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. ABSTRACT

This report summarizes the work done by the SDL during the
pericd January through March 1968, and is primarily concerned
with seismic research activities related to the detection and
identification of nuclear explosions and earthquake phenomenon,
Also discussed are the support tasks and data services performed

for otner participants in the VELA~Uniform project.
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I. INTRODUCTION

I

This quarterly report summarizes the technical work, support
effort, and service tasks completed during the period January
through March 1968. Current or past work is mentioned only if i
it relates to the present discussions.
Reviews of technical reports completed during the reporting
period are contained in Section II under descriptive headings.
Section III is a summary of the support and service tasks per-
formed for in-house projects and for other VELA-Uniform partici-
pants. This report concludes with Appendix A in which are listed

the organizations who received SDL data services during the

period. i

II. WORK COMPLETED

e A. LASA Travel-time Anomalies for 65 Regions Computed with
the Herrin Travel-time Table, Nov. 1966 Version

A report was published concerning the results of computing
p-wave relative travel-time anomalies at all subarray center in-
struments at the Large Aperture Seismic Array (LASA) in Montana.
The travel-time table used for computing expected times is the
Herrin, November 1966 version.

A total of 626 teleseisms are used. As the anomalies are
dependent upon event distance and azimuth, all of the results are
separated into groups such that the subarrays have anomalies wiich
are consistent within each defined region.

The following description explains the presentation of

the results in Figure 1 using the reference numbers below.
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'Figure 1. RELATIVE TRAVEL-TIME ANOMALIES




1. Source of expected travel times. In this report, the
Herrin table, November 1966 version, is used;

2. Reference subarray, R, selected for computing rela-
tive anomalies. In this report, all anomalies are relative to
subarray A0. The following relation may be used to change refer-
ence stations;

Bisg = RBise T Byx
where Ai/j is the anomaly at station i relative to a new reference
station j.

3. All expected travel-times in this report have been
corrected for the ellipticity of the earth such that the computed
anomalies may be used in conjunction with other programs requir-
ing these correctionms.

4. An arbitrary geographic name given to the event
region.

5. Range of epicentral distance in the event region.

6. Range of epicentral azimuth in the event region.

7. Date and arbitrary name givén to each event.

8. Epicentral distance, in kilometers, from the
reference subarray, R.

9. Epicentral azimuth, in degrees measured from north
to east, from the reference subarray, R.

10. Subarray designator, i.
11. Measured travel-time anomaly, in seconds, at sub-
array i relative to subarray R for the kth event;

k k k k k

A, =T, -T -H, +H
i/r i r i r

where T is tne observed arrival time and H is the expected

s s o o . o s it i A s i A S e AT e



(Herrin 1966) travel time from the hypocenter of the kth event
including correction for ellipticities but not for station
elevations.

12. A fixed-point zero anomaly indicatesg that no reading
was made at the subarray for that event.

13. The average anomaly at subarray i of N recorded events;

_ N
= Z AI.{

A, /N
i/r kel i/r

for the defined region.

14. Standard deviation, or error of estimate, at the ith

subarray for N observations:

- Yy - .2 3
0i = {‘Ezl (Ai/r - ‘:'i/r):l /(N—l)}

for the defined region.

15. Number of observaticns, N, at station i for the defined
region.

16. Total number of epicenters included in the defined
region.

17. Epicenter latitude, ‘egrees (usc&GSs) ; plus north,
minus south.

18. Epicenter longitude, degrees (USC&GS) ; plus east,
minus west.

19. Event depth, kilometers (USC&GS).

20. Event origin time, hours, minutes, seconds (USC&GS) .

21. Standard deviation, or error of estimate, of the kth

event in the defined region;
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L
k = 2 3
cIk |:Zl (Ai/r - Ai/r)] /(L-1)

where L is the number of subarrays recording the kth event not
inclﬁding the reference subarray R.

22. Average error, or bias, of the kth event;

ook -
By = 1o Py = By )/t

where L is the number of subarrays recording the kth event not
including the reference subarray R. o

23. Number of subarrays, L, recording the kth event, not
including the reference subarray R.

The results in Report 204 are arranged first by general
direction (beginning with the northwest and going clockwise and
second by increasing epicentral distance within each dir<ctional
group (See Table 1).

The following observations similar to those in a previous
report using the Jeffreys-Bullen travel-time tables (Chiburis,
1966), are made concerning the LASA travel-time anomalies using
the Herrin, November 1966 tables: h |

1. The anomaly variations between regions measured at a
single subarray are as high as 1.66 seconds. For example, sub-
array F4 has an average anomaly of +0.74 sec (N = 19, Opg = 0.13)
for the No. Colombia reginn and an average of -0.92 sec (N = 12,
GF4 = 0.07) for the Solomon Is. regién.

