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Array estimators and the use of microseisms for reconnaissance
of sedimentary basins

M. W. Asten* and J. D. Henstridget

ABSTRACT

A "natural lield" scismie teehnique i, possiblc to
attain by observing microscisms with a suitably de-
signed array and by digilally proeessing the dala to
obtain cstimates or the phase veloeilies or Rayleigh
waves. Wavelengths or interest in deteeling depth to Ihe
ba,emenl of sedimentary basins are in the range 2 to 20
km. and eorrespond to wavc pcriods rrom I to 7 s. An
array or live or seven seismometers deployed as an ex-
panding cross eonliguration simplifies field proeedures
and is ade4uatc ror phase velocity measurements or
Rayleigl, waves in the re4uired wavelenglh range. pro-
vided hlgh-resolulion rre4ueney-wavenumber spectral
analy,is is used. This analysis ean he implernented on a
minicomputer in the field.

Resulls ohtained from ohservation in a sedimentary
basin or known struelul< show predominantly
fundamenlal-mode Rayleigh wave propagation. The
scaller or velocity estimales is sm all enough 10 allow
inversion by eurve matching. and depth to the hasement
ean he eomputed to an aeeuraey of :!:30 percent with-
out re4uiring restrielive assumptions or a seismic veloci-
ty strueture.

I:\ITRODl;CTlON

The high eost of regional on-shore seismie surveys using
eonventlOnal relleetion or rerraction methods poses the
4uestion or whether passive or natural lield sClSmie methods
may be eost-etfeetive for regional reconnaissance surveys. In
this paper. we discu", the elTeetiveness or one such techni4ue,
and note thai the cosl in terms or instrumentation and logislies
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appears ravorable ror acqLJisltion or low-resolution seismic
data. Naturally occurring seismie waves. lermed mieroseisms or
seismie noise. ean be deteeted aver aperiod range or at least
0.01 to 100 s. However. sinee Ihe wave motion is in general
restricted neilher 10 a single mode nor to a single direetion or
propagation.extrae"on of userulinrormationre4uiresuseor an
array of geophones combined with digital data proeessing teeh-
niques.

The method deseribed in the paper utilizes the raet that
mieroseisms in thc period range 2 to 20 s propagate principally
as Rayleigh waves. and exhibit phase vcloeity dispersion which
is a runetion or the velocity struelUre of the upper rew kilome-
lers of Ihe Earth's elUsl. An elementary diseussion 01 Rayleigh
waves in sedimentary rock overlying erystalline basemenl was
given by Tatharn (19751. More rigorous diseLJssions were given
hy Dorman and Prentiss (1960). MeFvilly ami Stauder (19651.
and Mooney and Rolt (I %61.

Toksiiz (1964) reported an earlier attemptto use mieroseisms
in the exploration orsedimentary hasins. The advances in array
data processing theory and available computers sinee Ihat ex-
periment make a rurther study or the method worthwhile. In
this study. two major tasks are recognized: (I) the design or a
seismie array whieh is logistieally vlable in a reconnaissanee
exploration program; ancl (2) the implementalion or optimum
data proeessing proeedures on a minicomputer in the field.

FIG. I. Mode struetures and sources for mieroseisms. R, L, P
denote Rayleigh. Love, and eompressional waves. Subscripts 0,
I, 2 denote fundamental and higher modes.

SOURCES AND PROPAGATIO:\l MODE
OF MICROSEISMS

as the Montana Large Aperture Seismie Array (LASA) that
mieroseism sources and propagation modes were resolved in
any detail (Haubrieh and MeCamy, 1969; Tohöz and Lacoss,
1968). For periods 6 to 20 s, propagation occurs as fundamental
and higher mode surface Waves.At periods 2 to 6 s, both suriaee
and P-wave propagation modes have been recorded at the
LASA, with a proportion of P-wave mieroseism energy being
dependent upon the presenee of oeean storms near the eonti-
nent. Phase velocity measurements by Toksöz (1964) in three
sedimentary basins of North Ameriea yielded values eonsistent
with fundamental Rayleigh mode propagation in the period
range 1.3 to 6 s.

From the above information. we may eondude that the
Rayleigh modes necessary ror this technique of sedimentary
basin reeonnaissance exist, but the distribution or energy be-
tween Rayleigh modes, and the proportion of aceompanying
P-wave "noise" is dependent upon both locality and meteoro-
logie factors.

An interesting eonseq uence of the soure< and propagation
mode of surfaee waves is that they are only minimally atfeeted
by thin, irregular top layers (e.g., basalt cover) whieh present
signifieant problems to eonventional seismie techniques.

