the Defense

t-ending northwest-southeast, about 24 kyn southwest of Advanced Research Projects Agency or the U. S. Govern-

NORESS. There is steep topography surrounding the lake ment-

in this direction; the hills immediately to the west of the

lake have an elevation of 600 m above the lake, which is References

approximately 400 m deep, producing total relief of 1000 m
over a short horizontal distance. It seems likely that the Bache, T. C.. P. D. Marshall, and L. B. Bache, Q for

scatterer is associated with this prominent feature. telcseisrnic P waves from Central Asia, J. Geophys. Res

Fr-squency-slowness plots derived from NORESS records 90, 3575-3587, 1985.

of the NTS shot, LOCKNEY (24 September 1987, rn - Hudson, J. A. and D. M. Boore, Comments on "Scattered

5.7, A = 74"
. back-azimuth 319') are shown in Figure 4. surface waves from a surface obstacle" by J. A. Hudson,

The results are similar to those in Figure 3, indicating Geophys J. 60, 123-127, 1980.

nearly the same azimuthal direction for the scatterer. The Ingate, S. F., E. S. Husebyc, and A. Christoffersson.

scattered arrivals in plots derived from residual seismo- Regional arrays and optimum data processing schemes,

grams (Figures 4d-f) are significantly more prominent than Bull. Seism. Soc. Am. 75, 1155-1177, 1985.

those from normal seismograms (Figures 4b-c). Again the Key, F. A., Signal-generated noise recorded at the Esk-

results in Figure 4 suggest the source of scattering to be dalemuir seismometer array station, Bull. Seim. Soc. Am

about 25-30 km from the array. 57, 27-37, 1967.
Kvaema, T. and F. Ringdal, Stability of various f-k estima-

tion techniques, NORSAR Scientific Rep. 1-86/87, 29-40,

Conclusions Kleller, Norway,. 1986.

F-k spectral analyses of short-period data from the EKA
and NORESS arrays have been used to identify and locate I. Gupta, C. Lynnes, and R. Wagner, Teledyne Geotech,

sources of local scattering. Residual seismograms have been 314 Montgomery, Alexandra, VA 22314.
found to be useful in isolating the secondary source from
the effects of the primary source. Using both U.S. and (Received October 2, 1989;
U.S.S.R. nuclear explosions as the seismic sources, the revised December 4, 1989,
scattered arrivals have been identified as low-velocity accepted December I1. 1989



SECTION B
INTRODUCTION

Few studies of teleseismic P arrivals have been successful in identifying and locating

actual sources of scattering. One of the most convincing analyses has been the identification

of scattered arrivals from the region of Moffat Water, a narrow lake in Scotland about 8 miles

long, which lies at the bottom of a 600 ft deep valley (Key, 1967, 1968). The valley lies in a

NE-SW direction, and the apparent secondary source is at a point about one third of its length

from the northeastern end, where it cuts through a basalt and dolerite dyke. By beaming Esk-

dalemuir (EKA) array records from several earthquakes and nuclear explosions, Key identified

a low-frequency Rayleigh-wave arrival with velocity of about 2.5 km/sec from the direction

31b ° and originating at a distance of about 13 km from the center seismometer. The direction

and velocity of the local wave did not change in spite of variation in source azimuthal direc-

tion of over 500, suggesting it to be due to a relatively small localized heterogeneity.

Particle-motion analysis of three-component data confirmed the local wave, with an amplitude

generally about 20% to 40% of that of the incident P wave, to have the character of a Ray-

leigh wave. Theoretical studies by Hudson (1967) and Hudson and Boore (1980) also indi-

cated the source of the local wave to be due to scattering of incident P into Rayleigh wave.

Broadband f-k analysis of EKA recordings of both U.S. and Soviet nuclear explosions further

confirmed the secondary seismic source to be from Moffat Water (Gupta et al., 1990). Resi-

dual seismograms obtained by subtracting the beamed record from each array channel

significantly improved identification of the sources of locally scattered arrivals.