2. Subarrays which are quite near the reference subarray
A0 can have unusually large anomalies. For example, subarray D4
is located 30.75 km from A0 (center instrument to center instru-
ment) and has an anomaiy relative to A0 of +0.83 sec. (N = 7,

0D4 = 0.06) for the Dominican Republic-Mona Passage region.

i




TABLE I

Distance-azimuth ranges by region

No. No.
cf Distance Azimuth of
Direction Reginsns Range, km Range, deg Events
Northwest 15 2800-10900 292-329 214
North © 5300-11000 340-016 36
Northeast 9 4700-10700 018-071 65
East 4 5700- 9900 075-103 16
Fast-southeast 3 4500- 5800 112-121 23
Southeast 13 3100-10800 132-170 133
South 8 2200-10100 158-192 49
Southwest 2 9500-10900 238-248 43
West 2 10600-11100 259-274 20
Undefined 3
Continental U.S. 683- 2900 101-281 7
Eastern Is. and
Pacific Ocean 4400-10800 184-253 6

Miscellaneous 2100-9600 334-007 14
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3. The center instrument at subarray B2 is only 7.50 km
from the center at A0, but it has an anomaly of -0.30 sec (N = 13,
Ipo = 0.04) for the Yugoslavia-Albania-Greece-Mediterranean Sea
Region. This result suggests that the time anomalies within one
subarray (7 km diameter) are far from negligible. Signals re-
corded within a subarray can be significantly misaligned with
anomalies as large as 0.30 sec.

4. The anomalies are not slowly varying functions of either
distance or azimuth. For example, subarray Fl has an anomaly of
+0.22 sec (N = 7, UFl = 0.09) computed from events approaching
from an east-southeastly direction at 5100 km distance (Virgin-
Leeward Is. region), but at 4600 km (Dominican Republic-Mona
Subarfay F2, on the other hand, has an anomaly of +0.12 sec
(N =6, 0, =0.08) for events bearing 145° at 4800 km (So.
Central America), whereas for events bearing 113° at a distance
of 5100 km (Virgin-Leeward Is. region) the anomaly is -0.57 sec
(N =6, sz = 0.06). Hence, the anomaly at Fl changes by 0.62
sec in a distance range of 500 km, and at F2 it changes by 0.69
sec in an azimuth range of 32°,

5. The maximum anomaly range observed at LASA is 1.94 sec;
average anomaly at subarray F2 is -1.01 sec for events occurring
in Rumania; average anomaly at subarray El is +0.93 for events
from the No. Colombia region.

6. The maximum anomaly range for one particular region
(North Atlantic Ridge) is 1.43 sec, where the D4 anomaly is

+0.47 sec and the F2 anomaly is -0.97.
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Reference
Chiburis, E.F., 1966, "LASA Travel-Time Anomalies for Various
Epicentral Regions", Seismic Data Laboratory Report No. 159,
13 September.

B. Lateral Variations in Crustal Structure Beneath the
Montana LASA

The analysis of a variety of geologic and geophysical
Azta indicates that significant lateral variations in crustal
structure exist across LASA. This structural complexity is in-
ferred from observation of Rayleigh wave dispersion, body-wave
spectral ratios, P-wave amplitude and travel-time anomalies,
seismic refraction profiles and gravity and magnetic anomalies.
To explain these results, LASA is divided into an eastern and a

' western sector. An attempt is made to explain the observations
. in each sector in terms of crustal models consisting of 3 to 5

distinct layers: The observations show that the maximum lateral
change in structure across LASA takes place in a NE-SW direction.

The most striking feature of the evidence presented is
its consistency. The repeated appearance of the NW-SE trend
suggests that this is fundamental to the structure beneath the
array. Only in the distribution of travel-time anomalies is it
not readily discernible. 1In the following discussion we shall
attempt to explain our observations in terms of a model which
may form the basis for future investigations.

From the Rayleigh wave dispersion data, supplemented by
the evidence from the spectral ratios and the aeromagnetic map,
it is evident that as a starting point LASA may be divided into

two sectors by the line A-A' (See Figure 2). To the east of
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of this line the observed phase velocities are higher than those
to the west. Of the crustal models considered, U.W.3 best fits
the observed data for the eastern sector, whereas USGS3 best
fits the observed data for the western sector of LASA. Some
important implications of this division are:

1. Seismic velocities in the eastern sector are sig-
nificantly higher than those in the western sector;

2. The total thickness of the crust is greater in
the east than in the west:;

3. The models indicate a reduction in the number of
major layers within the basement, from three in the east to two
in the west.