Generating sources and propagation modes or microseisms
were reviewedhy Asten(19761and are summarizedin Figure 1.
Wave aelion at coasl lines appears to oe the most important
soure< or microseisms at periods within Ihe 2 10 18 s band.
AlthoLJgh soeh mieroselsms havc been sludied by seismologisls
for dceades. il was only with the advent of seismie arrays such

m:SIGN OF AN ARRAY

F or the ideal case or a single noisc-free plane wave propagat-
ing in a single direetion, the vcetor phase velocity is readily
computed from the relative phases of the signal reeorded at
three geophones in a triangular array. In fact, such an array
could be used even ir noise were present, but only if the noise
strueture were aceurately known (ror example, the noise al eaeh
geophone not eorrelated with the noise at the other geophones),
and ir the signal eould bc observed ror an indefinitely long time
to allow the effeets of noise to average out. However, in prae-
tiee. noise will be present, and it will only be possible to observe
for a limit cd lime. sinee the mieroseismie signals have finite
duration and there may be more than one plane wave presen!.

Pr<sented in part "t the 47110Annual International SEG Meeting, Calgary. 1977. Manumlpt received by ,he Eclltor January JO. 1980. Revised
manuscript rcceivecl April 20. 1984.
"Eormcrly Mac4uaric t!nivcrsity. N.S.W. Australia; p<csently Hruken Hili Proprietary Co.lid.. P. O. Hox 559. Camberwcll. V,C. .1124. Australia.
;Riolllctrics Unit. Univmity of Wes 'ern Australia, Nedlands. W.A. 6009. Australia
(' 19K4 SocielY of Exploration GcophYSlcisls. All rights reserved.
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FIG. 2. The expanding seismie array: five geophones are used 10
form arrays of diameter 0.75, 1.5, and 3 km. Only two geo-
phones are moved for eaeh expansion.

The limitations of such an array can only be overeome by using
more geophones to introduee "redundancy of information"
and beamforming data processing methods to make best use of
the information eollected. In this paper we eonsider use of
"conventional" and "high-resolution" wavenumber speetra as
developed by Laeoss et al. (1969), Capon (1969), and reviewed
hy Davies (1973), Capon (1973), and Filson (1975).

F our constraints apply in designing the array configuration.

(I) The array diameter (D) should be at least as large as
the longest wavelength of interest to give adequate
resolution of long wavelengths. This condition en-
sures that the array funetion will have a null point.
F or a Rayleigh wave of period 6 sand velocity of 3
km/s, this implies that D <: 18 km.

(2) When viewed from any direetion, there must be some
stations whose spaeings are less than half the shortest
wavelength or interest so as to avoid aliasing in the
wavenumber domain. For Rayleigh waves or als
per iod this may require a spaeing less than 0.75 km.

(3) The number of stations must be greater than the
number of plane waves whieh may be present at any
one time. This is partieularly a problem with micro-
seismie work.

(4) The deploying of the array must remain logistically
viable in the context or a reeonnaissanee exploration
program. If a single array is used, the conflieting
eonstraints of (1) and (2) re4uire the use of a large
number of seismometers with eable or tclemetry links

to a central recording site. (nstead an asymetrieal
cross conliguration has been design cd (Asten 1976.
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FIG. 3. Conventional array response of a five-geophone 3 km
diameter array.

1977a) whieh ean be expanded progressive]y by
moving only two stations at a time while keeping the
same basic geometry as shown in Figure 2. The ex-
pansion is repeated with mieroseism da ta reeorded at
eaeh stage unti] the range of array diameters used
covers the range ofwavelengths ofinterest

TECHNIQUES OF WAVENUMBER ANALYSIS

Conventional frequeney-wavenumber speetral analysis is the
simplest teehnique for extraetion of propagation veloeities of
the different frequeney eomponents in a reeorded mieroseism,
both from the eoneeptual and the eomputational viewpoints. In
fact, in the nondispersive situation, it is identiea] to de]ay-and-
sum beamforming. Wirh this method, one may either eonsider
the full frequeney range at once using a model for the dispersion
as a funetion of frequeney (see e.g., Gonez and Hannan, 1975)
or eonsider the frequeney bands one at a time. We follow the
latter approach sinee it requires fewer assumptions about the
dat..