Our recent f-k analyses of data from the high-frequency seismic array NORESS (Nor-

way) suggested the presence of a local scatterer about 25-30 km southwest of the array, in the

5



region of Lake Mjosa (Gupta et al., 1989; Gupta et al., 1990). In this more detailed study,

Soviet and U.S. nuclear explosions and an earthquake are used as the seismic sources, provid-

ing significantly different source-receiver azimuthal directions. Two new f-k techniques based

on the use of residual seismograms and f-k power difference plots help improve identification

of the scatterer. Similar results are obtained by polarization analysis of three-component

NORESS data.

In simple terms, the principle of reciprocity means that the source and receiver positions

in a seismic experiment can be exchanged without affecting the observed seismograms. Con-

sequently, single observation point records of closely spaced seismic sources can be used to

form an array on which conventional array processing techniques can be applied (Spudich and

Bostwick, 1987). Teleseismic P arrivals from Yucca Flat explosions are known to have com-

plex waveforms that vary considerably from one shot to another. Finite-difference simulations

have explained much of this complexity as being due to the scattering of explosion-generated

Rayleigh waves into teleseismic body waves because of laterally varying structure (Mclaugh-

lin et al., 1987; Stead and Helmberger, 1988). An attempt is made he-e to examine near-

source scattering for Yucca Flat shots by f-k analysis of data from several stations by forming

reciprocal arrays. The results are interpreted on the basis of the known geology of th.: Yucca

Flat test site. Both near-receiver and near-source scattering play important roles in the moni-

toring of underground nuclear tests. For example, the Lg phase from explosions, known to be

strongly influenced by scattering (e.g., Gupta and Blandford, 1983), is often used for the

detection, source discrimination, and yield determination of underground nuclear explosions.



F-K AND POLARIZATION ANALYSIS OF USSR AND U.S. SHOTS AT NORESS

Array recordings of seismic events are useful for studying detailed characteristics of

wave propagation across the array. Broadband f-k methods have been used to detect various

seismic arrivals and determine their phase velocity and azimuth (Kvaerna and Doornbos,

1986; Kvaerna, 1989; Ringdal and Kvaerna, 1989). The f-k technique used here is described

by Kvaerna and Doornbos (1986) and Kvaerna and Ringdal (1986).

We first applied the broadband f-k spectra method to the NORESS recordings of two

underground nuclear explosions. The NORESS small-aperture array consists of sensors within

a 3 km diameter, and the 24 short-period vertical-component sensors used in this study are

located along four concentric rings (Kvaerna, 1989). The results are expressed in terms of

frequency-slowness spectral estimates of the signal along various azimuthal directions. Start-

ing a few seconds before the onset of P, Parzen-tapered 3.2 sec (128 point) windows, with

incremental shift of 0.2 sec, were used to obtain the frequency-slowness plots. Results from

the Kazakh shot of 16 December 1984 (mb = 6.1, A = 380, back-azimuth 750) are shown in

Figure 1. Here the P window is centered on the onset of P so that it contains only 1.6 sec of

signal. The window starting 1 sec after the P window (designated the P + 1 sec window) was

generally found to have the highest power and may therefore be considered to represent the

initial P. On each slowness plot, the highest amplitude value is indicated (with power in db)

along with its direction of approach or back-azimuth (in degrees) and phase velocity (in

km/sec). The contour interval is I db, and a range of 10 db is used. The signal/noise ratio for

the NORESS recordings of this explosion is good over the frequency range of about 0.5 to 7.0

liz. The broadband (1 to 7 Hz) results for the 1' + I sec and P + 11.4 sec windows are

7
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shown in Figures la and lb, respectively. Figure Ic shows results for the narrow frequency

passband of 2.0 ± 0.5 Hz. Dominant energy in the first window shows a back-azimuth of

about 80' and phase velocity of about 16 km/sec; both are close to the expected values for

initial P. In addition to main arrivals from the explosion source region, Figures lb and Ic

suggest low-phase-velocity secondary sources of energy, especially from the southwest direc-

tion.

The local secondary arrivals were enhanced with respect to the primary arrival by sub-

tracting the time-domain beam from the original P waveform for each array channel and

using the resulting residual seismograms for f-k analysis (Gupta et al., 1990). This simple but

effective method constitutes a first step in iterative beamforming of two simultaneous signals

and provides a first approximation to a maximum likelihood estimate (Blandford et at., 1976).