The observed decrease in phase velocities to thé west
of A-A' is in apparent contradiction to the overall reduction
in thickness of the crust inferred from the seismic refraction
results. To explain this it is necessary to postulate the
presence eifher of dipping layers within the crust, or lateral
changes in velocity within particular layers, or both. Dipping
layers have been identified in the seismic refraction studies
(See Figures 3 and 4): furthermore, the implied reduction in
the number of layers within the basement may be explained in
this manner.

The nature of the boundary between the two sectors is
problematical. The geologic data do not indicate thé presence
of large fault or fault zone within the sedimentary sequence
(i.e., the uppermost 3 km) of the crust. This is emphasized
by the dispersion results, which indicate that the amount of

lateral refraction which Rayleigh waves undergo on crossing LASA
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increases with depth, at least to about 50 km. This implies
that the boundary lies at some depth within the crust, as has
been postulated by Zeitz (personal communication, 1967) on the
basis of the magnetic data.

Moreover, it is possible that the boundary is gradational
rather than abrupt. The dispersion results indicate only that
a change takes place. We must await the detailed interpretation
of the gravity and magnetic maps before speculating on the nature
of the boundary itself.

So far we have sought only to explain the dispersion results.
The travel-time anomalies must also be explained in terms of a
crustal model. Of the explanations put forward to date, three
will be discussed here; bearing in mind that any explanation
must satisfactorily account for the "synclinal" feature reported
by Sheppard (19€7) and substantiated by our results.

To explain the synclinal feature Sheppard (1967) has pro-
posed two alternate hypotheses. They are: ,\

1. A relative thickening of the earth's crust by somz
10 km under subarray B4 with respect to F2 and F4. This would
correspond to a five-degree to six-degree slope in the Moho
from F4 to F2 and from F2 to B4.
2. A thickening cf the 3.0 km/sec (sedimentary) layer

by 3 km under subarray B4. '

Neither of these hypotheses are supported by our results.
If the Moho dips by as much as 5 degrees then the division of
the array intc northern and southern sectors should yield rela-

tively lower phase velocities in the north compared %o the south,

for the Greenland Sea event. As was indicated ‘previously, the
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phase velocities for the southern sector were higher than those
for the northern sector. Also the division of LASA into an

inner and outer group of subarrays indicated no strong thickening
under the center of the array. From a consideration of the well
log data and from the geologic sections presented by Brown and
Poort (1965), there is no evidence to suggest an increacse of 3 km
(nearly 100%) in the sedimentary sequence anywhere under LASA.

The third hypothesis, proposed by Fairborn (1966), suggests
that the azimuthal dependency of the travel-time anomalies re-
guires horizontal velocity gradients in the crust and upper mantle.
Our data and Sheppard's (1967) indicates that horizontal velocity
gradients are insufficient in themselves to account for the owo-
served anomalies. Both the seismic refraction data and the Rayleigh
wave dispersion data indicate that the average velocity of a 55 km-
thick section under LASA decreases from east to west. Such a de-
crease in velocity would result in systematically later arrivals
towards the west of the array if horizontal velocity gradients
alone are responsible for the observed travel time anomalies. From
our observations and Sheppard's, the later ariivals define a
"synclinal" feature to the NE of AQ0. This suggests that two of
the more important factors bearing on the distribution of the ob-
served travel time anomalies are:

l. dipping layers within the crust: .
2. the pre-Cretaceous structure of the Paleozoic rocks

and possibly the upper part of the basement also.
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Moreover, since large amplitudes are consistently recorded
at the center of LASA, it seems that the anticlinal structurss
which surround the array giv: rise to a lens effect which re-
sults in the focusing of body waves toward the center of the
array. However, more observations are needed to substantiate
that this occurs.

From the analysis of the geologic and geophysical data
we conclude:

"l. Lateral variations exist in the structure of the
earth's crust beneath LASA. The geologic, aeromagnetic and
surface wave dispersion data show that this variation is within
the basement at a depth greater than three kilometers. The
maximum change takes place in a NE-SW direction (i.e., perpen-
dicular to the dominant NW-SE structural treid).

2. The observations are best explained by dividing
LASA into an eastern and a western sector by a line trending

N20°wW through Miles City. Montana. For the eastern sector, the

average seismic velocities of the crust are higher, the crust is

thicker, and Model U.W.3 best accounts for the observed disper-

s'. n. For the western sector, the velocities are lower, the

crust ié thinner, and model USGS3 best accounts for the observed

dispersion results.
3. The individual layers within the crust are dipping,
though net in the same direction.