The estimate of the sealed power speetral density at angular
frequeney (0 and veetor wavenumber k for an array of p geo-
phones is

1'(0, k) = f f Cjl [(0) exp (- i2rck ' r;t)],
j" I ,=,

where

Cil(0) = an cstimate of the eomp]ex eohereney between
signals at the jth and {th geophones at
frequeney (0,

rjl = rj - r, where rj and r, are the positions
of the jth and {th geophones,

12rckl = (0/11'1,

v = phase ve]oeity of wave motion
at frequeney (0.

Note that wavenumber is defined to have a direetion anti-

parallel to the direetion of propagation with units of
eyclesikilometer.

This expression ean be eonveniently written in matrix form
as

lf the noise is not ineoherent, this simple method of esti-
mating k is not unbiased, and in fact unless the noise has
partieu!ar strueture or the signal-to-noise ratio is very high,
estimates of k ean be very poor. Even an isotropie noise field
(Eckart, 1953) ean bias results. H, however, the strueture of the
noise field is known (in terms of the correlations between
geophones), Henstridge (1977) showed it is possible to allow for
it and obtain useful estimates equivalent to those of Hannan
(1975).

1'(0, k) = E(k)*{:(O)E(k)
Resolution

where Unfortunately, in seismie problems the eoherent noise is
usually another signal or signals with unknown speetral strue-
ture; hence it is more useful to eonsider methods whieh aim at
estimating the wavenumbers k" k" ... k, of all the signals
present (s represents the number of signals). Henee the reso/u-
!ion of the array beeomes important. The Rayleigh eriterion
used in opties would eonsider two signals with wavenumbers k,
and k, resolved if the difference 1Ak I is greater than the radius
of the first null or zero point of the array response funetion.
This is often eonsidered too eonservative, and Woods and Lintz
(1973) proposed a eriterion whereby IAk I must exeeed the
radius of the 3 dB eontour of the array response funetion. These
radii are dependent upon the array diameter and, to a lesser
extent, on array geometry, The eriterion for resolution may ,
thus be written as

E(k)= (e-1"'", ..., e-"'h'IT,

and (:(O) is the matrix of eohereneies. Superseripts .and T refer
to eonjugate trans pose and normal transpose, respeetively. We
shall eall E(k) the phase veetor.

A single monoehromatie plane wave of frequency (0 and
wavenumber ko differs only in phase at each station. Therefore
it has a eohereney-distanee relation of the form

C(O, r) = 0('" - (00) exp (iko ' r),

and las shown by Capon (1969, 1970)] has a frequency-
wavenumber speetrum ofthe form

P«O,k) = 0(0 - (00' k - ko),

whieh is a delta funetion in three-dimensional spaee. When
finite lengths of data are aequired with a finite array, the
estimated power speetrum for such a monoehromatie wave is

IAkl?; rlD

and resolving power R P defined by

RP = r-'
1'(0, k) = I w,(", - "'0)1' I W,(k - ko>l'

where W,(O) is the Fourier transform of tbe time window used
for the data reeorded from eaeh geophone, and

where D is the array diameter and r is a eonstant determined by
array geometry, For praetieal cireular and cross arrays (using
eonventional beamforming methods), RP takes values in the
range 5 to 7 hy Rayleigh's eriterion or 1.8 to 2.5 by Woods and
Lintz's (1973) criterion.

With arrays of the type d;scussed in this paper the diameter is
eomparable with or less than the wavelengths ofinterest, and so
tbe eonventional wavenumber estimate suffers from very poor
resolution. Capon (1969) introduced a new high-resolution
(HR) estimate ofpower speetral density given by

IW,(k)I'= f f exp(-i2rck,rjl).
j=' I"'

I W,(k)I' is termed the spatial window funetion (Lacoss et al.,
1969) or the beamforming array response (Capon, 1969). For
the more general ease oftrue speetrum distributed in wavenum-
ber magnitude and azimuth, it may be shown that the estimated
wavenumber speetrum is the 2-D eonvolution of the true spee-
trum with the spatial window funetion (Laeoss et al. 1969, p.
25).

The array response of the five-station cross array with arm-
lengths I km and 2 km, is shown in Figure 3. The response
power is shown in decibels down with respeet to maximum,
eontoured on wavenumber spaee.

If only one plane-wave signal, with wavenumber ko, pro pa-
gates in the presenee ofineoherent noise, then the only purpose
of using 1'«0, k) is to obtain an estimate of ko. Any other
features of the estimate of the wavenumber spectrum will be
artifacts ofthe spatial window funetion ofthe array. We ean use
the fact that W,(k) will always have a global maximum when
k ~ 0, and henee ?(O, k) will have a maximum when k ==ko.
This was diseussed by Hannan (1975) who gave a general
statistical treatment of the errors of estimation, including error
varianees as a function of the true speetra and the array design.
In fact it ean easily be shown that his methods provide an
estimate which is very close to the true optimal maximum
likelihood estimator of ko .