Results for the same two windows and frequency passbands as in Figures lb and Ic are

shown in Figures Id and le, respectively; a comparison clearly demonstrates the usefulness of

residual seismograms in the identification and location of sources of near-receiver scattering.

Figure If shows results, based on the use of residual seismograms, for the lower frequency

passband of 1.00 ± 0.25 Hz. The three Figures Id, le, and If consistently indicate a prom-

inent low phase velocity arrival from nearly the same azimuthal direction.

An attempt was also made to investigate secondary sources of scattering with the help of

f-k power difference plots obtained by subtracting the normalized two-dimensional matrix of

f-k power versus slowness estimates of the initial P window from those for the later win-

dows. Results for the same three frequency passbands as used in Figures Id, le, and If are

shown in Figures Ig, lh, and li, respectively. The three figures indicate the same proninent

low phase velocity arrival from nearly the same azimuth. It appears therefore that f-k power

9



difference plots provide another simple and effective method for studying the characteristics

of secondary arrivals.

The maximum amplitude arrivals in all eight figures based on later time windows (Fig-

ures lb through Ii) indicate a phase velocity of about 3 km/sec and back-azimuth of about

2350 . Combining this with the phase velocity and back-azimuth in Figure la and assuming

the scattering to take place near the surface, the scatterer should lie 25-30 km from the array.

There is a large lake, Lake Mjosa, running along the northwest to southeast direction, about

24 km southwest of NORESS. The hills immediately to the west of the lake have an elevation

of 600 m above the lake, which is approximately 400 m deep, meaning that there is a varia-

tion in elevation from the bottom of the lake to the top of the hill of 1000 m over a short hor-

izontal distance (S. Mykkeltveit, personal communication, 1989). It seems likely that the

scatterer is associated with this prominent geological feature which has the largest topographi-

cal relief within at least 50 km of the array.

Frequency-slowness plots derived from NORESS records of the NTS shot LOCKNEY

(24 September 1987, mb = 5.7, A = 74' , back-azimuth 3190) are shown in Figure 2, which

includes results from normal f-k analysis (Figures 2a, 2b, and 2c), from residual seismograms

(Figures 2d, 2e, and 2f), and from f-k power difference plots (Figures 2g, 2h, and 2i). Results

are similar to those in Figure 1, indicating nearly tle same azimuthal direction for the

scatterer. The secondary arrival is most prominent in the P + 10.6 sec window. The earlier

arrival time, as compared to those in Figures lb through I i, is consistent with the somewhat

shorter travel path of the scattered incident P' wave relative to the direct P. The scattered

arrivals in plots derived from residual seismograms (Figures 2d, 2e, and 2f) as well as those

from difference f-k plots (Figures 2 g, 2h, and 2i) are significantly more prominent than those

10
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from normal seismograms (Figures 2b and 2c). Again the results in Figure 2 suggest the

source of scattering to be about 25-30 km from the array.

Polarization analyses of the four 3-component short-period elements of NORESS for the

USSR and U.S. explosions described earlier were carried out using the method of Jurkevics

(1988). A zero-phase Butterworth bandpass filter is applied to the data, and covariance

matrices are averaged over the array for a sliding window. The polarization ellipsoid,

representing the best fit to the data in a least-squares sense, is computed from the average

covariance matrix. The characteristics of ground motion can be specified in terms of attri-

butes derived from the principal axes of the polarization ellipsoid. Denoting the latter by X1,

X2, and )3, where X, > X2 
> ? 3, the degree of rectilinearity is given by (1-(X22+X 3)/2. 1) which

is 1.0 when there is only one nonzero eigenvalue, as for pure P waves. Pure Rayleigh-wave

motion is elliptical and the particle motion is confined to a plane. Defining oblateness as

2( ,- 3)(X 1-X 3) IX?+ +3), Rayleigh waves should be characterized by very oblate (i.e., flat

elliptical) polarization (the maximum oblateness is 1, when X, = X2 and X3 = 0). Results from

the Kazakh shot, based on the 0.5-1.0 Hz band, are shown in Figure 3, indicating a prominent

phase with a polarization characteristic of Rayleigh waves arriving about 11 sec after P. The

back-azimuth computed from the polarization is about 220-250'. The arrival time and

azimuth are therefore consistent with those for the secondary seismic source in the f-k ana-

lyses (Figure 1). Similar analysis was carried out for the NTS shot LOCKNEY (Figure 4).

