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ABSTRACT

Microseismic ground motion produced, as Rayleigietyurface waves in a wide frequency range, byeeith
natural or artificial (man-made cultural) sources de gainfully employed, for determining the sestitary structure of
layered crust from phase velocity dispersion datpumed, at seismometric arrays. The properties lafge aperture array
to resolve long wavelengths, and with station dgresiequate to suppress wave number aliasing, €ayrthesized using
smaller arrays in expanding mode. Using synthedia dt is shown that a 3, 4 or 5-station linearssrarray of orthogonal
arms can be progressively expanded successfuliyloging suitable procedures to minimize numbertafisn relocations
and maintaining the basic array geometry. Assurplage wave propagation from single as well as iplgltsources in
different azimuths, we have demonstrated that aafies expanding array is comparatively more effitj

in fact just optimum in terms of response, in res@ phase velocities and wave numbers of microsgisvith least bias.
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INTRODUCTION

Microseisms are ambient ground motions with varyagticle displacement and phase velocity as meédsoin
the Earth’'s surface. These ground motions coveride wange of frequency, generally from 0.01 Hz ® Bz,
and often recognized as microseismic noise, whaatistinctly different in character from the seisrsignals produced by
earthquakes. The microseismic noise is sustained Wgve motion, principally as Rayleigh wave,
whose propagation characteristics carry importaftrination on the elastic interior of the Earthugper crustal depths.
It is well related to the sedimentary structurelia uppermost crustal layer, which is of profounteiiest to exploration

geophysicists in many ways (Asten and Henstrid@ L9

The ground motion, produced by microseisms is Hyoalhssified into three categories, depending tyaim
their sources that characterize the microseisme.firbt category comprises of artificially generhtgon-stationary type
motions, of fairly high frequency (5-50 Hz) fromchd (cultural) sources such as animal movementsiches running,
wind gusts, rain showers, air and rail traffic, usttial activity, and the like. In such a casesisgt array response to a
plane wave is not applicable. The second categonsists of non-propagating type wave motion in aclmiower
frequency range (0.01-0.05 Hz), produced by atmexsplpressure variations due to non-horizontal mos of air
masses (Ziolkowski 1973). The third category ineslypropagating wave motion, originating naturalgnf distant
sources like ocean waves impinging on coasts, staym continental land mass and cyclones over deapregions.
In such cases, Toksoz and Lacoss (1968), Capo®)Ee@l Lacoss et al (1969), found predominantly massional wave
propagation (0.5-1 Hz) and higher-mode Rayleighem@:2-0.3 Hz). Earlier, Archambeau et al (1963} Ao observed
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strong higher-mode Rayleigh-wave microseisms, equencies above 1 Hz. Microseismic noise, may hsgjan over
short periods of time, but has superimposed othieroforms of noise (transients such as those efategory 1 above)

that exhibits spatial, as well as temporal variaiat all sites.
ARRAY DESIGN ASPECTS

Measurement of phase velocity and dominant diractd microseisms is best accomplished, by setting u
suitable arrays of seismic detectors (seismometensiground. The array configuration is guided bge ttange of
wavelength of interest, carefully avoiding wave f@maliasing, and keeping the inter element spasingller than those
wavelengths, but its aperture larger than the Ishge&velength to be resolved. Such an array, wlenbmed with
appropriate  signal processing techniques, is capabdf separating mixed Rayleigh-wave modes
(fundamental and higher modes) and compressionalewand propagation from multiple non-stationaryrses.
However, sufficiently small 2-D arrays can in gealebe successfully designed and configured for thispose
(Backus et al 1964). A variety of waveform procegsitechniques are available (see, for example, B&Wh4,
Okada 2006), which can be employed depending ombfective. Recently, Arora (2009) worked out a elcapproach,
based on maximum entropy method (MEM) of spectrat@ssing time series, demonstrating its supeyioner some of

the conventional methods, in cases where the pettied of interest are of the same order, as tise=pvational interval.
EXPANDING ARRAY CONFIGURATION

On account of logistical limitations it is usuallyviable to establish large aperture seismic armaysassive
homogeneous rocky terrains stuffed with a large memof seismometers. These constraints essenpatinpted to
develop progressively expanding seismic arrays hickw we have, to start with, only fewer seismomettations
(typically 3, 4, 5 or 7) at reasonably small inedement spacing (Asten and Henstridge 1984). Famgie, a 3-station
array can be set up with seismometers at locatipriissand 3, and designated as Array-1 (Figure ffer/A few sets of
recordings, station 1 is moved out to location ériimg Array-2, for further recordings. Subsequengitation 2 is moved
to location 5, and so on. The seismometers aredhifted out progressively along the arrowed pathshown in Figure 1

maintaining, of course, the basic array geometrth¢gonal linear cross).

A 4-element expanding array can likewise be coostdi by emplacing another seismometer
(either temporary or permanent) at location 0 (Fégl). In Figure 2, we show how a 5-element arral seismometers at
locations 0 to 4 (Array-1) initially can after somecordings be expanded to a bigger sized arrajuftiner recordings,
without having to actually increase the number @mometers. For example, when seismometers afidosal and 2
move to locations 5 and 6 respectively, we get Yw&taby further moving seismometer at location 3owation 7 gives us
Array-3; likewise, an Array-4 can be realized byrtlier moving station 4 to some location 8; and su o
Thus, a step-by-step expansion can be made agdédsiprogressively augment a given basic arragfgaiy a whole

range of requirements of studying various charésttes of seismic events including microseisms.
METHOD OF DATA PROCESSING WITH ILLUSTRATIONS

Following Asten and Hentsridge (1984), let us cdesia wave source at infinite distance, from aayaof N
seismometers. We assume that, the waves have mhif@onstant amplitude across the array. For mieltgources M,
the amplitude at each of the stations can be taken as the linear sum of theribations, from all the sources.