?'(O, k) = [E(k)*{:(O)-'E(k)]',

or

{
PP

}

-'
1"«0,k) = L Lqj/(O) exp [-i2nk. rjl] ,

j-I I-'

where the qjl("') are the elements of {:«O)-'. This estimate of
P'«O,k) was based on prineiples of maximum likelihood filter-
ing, and other justifieations have followed (Capon, 1973; Liaw,
1977). These result' state that 1"("', k) ean be a good estimate of
the true wavenumber spectrum P(O, k), not neeessarily that
1"(0, k) ean be used to estimate the wavenumber of a signal.

Figure 4 shows a simple graphieal explanation of the HR
estimator. The explanation is illustrative, not exaet, since the
HR estimator is capable of resolving two wavenumbers wh ich
remain entirely unresolved by the eonventional estimator.

In eomparing properties of the two estimators, we dis-
tinguish between their aeeuraey and their resolution. In Appen-
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FIG. 4. Illustrative eomparison of the eonventional and HR
wavenumber estimators on data eontaining two wavenumbers
ko and k,. (a) Conventional estimator P yields poorly resolved
maxima. (b) Summation using the inverse of the eohereney
matrix yield near-zero minima instead of maxima at ko , k ,. (e)
Inverse of(b) is P', showing sharp maxima al ko, k,.

(2a)

dix A it is shown that when only one signal is present the
maxima of 1'(0, k) and J"(O, k) eoincide; hence they are equally
accurate in estimating the wavenumber of that signal. This is
eonsistent with the proof by Pisarenko (1972) that both the
eonventional estimate and Capon's estimate belong to a gener-
al class of estimates whieh share many properties.

In a study of mieroseisms one cannot rely upon there being
only one signal. There will often be several signals and these
may have some eommon origins, For example, two signals may
originate from the same source but have different modes of
propagation and henee different veloeities. Woods and Lintz
(1973) eonsidered the ease of two eorrelated signals ko and k"
plus noise whieh was uncorrelated between stations but of
arbitrarily low level. They showed, theoretically, that P'«O, k)
will be zero exeept when k = ko or k" and henee resolving
power is arbitrarily high for arbitrarily low noise levels. In
Appendix B this is extended to the ease of an arbitrary number
of signals in uneorrelated noise, a situation more realistic in
studies of mieroseisms.

Unfortunately, it is difficult to prediet quantitatively the
improvement in resolution obtainable by using the HR esti-
mator on real data, Empirieal results by Woods and Lintz
(1973) and Asten (1976) show the HR estimator to have a
resolving power Ihree to six times greater than Ihe eonventional
estimator. However the widths of peaks are very dependent
upon signal-to-noise ratio as weil as signal properties and array
design, so the improvement eannot be regarded as a general
eharaeteristie of the estimator.

(2b) Bias

Both the eonventional and HR estimators in general produee
biased estimates when multiple wavenumbers are present. One
source of bias to high veloeities is attributable to the finite-size
grid in wavenumber spaee (Bungum and Capon, 1974). This
bias is predietable, quantifiable, and redueible by the use of
sm aller grid spaeing. A seeond source of bias is due to the
smearing elfeet of the array response funetion. Modeling wirh
the eonventional estimator (Asten, 1977a) shows bias to be
most apparent when two plane waves k, and k, with different
azimuths are incompletely resolved in wavenumber space; the
wavenumber yielded by the estimator is then approximately a
vector mean of the true wavenumbers, and in most eases has a
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FIG. 5. Loeation oftest si te at Riehmond, in the Permo-Triassie
sedimentary Sydney basin, Eastern Australia. The dashed line
shows northern and western limits of the basin (from Mayne et
al" 1974).

sm aller magnitude (eorresponding to a higher propagation ve-
loeity) than either k, or k,. A general eondition for avoiding
hiasing is that the array response funetion when centered on k,
should possess a minimum at k, (d'Assumpcao, 1977). Al-
though it may be possible to do this by shaping the array
response funetion with suitably weighted coherendes, the data-
adaptive approach needed appears unsuited to the handling of
large amounts of seismic data.