The rectilinearity is generally high, indicating predominantly P-wave motion, probably

representing teleseismic P waves from the source region. This is supported by the f-k ana-

lyses in Figures 2b and 2c, which indicate a large amount of energy arriving form the source

region several seconds after the direct P. Rayleigh wave motion is not apparent in the
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polarization until about 14 seconds after the direct P. The back-azimuth is 260-280' , in rough

agreement with the f-k results.
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F-K ANALYSIS OF AN INTERMEDIATE-FOCUS EARTHQUAKE AT NORESS

We carried out f-k analysis on NORESS data from an earthquake in Romania (45.820 N,

26.650 E, August 1, 1985, mb = 4.7, depth 122 kin, A = 170, back-azimuth 1420) in order to

examine any possible influence of variations in source-type and source-receiver azimuth on

the determination of near-receiver scattering. The results are shown in Figure 5. The P + I

sec window (Figure 5a) indicates the expected phase velocity and back-azimuth, whereas the

two P + 11.6 sec windows (Figures 5b, c) contain some evidence of a low-phase-velocity

secondary arrival from the southwest direction, Comparing these with the results from explo-

sions (Figures lb, c and 2b, c), the earthquake P coda has considerably more energy coming

from the source region, probably because of the significantly longer source duration.

Nevertheless, f-k based on residual seismograms (Figures 5d, e, f) and f-k power difference

plots (Figures 5g, h, i) produce results for the secondary source that are remarkably similar to

those from the two explosions (Figures I and 2).
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F-K ANALYSIS OF I)ATA FROM RECIPROCAL ARRAYS

We also used f-k analysis to investigate near-source scattering by forming reciprocal

arrays in which the roles of source and receiver are interchanged. Short-pcrixl records at a

single station of seismic sources that are fairly similar and closely spaced may be used for this

purpose. In order to simulate a reciprocal array, arrival times of the first peak in the direct P

wavetrain from each explosion are used as reference points, and the traces are shifted on the

basis of their predicted travel times to the recording station. Yucca Flat (NTS) explosions

recorded at several stations at teleseismic distances were used to construct four reciprocal

arrays, and the sources of secondary arrivals were examined. The locations of 39 shots used in

each of the four reciprocal arrays used in this study are shown in Figure 6. Two of these

arrays were derived from groups of 10 shots each recorded at tile ASRO station MAJO; these

have been designated as MAJO-North and MAJO-South. The center element NAO records of

the NORSAR array for 15 shots provided another reciprocal array. Lastly, 18 records from a

combination of the WWSSN stations TOL, IPTO, and MAI. having nearly the same distance

and back-azimuth to Yucca Flat were combined to forn the fourth reciprocal array. The long

dimensions of these four arrays vary from about 3 to 5 km. The seismic velocities in the

Yucca Flat region are known to be considerably smaller than those in the shield region of

NORESS. For this reason, 6.4 sec windows were used for the f-k analysis, and the maximum

slowness was increased to 1.0 sec/k m on all slowness plo:.

Results from MAJO-North array are shown in Figure 7. Frcqueney-siowness plws,

obtained with an incremental shift of I see for three (ifcrc t frequency ranges. shmwed a

prominent secondary ,rrival in the P + 4 sec window. Frequency-slowness plots of the mitial

is



TOL (8) 810
PTO (5) 780

37.15 _ MAL (5) 830

T,P T,P,M X

(X
TX PX\

\ XT,P XM

T,M X XT,P / NAO (15) 730
XT,U/

MAJO-N (10) 830

JXo
0
Q XJ J

MAJO-S (10) 830 j(!) OJ 0
37.10 (D DJ CDj 

X37.0 
(D OC C

/ X X (D X

X X \X X X

X

. 3 km

37.05
-116.1 -116.0
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P (i.e., the /P + I sec) window indicate that the dominant energy arrives close to the expected

azimuth and phase velocity. However, unlike the results from the initial P window from

NORESS (Figures la, 2a, 5a), there are several other secondary sources of energy. This con-

tamination is at least in part due to the irregular distribution of shot locations and variations in

their source functions. The prominent secondary arrival has a phase velocity of about 1.6

km/sec and arrives with an azimuth of about 30W.

