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lo repmt focuses on a USGS provided data set from refraction surveys
wltEn the State of Maine. These data contain excellent recordings of short-s baykig waves ftg ganerated by the explosions The initial intent
wa to u thse data to ch a cterize shear wave velocity and Q in the upper
1-2 Im in ts onimut of foklded poleozoi sediments. However tie data
setibted e wave proao chacteristics. The principle
r tof the study are as folow.

First, signifiant lateral changes in the moveout of the Rg, S and P wave
were observed. Analysis techniques were developed to successfully invert for
a -te ly varying earth structure and to model the Rg waveforms, both in
termws of absolute amplitude and phase.

Second, the shear wave velocity model derived from the surface waves,
was used in a blind test to predict the S-wave arrival times for two profiles
havin significant S waves. An excellent fit was obtained without having
used the S-wave data in the inversion for the earth model. This indicated
the ablity of the 14 Hz surface wave data to resolve shear wave velocity
structure to depths of 2 km in this environment.

Fbally, since absolute instrument gains were known, forward modeling
was used to test the laterally varying velocity and Q model, in order to com-
pare the observed and estimated amplitude decay in different frequency
bands. This permitted an estimation of the isotropic moment for these one
ton exlsons. By comparing estimates made in different portions of the 1-5
Hz frequency band, we conclude that a step source time function in moment
is adequate to model the surface wave observations for these one ton shots.
The estimated isotropic moments are similar to other chemical yield-moment
observations. However, larger industrial chemical blasts, e.g., 100 ton or
greater, would be expected to show a frequency dependence in the isotropic
moment estimate because of the distributed source dimensions.

These report presents the data sets and conclusions in four sections.
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SURFACE WAVE INVERSION FOR SHEAR WAVE VELOCiTY

R. B. HERRMANN and G. I. AL-EQABI

Department of Earth and Atmospheric Sciences
Saint Louis University
3507 Ladede Avenue

St. Louis, Missouri 63103

ABSTRACT
Land based seismic exploration has typically viewed the surface wave or
ground roll as undesirable noise while earthquake seismology has been able
to use the surface wave to invert for lateral variations in crust-upper mantle
shear-wave velocity. Although surface-wave inversion techniques for shear-
wave velocity and shear-wave Q are easy to apply once the phase velocity,
group velocity and anelastic attenuation dispersion are known, the manner in
which these parameters are obtained efficiently from large exploration data
sets has not been fully explored. This paper will address the processing steps
required and apply them to surface-waves recorded in a refraction experiment
in the State of Maine in the U. S.

INTRODUCTION

In earthquake seismology, surface waves have long been used to infer shear
wave velocity models of the crust and upper mantle of the earth (Ewing et al.,
1957). Analysis tecliques have been developed to invert for shear velocity
as a function of depth, and recently progress has been made in using these
data to invert for lateral variations in earth structure (Nolet, 1987; Nolet,
1990). On the other hand, less attention has been paid to surface waves in
seismic exploration, where the surface wave is viewed as undesirable noise
that affects the imaging of subsurface features.

The objective of the paper is to demonstrate the use of surface wave data
acquired as part of a refraction survey for the determination of shallow shear
velocity and Q. Even though surface-wave data are available in the distance
range of 0 - 40 km, which is much larger than in typical seismic exploration
data spreads, the need to process multichannel data is a shared feature.
Analysis techniques are reviewed, and are actual data sets are processed.

DATA PROCESSING FOR DISPERSION

Given multchannel data, dispersion information can be obtained by sin-
gle channel as well as multichannel processing. Single channel processing
can provide group velocity dispersion, while multichannel processing is
required to obtain phase velocities without making assumptions about source
phase or the number of wavelengths between the source and single receiver.
The techniques of multiple filter analysis and phase velocity stacking are used
to define the dispersion parameters.
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iI My I i tar analsi was introduced by Dzlewonskl et1. (1969) for the
d1mn9 " of group velocity from a dispersed waveform. Herrmann
(19) studied the use of multple filter analysis to estimate spectral ampli-
tudes of the various modes. Let the Fourier transform of dispersed pro-
papqt wave at disemm r be A(*,r)e-I(k( '4). Define a Gaussian filter as

C'{-,1i I W-W I SW'

/(")I a-t0o ()

where

The result of applying this filter to a dispersed signal is a filtered time signal
whose envelope reaches a maximum at the group velocity arrival times. The
envelope of the filtered time history for a single mode is approximately

g(tr) - A(,r)wo ()1/2 C (-4 -rU/4W) (2)
2w a

Computationally, the time series is filtered using (1), a Hilbert transform of
the filtered time series is taken, and the two are combined to form the
envelope. The envelope is searched for the relative maxima, from which the
group velocity is computed from the time of the peak amplitude and the
spectral amplitude is estimated from (2) by the relationA(uor ) S..~(2,w/ft,h )a . .