The HR estimator reduces biasing by resolving multiple
wavenumbers. However, an additional eondition for suceessful
applieation of the method is that the cohereney matrix elements
ci' in equation (2) be nonsingular and henee possess a stable
inverse. Capon (1969) showed that a necessary but not suflieient
eondition for nonsingularity is that

M ;;'p,

where M = number of diserete frequeneies averaged for eaeh
eohereney estimate. The eondition beeomes insuflicient if un-
smoothed speetral values within the frequeney window are
partially eorrelated; this will oeeur if the signals analyzed eon-
tain transients (Capon, 1969) or if the time window applied
be fore transformation is not square (Henstridge, 1977). The
praetieal elfeet or using a near-singular matrix is to give HR

and the amplified signal was eonneeted to a minicomputer by
twin wires laid from a vehiele. The computer was a Interdata 70
equipped with A/D and D/A eonverters and a nine-track tape
drive, all mounted in a caravan.

Manpower for the survey eonsisted of one geophysidst plus
one assistant with a light vehiele.

Two expansions of the array, to 1.5 km and 3 km diameter,
were exeeuted, with the number of stations reduced from seven
to five for logistieal reasons. In order to reduce the eonneeting
wire needed for these larger diameters, signals from two sta-
tions were transmitted to the computer via simple radio-
telemetry links eonstrueted from standard audiofrequency
modems and pairs of high-frequeney band transceivers (Asten,
1976).

Mieroseism da ta were aequired in segments of length 40 or
80 s with a sam pie interval of 10 or 20 ms, and were stored as
files of multiplexed sampies on the digital tape.

DA TA PROCESSING

wavenumber plots whieh are unstable with respeet 10 changes
in data length or frequeney window used, and therefore yield
umeliable wavenumber estimates (Asten, 1976).

A nonsingular eohereney malrix is assured if a small amount
of ineoherent noise is added to the matrix elements cj, prior to
inversion (Capon. 1969). This is most simply aeeomplished by

multiplying the diagonal elements Cjj by a factor D slightly
greater than unity. Ascries of tests deseribed by Asten (1976)
showed that with D ~ 1.00, M = 10, and N = 7, HR wavenum-
ber plots were stable if a square time window was used, but
oecasionally were unstable if a Hanning time window was used.
With D = 1.02, M = 10, and N = 7, HR wavenumber plots
were stable irrespeetive of the time window used, and showed
no signifieant loss in resolution. Further inerease in the value of
D did not further improve stability, but it did reduce resolution.
Thus the value D = 1.02 is preferred for HR plots involved in
this study.

Eaeh segment (or file) of digital data was proeessed with the
following steps.

(I) Demllltiplex. Compute raw speetrum for eaeh station
with a Hanning (eosine-bell) time window and a standard fast
Fourier transform routine; eorrect speetrum for the eombined
transfer funetion of geophone, amplifer and filters; store true
ground-aeeeleration speetra on digital tape. The Hanning time
window, rat her than a square window, was required to mini-
mize frequeney-window leakage elfeets from speetral peaks.
Such leakage, if not eliminated, results in erroneous phase
velocity estimates (Smart, !971).

INSTRUMENTATION AND FJELD PROCEDURES

(2) Estimate eomplex eohereneies between stations using
smoothing over 10 diserete frequeneies with square frequeney
windows; store the array eohereney matrix for each frequeney
window on tape. The theory used in this step follows Koop-
mans' (1974) approach.

(3) For eaeh eoherency matrix, compute HR wavenumber
transform on a 41 x 41 point grid in wavenllmber space; dis-
play power density on the grid as a "density plot" on the
eomputer's printer. (These density plots prove suflieiently aeeu-
rate for estimating wavenumbers, and thus the need for ad-
ditional software and hardware to produee eontour maps in the
field is avoided.)

(3)

Seven Willmore Mk 11geophones and TAM-5 seismie ampli-
tiers were made available for the project by the Australian
BlIreau of Mineral Resollrees. The geophones were not identi-
eal, but were ealibrated for absolute amplitude and phase re-
sponse using teehniques deseribed by Asten (1977b). Relative
phase response of the amplifiers was within 3 degrees over the
frequeney range of interes!.

A test site in the Sydney basin, loeated near Riehmond, 50
km west of Sydney (Australia) was chosen (Figure 5). Table I
shows a layered seismie model for the site, based on
compressional-wave data from a loeal seismie refraction survey
and from oil eompany seismie refleetion surveys, plus assumed
Poisson ratios and densities for eonsolidated rock. Poisson

ratios for the alluvium were obtained from a separate experi-
ment (Asten. 1978b).