Figure 8 shows results from MAJO-South array for the same three frequency ranges as

in Figure 7. A prominent secondary arrival appears in the P + 6 sec windows, with phase

velocity of about 1.6 and azimuth of about 2600. Results from the NAO array are shown in

Figure 9. The secondary arrival appears best in the P + 7 sec window and has a phase velo-

city of about 1.8 km/sec and azimuth of about 2700. The array made by combining 18 records

of 11 shots at 3 stations provided results shown in Figure 10. Here the P + 7 sec window

shows a low phase velocity (about 2.3 km/sec) arrival as the primary phase, with azimuth of

about 1170. This arrival in particular appears very similar in location and delay time to an

arrival obtained by Lynnes and Lay (1989) from WWSSN and Canadian data using a sem-

blance technique.
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DISCUSSION

F-k analysis of NORESS data from three seismic sources provide remarkably consistent

results regarding the azimuthal direction and phase velocity of a secondary source lying

southwest of the array, in the region of Lake Mjosa. The source-receiver azimuthal directions

were such that the secondary arrival represents back-scattering for the Kazakh explosion and

almost normal direction of scattering for the other two events. It seems therefore that the

scattering observed in this study is not strongly dependent on the direction of the incident

energy.

Considering the local structure of Yucca Flat as a basin containing low velocity tuffs and

alluvium, Stead and Helmberger (1988) obtained synthetics that matched well with the

observed waveforms and also explained the variation of coda levels with shot location found

by Lynnes and Lay (1988). Gradual basin terminations were found to cause the greatest

conversion of surface wave energy into teleseismic P arrivals, appearing a few seconds after

P and pP. Our results from the four reciprocal arrays based on the use of Yucca Flat explo-

sions also indicate secondary sources of energy, arriving a few seconds after the direct P.

Considering the seismic velocities in this region (Hays and Murphy, 1971), the observed low

phase velocity suggests these arrivals are due to Rayleigh waves. The azimuthal directions of

the secondary sources in our study show large variations. Figure 11 shows Ferguson's (1981)

model for Yucca Flat basin, derived from borehole data and gravity modeling, along with the

Yucca Fault. The contours indicate depth to the Tertiary-Paleozoic contact in meters. Loca-

tions of the 39 shots are superposed on this map. The secondary arrival observed from the

MAJO-North reciprocal array (Figure 7) is therefore likely to be due to Rayleigh -4 P

25



372

13 km

00

37.1p

00

116 0  16.
I~~~ ~ )K% uc al ai hwigdphn nh1~t rd~ 'k/~ o~c n h oa

tion of 9 cplosonsusedin he sudy

37.12 A



scattering near the northwestern basin boundary of the Yuc-a Valley. Similarly, our results

from the other three reciprocal arrays (Figures 8, 9, and 10) probably indicate arrivals due to

Rayleigh - P scattering near other basin boundaries of the Yucca Valley (e.g., Lynnes and

Lay, 1989).
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CONCLUSIONS

Deterministic locations of both near-receiver and near-source scattering are investigated

by using several f-k techniques and polarization analyses. F-k spectral analyses of NORESS

array data from both explosion and earthquake sources are used to identify and !ocate sources

of local scattering. Residual seismograms and f-k power difference plots have been found to

be useful in isolating the secondary source from the effects of the primary source. The most

prominent and consistent scattered arrivals have been identified as low-velocity Rg due to the

scattering of incident P in the region of Lake Mjosa with large topographical relief. Four

reciprocal arrays formed by using single station records of closely spaced Yucca Flat explo-

sions are used to investigate near-source scattering. Considering the geological structure of the

Yucca Valley, the secondary sources of seismic energy appear to be due to Rg --+ P scatter-

ing near its basin boundaries.
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