For rose of analysis each two plots are made for each trace analyzed. The
first presents the spectral amplitude versus frequency, annotating each with a
symbol related to the value of the relative amplitude. The second plot pro-
vides contours of the envelope as a function of group velocity and frequency,
with the roup velocities of the envelope peaks indicated by the same symbol
as the fis plot. Examination of both plots assists in the identification of
modes.

For a given shot, individual traces are processed using multiple filter
analysis, and a table containing the frequency, group velocity and spectral
amplitude is produced. Assuming a laterally homogeneous waveguide, the
individual group velocity estimates of a given mode will be identical, and the
decay of spectral amplitude with distance, r, will have a functional form

A(w,r) - AoC r-  - . (3)

An interactive program, which works on non-graphic computer displays, is
used first to identify the modes on the basis of a group velocity histogram,
and then to define the anelastic attenuation coefficient, -j, through a least
squares fit of observed spectral amplitude of this mode according to the
model (3). Provisions are made for editing extreme outliers. The result of this
interactive program is a tabulation of group velocities and anelastic attenua-
tion values together with their standard errors, for use with an inversion pro-
gram.

-2-



Group Velocity Stacking
The above technique for estimating the average group velocity and ane-

lastic attenuation over the profile requires running multiple filter analysis for
each trace, consolidation of output into a large file, and then interactively
editing the data set.

Barker (1988) introduced the idea of determining the group velocity by
stacking the envelopes of different traces for a given frequency. This is possi-
ble if the envelopes are transformed from a function of time to a function of
group velocity. The group velocity of the spread is obtained by searching for
the maximum of the stack. If a program automatically selects the maximum,
it can then return to the envelope of each trace to search for the maximum in
the neighborhood of the velocities from the automatic selection so that error
estimates of the group velocity can be made. In addition, spectral amplitudes
can be used to estimate anelastic attenuation coefficients.
Phase Velocity Stacking

McMechan And Yedlin (1981) introduced a technique for the determina-
tion of phase velocity by performing a p -- stack followed by a transforma-
tion into the p -w domain. Mokhtar et al (1988) described a procedure for
accomplishing this by first Fourier transforming the time series, and then per-
forming the stacking operation in the frequency domain. Let the Fourier
spectrum of a seismic signal of the i'th station at distance ri be

A (,~ri)e 1*("', (4)

where the phase term *(w) includes a distant dependent component for pro-
pagation. The p-c. stack of N traces is defined by the relation

NU (p,ce)- I C (w)-4A (co,ri)e i*e e/orw. (5)
ijl

where

C(w) - A(w,rj)e1*.

Division by C(w) is a simple artifice to normalize the spectrum and remove
the source phase if the signal is that of a single mode. The observed spectrum
is assumed to be the superposition of M surface-wave modes such that

A (.,r)''u . St (,r )e (m)' dp( ' gJ, (6)
k l

where Sk(w,r) is the amplitude spectrum of the k'th mode and the phase is
separated into distance-independent, Cikc(), and distance-dependent,
wpo,(w)ri components. pot is the inverse of the phase velocity of the kth
mode at frequency *.

If the signal Consists primarily of a single noise free surface-wave mode at a
given frequency, then the quantity U(p,w) will have a maximum when
p - pt. Alternatively it is convenient to search for the maximum of the func-
tion

I U(p,.)I (7)
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to fOtd the dispersion curves since it is a real function. Since there are N dis-
tmeto, the mammum value of the quantity I U(p,w) I should be equal to N.