The array configuration of Figure 2 was adhered to as far as
possible. within eonstraints imposed by aeeess and available
instrumentation. The smallest cross array used eontained seven
vertieal-eomponent geophones and had an aperture of 750 m.
Seismie amplifiers were loeated within 5 m of eaeh geophone,

For eaeh of the three cross arrays uscd, analog ehart reeords
of eaeh file of data were visually scanned to rejeet data eontain-
ing anomalous noise, strong high-frequeney signals (e.g., from
vehieular traflie), or below-average signal strength at periods 2
to 6 s. Four or six files of data for eaeh array were proeessed to
obtain phase velocity estimates from HR wavenumber plots.
Figure 6 shows an example of three HR plots produeed from
three adjaeent freqlleney windows on a single data file.

Phase velodties obtained are shown in Figures 7, 8, and 9.

(4) Pick maxima from wavenumber plots; eonvert to veloei-
ties; plot veloe;ties versus frequeney on bilogarithmie graph
paper.

RESULTS

,,',

(a)

>.

, ."".,. \
\
"..

-,/ /

(b)

,. "..'.' "H.'.',' "H.'.

"

(e)

FIG. 6. HR wavenumber plots für three eonseeutive frequeney
bands of data file T4 FII, acquired with the 3 km array.
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,"2°E (I Tabte f. Seismicmodelror Sydneybasinneor Richmood.

Thickness P S v
(t/3)(m) (km/s) (km/s)

32°51 - -
1.5 0.3 0.15 0.33 1.8

18.3 0.71 0.39 0.28 2.0
8.5 1.7 0.39 0.47 2.2

(Alluvium base)
500 3.48 1.88 0.30 2.4

1000 3.88 3.23 0.25 2.5
1800 4.63 2.68 0.25 2.6

(Metamorphosed basement)
4000 6.04 3.49 0.25 2.8

25 000 6.5 3.75 0.25 2.9

(Moho)
8.0 3.34.6 0.25

<.>

"

!

4.
"

<.>

36° 5
0 50 100Km.
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For purpo,es of eomparison, theoretieal phase velocity disper-
sion curves for fundamental, first and second higher Rayleigh
wave modes are shown on these figures. The theoretical veloei-
lies were computed for the model shown in Table I using
methods described by Dorman and Prentiss (1960).

Phase veloeilies in the period range 1.5 to 6 s are. of most
interest since they are more sensitive 10 Ihe thickness of sedi-
menlary rock over basement. Veloeities obtained with the 3 km
array (FiguTe 8) show clear dispersion consistent with funda-
mental mode Rayleigh wave propagation. The scatter of veloei-
ty estimates is eontrolled by array resolution. Since the wave-
lengths being considered range up to 18 km (at 6 s period)
compared w:ith an array diameter of 3 km, it is reasonable to
suppose that a reduclion in scatter of veloeily estimates could
be achieved by furt her expanding Ihe array to 6 km and 12 km
diameters.

In the period range OS to I s, velocily estimates show con-
siderable scatter on Figures 7 and 8 and da not show any trend
relatable to Rayleigh wave velocilies. We may note, however,
that power density spectra of ground motion show a strong
minimum in this band (e.g" see Figures 9 and 10 of Asten,
I978a), and that previous miemseism surveys summarized in
Figure I have also failed 10 define a dominant souree or mode
for microsei.ms in this band.

At periods shorter than 0.5 s phase velocity estimates ob-
tained with the 0.75 km array (Figure 7) are indieative of
fundamental and higher mode Rayleigh wave propagation.
These wave. are sensitive to seismie properties of the top few
hundTed meters of sediments, and thus their possible uses lie
not in sedimentary basin reconnaissanee but in depth-of-
alluvium or depth-of-weatbering studies. These aspects have
been published elsewhere (Asten, 1978b).

Resolution of basin depth

The question of greatest interest is to what accuracy do
observed pnase veloeities define sedimentary basin depth.
Phase velocity data plotted on bilogarithmic graph paper can
be compared with masler eurves of Rayleigh wave dispersion,
by using curve-matehing proeedures similar to those used as
standard procedures in electrieal geophysieal methods.