Thus, the complex amplitude & then™ station at time is given by:
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Where,k; is the wave number from th8 source A is the amplitude from thg" source of the plane waves of

frequencyf, andd, is the displacement (spacing) of tfestation, from the array origin. We also hdye f /v, v being the
phase velocity. From the above expression (1)séteof amplitudesZ,, (n =1,2,-- ,N) are used to obtain a coherency

matrix, which is subjected to a conventional twoidhsional wave number transform. Thus, a plane wavepresented

as a vector in wave number space, oriented tovthedsource (Capon 1969).

Now, consider the case of a single stationary soofca 1 Hz — 2 km s&cplane wave. Since, lobe size of the
array beam pattern is inversely proportional todh@y size; the data acquired from a small areag. (@ 3-station array)
would yield only an approximate wave number estanat this case. However, using relatively largerags
(e.g. 5-station expanding arrays); more precisenaibn of wave number is possible despite the gmes of spurious
peaks due to wave number aliasing on the wave nuplbts (Figures 3a-d). In cases of multiple sosytke limitations
of smaller arrays are more apparent. For instaifcehere are two sources of the same type of plamve
(1 Hz — 2 km seb), separated by an azimuth of 120°, the wave num#sedution is achieved reasonably well (Figure 4a)
by the Array-3 configuration (refer Figure 2) ofth-starion expanding array. Such an array is @édg@able of resolving
two sources azimuthally much closer, being only &88rt (Figure 4b), which is still better resolveg,overcoming any

wave number aliasing, employing a bigger arrayfégic) like the Array-4 configuration (refer Figuz).

It is evident that, using expanding array configiorzs as described above, vector velocity estimatesach
frequency can be obtained for microseismic sourédseach frequency, estimates of apparent sourdeusz of
approaching microseisms are also determinable. Aamhic change in the azimuth of microseisms reptesesal
movement of the principal microseismic source. Afgerved scatter in the phase velocity and azirestimates are a
function of statistical uncertainty in coherencydahe limitation of the array configuration empldyearticularly if data
are acquired from smaller arrays (e.g. 3-statioayar There is also a possibility of clusteringvefocity moduli in certain
frequency bands due to either or all of the follegvieasons: (i) extreme biasing owing to multimarses of comparable
strength, (ii) dominance of non-propagating micia®s generated by atmospheric loading effects, (@ij¢presence of

two or more modes of Rayleigh wave propagation.
DISCUSSION AND CONCLUSIONS

The usefulness of a simple 3-station array is &dhiio situations where a single microseismic soigrcl®minant,
even though weak multiple sources may exist. Thpamse of such small array can be somewhat amlsguialess the
source azimuth is known. Therefore, a relativetgéa expanding array with proportionately largeatsd sampling is a
preferred choice, which overcomes several limitetian resolving sources. In consistency with thisw a 5-station
expanding array is capable of resolving multiplarses with predictable wave number estimation. gtation expanding

array can also resolve multiple sources but magyre somewhat biased estimates in frequency-wavibauf-k) space.

It is generally possible to reduce or minimize iféeence due to randomly oriented cluster of saulnetaking
short data lengths. However, this may give risegteater statistical uncertainty of phase relatiansl, therefore,

of vector velocity estimates across a given array.
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In order to achieve high resolution of wave nunibghe frequency-wave number analysis, it is neags® take

recourse to adequate spatial sampling of data &nomppropriately configured array in expanding mode

Using microseismic data including phase velocitd azimuth acquired from an expanding array of optim
size, structure of crustal sediments beneath thiayasite can be inferred from the phase velocitgpéision.
Further, deployment of 3-component (two horizomtatl one vertical) seismometers instead of onlyicsrtomponent
ones in any suitable array configuration would éagarticle motion studies for proper identificatiof wave propagation

modes in microseisms.
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Figure 1: lllustration of a 3-Seismometer ExpandingArray Configuration. Stations at Locations 1, 2 aml 3:
Array-1; Stations at Locations 2, 3 and 4: Array-2;Stations at Locations 3, 4 and 5: Array-3; and son. Similarly, a
4-Element Expanding Array Can Be Realized by empldng a Fourth Seismometer, either Temporary or
Permanent, at Location 0

Figure 2: lllustration of a 5-Seismometer ExpandingArray Configuration. Stations at Locations 0, 1, 23 and 4:
Array-1; Stations at Locations 0, 3, 4, 5 and 6: Anay-2; Stations at Locations 0, 3, 5, 6 and 7: Arna-3; Stations at
Locations 0, 5, 6, 7 and 8: Array-4; and so on
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Figure 3: Wave number Plots in Response of a 5-Stah Expanding Array to a Single Source of a 1 Hz 2 km/sec
Plane Wave Using: (a) Array-1, (b) Array-2, (c) Array-3, and (d) Array-4, Conforming to Four Different
Configurations Shown in Figure 2. All Contours arelabeled in dB Relative to Maximum
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Figure 4: Wavenumber Resolution, Employing a 5-Seisometer Expanding Array in the Array-3 Configuration
(Refer Figure 2), of Two Sources of a 1 Hz — 2 kn@s Plane Wave When Their Azimuthal Separation is (jaFarther
(12@), and (b) Closer (66); Further Improvement in Wavenumber Resolution for the Closer Pair of Sources
Obtained using the Array-4 Configuration (Figure 2)is Shown in the Panel; (c) All Contours are Labektin dB
Relative to Maximum
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