To refine the model further it is recommended that:

1. The individual travel-time anomalies at each station

be obtained as a function oS distance and azimuth;
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2. More events be examined. 1In particular, more spectral
ratios must be obtained to determine an average structure under
each subarray and then Rayleigh waves from events at more azimuths
and distances should be analyzed to establish better the attitude
and thickness of the intermediate crustal layers.
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C. High-Resolution Frequency-Wavenumber Spectra

Burg (1967) has shown that Ligh-resolution power spectra
can be computed from relatively short correlation functions by
first least-squares predicting larger correiation lags from those
already known. The resulting high-resolution power spectrum is
inversely proportional to the power spectrum of the corresponding
prediction error operator. However, with the advent of the
Cnoley-Tukey fast Fourier transform algorithm and related methods
for estimating power spectra, the high-resolution technique for

ordinary power spectra is no longer economical. It is now feasible
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to compute power spectra as if they were Fourier transforms of
the 100%-lag correlation functions; various kinds of -smoothing
can then be applied to reduce the spectra to the desired length
and stability.

We feel that the most promising application of the
high-resolution procedure lies in estimating frequency-wavenumber
spectra. Here the length of the spatial correlation functions,
which ultimately determines the resolution, is limited by the
size of the array. The high resolution method is therefore the
appropriate way to obtain frequency-wavenumber spectra which are
sharp in wavenumber space from data recorded over small arrays.

Tt should be noted that computing high-resolution fre-
guency-wavenumber spectra with our method is only negligibly more
expensive than computing ordinary frequency-wavenumber spectra.
Both techniques require computing the spectral matrix. The only
other computations required by the high-resolution technique are
the addition of some white noise, one Hermitian matrix inversion,
and one Hermitian matrix multipiication.

Two events and samples of ncise immediately preceding
them were selected as examples of high-resolution frequency-
wavenumber data processing. The first event ind its corresponding
noise sample were used to illustrate the application of the tech-
nique to a two-dimensional surface array, in this case the WMSO
array, while the remaining data were used to illustrate results
from a one-dimensional vertical array, the APOK deep well.

ordinary frequency-wavenumber spectra of both pairs
of noise samples and signals are shown in Figures 5, 7, 9a and
10a. Figures 5 and 9a are the noise samples and Figures 7 and

10a are the signals. The WMSO noise seems to be coming from the
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northeast with a velocity ranging between 3 and 6 km/sec. This
characteristic behavior has been noted by other investigators
(Rizvi et al., 1967). On the other hand, -the WMSO signal
appears to be coming from the south or southeast with a velocity
somewhere between 16 and 20 km/sec. The APOK noise sample dis-
plays a tilted pattern also characteristic of the site. One
explanation for this phenomeron is éuggested by the geological
structure in the vicinity of the well (Geotechnical Corp., 1964),
which consists of Paleozoic intrusives and sediments dipping
30-40° towards the northeast. The APOK signal is very strange
indeed, composed of a wave travelling down the well with an
apparent vertical velocity of approximately 3.5 km/sec and a
horizontally travelling wave with infinite vertical ‘elocity.
One possible explanation of this result is again suggested by
the dip of the structure (Sax, 1967). The incoming P wave might
be refracted by the tilted interface so that the wave front
would be a leaking surface wave when it reached the well.
High-resolution frequency-wavenumber spectra are shown for
all these data samples in Figures 6, 8, 9b and 10b. These were
computed with a signal-to-noise ratio of 2, which seemed to be
a good balance between high resolution and excessive distortion.
For the WMSO examples, the technique decreased the width of the
-3db contour by more than a factor of two for both the cases of
noise and signal. The results are more difficult to assess for
the vertical array data because of the "whitening" in frequency
done by the filters. However, for the noise sample at 0.25 cps,
a decrease by a factor of two in the width of the -3dh contour

can again be seen.
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A marked disadvantage and a difficulty still to be solved
in the application of this technique is illustrated in Figure 10Db.
The high-resolution technique, when applied to short samples of
data, can produce spurious peaks in the freguency-wavenamber
spectra. These are due to the limited smoothing done when com-
puting spectra from short samples of data. Figure 10b shows
several of these peaks. This is regarded as an unrecoverable
distortion and in a certain sense, an inevitable result of using
a high-gain procedure.
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[. Best Linear Unbiased Estimation for Multivariate
Stationary Processes

Many problems in the area of applied time series analysis
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