An established procedure for reduetion of the number of
master eurves neeessary is to use the upper-Iayer shear velocity
(ß,), thickness (h,), and density (p,) as unils of veloeity, dis-
tanee, and density. Computed dispersion eurves of phase veloei-
ty C versus period T then take the form of plots of C/ß, versus
ß,T/h (see, for example, Dorman, 1959; Mooney and Bolt,
1966). !fan observed dispersion eurve C' versus T' is plotted on
bilogarithmic graph paper and overlain on a matching master
curve C/ß, versus ß, T/h(where p, is speeified~ then

ß, ~ C/C', h, ~ (T/T') x (C/C'), and p,

are the units uf veloeity, distanee, and density for a eorrespond-
ing model of this real earth at the field observation sites. In

praetieal terms, the model eurve, if plotted on bilogarithmic
scales, need not have the dimensionless form.

Thus in an observed dispersion eurve C' versus T' matches a
theoretieal eurve C versus T for an "-Iayered seismie model,
with axis shifts given by

C' ~ yC,

~
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FIG. 7. Velocity estimates in (km/s) made with six files of data
from the 0.75 km array using the HR estimator. The superim-
posed eurves are theoretieal veloeities for fundamental and
higher Rayleigh modes.

F'G. 9. Velocity estimates made with six files of data from the
3 km array.

and

and

p~/p', ~ P./p, (density ratio),

ß~ ~ yß.

where m has.valuesl to"for an "-Iayer model.
Note that ratios a./ß. for eaeh layer must be speeified for a

given master curve, and remain invariant under the seating
proeedure.

In Figure 10phase velocity observations made with the 3 km
diameter array are compared with a thearetical dispersion
eurve eomputed for a two-Iayer model. Parameters of Ihe
model are shown in Table 2 and represent a idealized sedi-
mentary basin of depth 3 km, overlying crystalline basement.
The fit shown eorresponds to x ~ 0.72 and y ~ 1.06 in equation
(4), thus yielding an estimated basin depth of 2.3 km. Alter-
native graphieal fits of the model eurve to the data are equalIy
valid and yield depth estimates in the range 2.2 and 3.7 km,
compared with a depth of 3.3 km given in Table I whieh was
obtained from geologie mapping and limited seismie refteetion
da ta reviewed in Mayneet al. (1974).

In Ihis example the sedimentary basin has been modeled
using horizontallayers. Ten kilometers west of the test site the
basement rises at a dip of approximately 6 degrees loward a
major fault an additionallO km to the west. For Rayleigh wave
periods up to 6 s the fault is a fulI wavelength or more from the

test site. Thcrcfore it is not expected that the lateral geologie
variation would induee phase velocity perturbations at the lest

T' ~ xT,

where x, y are constants, then seismie parameters (primed
symbols) for an "-Iayer approximation to the real earth are

~

o~ ~ yo.

(shear velocity),

(eompressional veioeity),

h~ ~ xyh. (Iayer thickness),
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FiG. 10. Data from Figure 9 with superimposed master eurves
(dashed lines) of Rayleigh wave veloeities on a two-Iayer model
re[>resentinK a sedimentary basin of thiekness 3 km.

site, although it is eoneeivable that refteeted energy may in
some eireumslanees resulr in additional apparent sources ape
pearing on wavenumber plots.

In a general applieation of mieroseism observations to sedi-
mentary basin reeonnaissance, assumptions of horizontallayer-
ing may not be justified. Interpretation of measured veloeities
may then require 2-D analog modeling (e.g., Kuo and Thomp-
son, 1963) or finite-element modeling (Drake, 1972).

CONCLlISION

Phase veloeities of mieroseisms in the range 0.3 to 7 s have
been suecessfully measured using high-resolution frequeney-
wavenumber analysis of data from an expanding array of five

.geophones. Velocity dispersion for periods in the range 2 to 7 s
is consistent with fundamental-mode Rayleigh wave propaga-
tion, although velocity estimatcs show some biasing toward
higher veloeities in aeeordanee with theoreticallimitations of
the HR estimator. Comparison of velocity data with theoretieal
Rayleigh wave dispersion eurves for two-Iayer models allows
basin depth to be estimated to within 30 pereent of geologie
depth. It is reasonable to predict that with suitable telemetry
equipmenl, expansion of the seismie array to diameters greater
than 3 km would reduee this uncertainty.

Manpower requirements for a survey are low (observer plus
I or 2 assistants) so the potential exists far gaining low-
resolution Teconnaissanee seismie data at eosts below eonven-
tional seismie surveys, partieularly where irregular sunaee
layers impede the use of eonventional seismic techniques.
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The lerm IE(k)'~-IE(ko)l'/E(k).~-IE(k) is similar to the
adaptive filtering expressions of Widdrow et al. (1967) and
Henstridge (1977). In partieular it .chieves ils maximum when
E(k)~ E(ko)whichimplies k = ko when spatial aliasingis nol
present. Henee the funelion given by the above summation
would provide a good method of estimating ko, but unfortu-
natelY;I is Ihen multiplied by [E(k)'~-IE(k)r I wh ich will, in
general, bias the position 01 the maximum of P'("" k). The
biasing will only be absent if [E(k).~-'E(k)r 1is eons!ant in a
region about ko. The only simple situalion in wh ich this occurs
is when Ihe noise at different stalions is not eorrelated. Then

~(O)) = n(o»1 where 1 is the identily matrix. Then

Thi. is ciearly maximi,cd when k = ko, the maximum value
being nlp + s.

The result should be eompared with that obtained with the
eonvemional beamforming eSlimale 1'(0),k).

If

CI",) ~ 111+ sE(ko)E(ku).,

thcn (A-4)

1"(0), k) = nlp f [Ips/n I E(k)'E(koJl'lpZ ]", (A-2)
/'1) + ps/n

and

1''(0), k) = nlP[1 - ~ IF-Ik)'E(k}l'IP']-" (A-3)
J + ps/n

We may consider the ease of several signals by modeling the
speetral eovarianee malrix as

C(o» = &~(O) + V(O)}&o»V(O)',

where

~(o» is the spectral density matrix
of the noise as berore,

V(O) is a matrix whose co/umns are the
phase veetors of Ihe signals,

5(",) is Ihe speelral densily malrix
of the signals,

and

APPENDIX A E > 0 is a small number.

We da not assurne thaI either ~(o» or 5(0))is a diagonal matrix.
ThaI. is, Ihe noise at different stations may be correlated, and
differenl signals may be correlaled. The only assumplion is thaI
the signals are nol eorrelaled with tbe noise. Using a result of
Rao(1973, p. 33),

C(O)-I= E-I{~-' - ~-'!.J(V'~-I!'I)-'V'~-'

P({O, k) = np + si E(ko).E(k)I'.

This will also aehieve ils maximum when k = ko and the maxi-

mum will be np + sp'. That is, in Ihe case of one signal, p' and
l' will give the same estimates 01 wavenumber and signal
slrength. The two speetra are monotonie funetions of I
E(ko)'E(k) land as such will eonlain precisely Ihe same infor-
mation. The oflen menlioned high resolution of Capon'.
method does not apply in this ease. p'(o>, k) will have sharper
peaks Ihan 1'(0),k), particularly when the signal-to-noise ratio is
high, beeause of the elfeets or the high powers in Ihe summation
in equalion (A-2); but Ihis does nol imply grealer aeeuraey.

APPENDIX B

+E~-I!.J(!.J.~ 'V)-I[E(V'~-IV)-I +~:;rl

x (!.J'~-'~W'V~-I}.

We wish to eonsider the behavior of E(k)'C-'(o»E(k)', as E
tends to zero, and we ean da Ihis by noting Ihat E(k) ean be
represenled as E(k)= !.J. + b where . and bare veetors de-
pending upon k and V'~-Ib = 0 (see, for example, Ficken,
1967, p. 299).
Then

E(k)'C-I(o»E(k) = E-I{b.~b + E"[E(!.J'~- '!.J)-' + S] -I.}.

If k is the wavenumber of a signal, then E(k) = V. where. will
be a vector with a I in the appropriate position and zeros
elsewhere. Then since b = 0

p'({O,k) = {"[&(V'~-IV)-I + srl.}-I,

and as Elends to zero, this goes to (a'S- '8)-1 which will be
nonuro since 5 is positive definite. However, if k does not
eorrespond 10 a signal, then b will nol be zero, and the term
E(b'~b)- I willdominate as E tends to zero so thaI 1''(0),k) will
tend to zero.Thus in Ihelimit,P'("" k) willbe zero exeept when
k eorresponds to the wavenumberof a signalpresenl.

With this model we have

C I ~ ~ -, - s~ - IE(kl»E(ko)'~- '/[ I + sE(ko)'~ - tE(kl»],

(Ihis ean be shown by multiplying by C) and then the HR
estimate is

P'("" k) = {E(k)'~-'F.(k) - si E(k)'~ -IE(ko)I'

I[ I + sE(ko)'~ - 'E(ko)]} - '.

The denominator in the lasl term can be expanded as apower
series to give

P'{"" kl = [E(k)'~-IE(k>r I f {s/[l + sE(ko)'~- 'E(ko)]
/;0

x IE(k)'~ -'E(ko) I'/E(k)'~-'E(k)}". (A-I)