If this va is less than N, then we may attribute this to an error in the ray
parsameter between the stations and thus estimate the error in the
.ewLp pndln phase velocity. If we assume that in the neighborhood of a
stack asxlmum the quantity Ap - p -pe has a normal distribution with zero
moa aid a vriance e, then the expected value of any term in (4) is

E[e- 2 wfAPriJ = e-20wafzr? (8)

where we used the definition w = 2wf.
16w each term in (7) is always positive, the expected value of the stack (5)

of a single mode is just

I e- '' t " I (9)
jul

Givem the stack value (7), a Newton-Raphson technique is used to find the
value of a from (9) that corresponds to this value. The error in phase velocity
is obtind using the definition c - ip and the relation

Ac -ac2 . (10)
This relation was tested by numerically modeling a stacking operation in
which the ray parameter error had the assumed distribution.

In the more realistic case of multimode surface waves, (7) will not yield a
maximum independent of the amplitude spectrum of the other modes. Thus
the stack value at a given frequency will typically be largest for one mode
and smaller for others. The simplistic error analysis will yield larger, perhaps
unwarranted, errors for the other modes. This is an inherent problem with
this teehi"que, that can only be resolved if a phase matched filter technique is
Am applied to each input spectra to isolate a single mode before the phase
veloc"t stack is performed.
Evaluation of Techniques

Al these techniques suffer from the need for manual intervention to
cormc dene the dispersion data, especially identification of the mode.
The only real identification of the mode number is to count the zero crossings
9( the surface-wave eigenfunctions, with the fundamental mode Love and
vegtgO cmqxownt Rayleigh eigenfunctions having zero zero-crossings with
depth. Elgenfunction-depth data are not available with surface sensors. An
atenmttkve technique uses the fact that the fundamental mode has the lowest

um&y S up, velocities at any frequency. For surface sorces,
t*4 A- b1 mnde is often the one with largest amplitudes.

T fet that the spectral amplitude level of the surface wave modes vaies
itth be ,ey, the source excitation forces, and with distance due to amebs-
i masmtlko Moo" that not necessarily the same mode is deaisno at a

s bhequincy. Because of this, the phase velocity stacking and multiple
techniqe wilt find it difficult to follow the dispersion curves of a low

am :4ltudq mode in the presence of a larger amplitude.
The group velocity stacking technique works reasonably well for estimating
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the group velocity value, even though the determination of the average
group velocity should be weighted as a function of distance, since the group
velocity resolution is less at shorter distances. The automatic determination of
the anelastic attenuation coefficient, -Y, also requires such a weighting. In
addition, since this depends upon spectral amplitude estimates, the interfer-
ence of modes at short distances will give erroneously spectral amplitudes,
and thus overestimate the -y values. In such a case, it is better to run the mul-
tiple filter analysis on each individual trace, and then interactively determine
the values.

SURFACE WAVE INVERSION
Surface wave inversion is relatively straight forward once the dispersion

is correctly defined. This requires a linearization of the problem and the sub-
sequent iterative inversion of the observations.
Love-Wave or SH Formulation.

Following Keiis-Borok et al. (1989), the equation for the SH-wave eigen-
function, V(3 , in a cylindrical coordinate system is

d Pv()] 1 [ 0 1,1 [V() 1tZ [2 j ULk2-P _- ." (11)
where k is the wavenumber, w is the angular frequency, ti is the rigidity and
p is density. The boundary conditions for surface waves are that p4z (z =0) =0,
and V(3)(z)--0, as z -w.

A discrete solution to the boundary conditions satisfies the equation

L 0 w21o-k 211 -2 (12)
0 - O. (dV(3) )2

- 2fp(V(3)2 dz -kfLV3yzf dz,
0 0 0 d)

where L is the Lagrangian. The group velocity is determined from the rela-
tion

U k11/woI . (13)

If the medium is split into constant velocity-density layers, of thickness di,
density p.,, and shear-wave velocity P., and the layer is bounded by
z M zoo - d. and z -Zm, then the partials of the phase velocity with shear velo-
city for fixed frequency and density, and with density for fixed frequency and
shear-wave velocity are

- Po* . ZO [V (y j d(3) dz (14)
___80 M U0 fink..4

and

CP 2pm a n 2U o.X._d
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Rayleih Wa of P-SV Fomulatior
In a cylNdrcal coordinate system, the equation of motion governing the

esuiPNtcIm I-is

d VM -k 0 I VA m 2 0 0 k I x )

[p _pW2+4k2t(X+jL)/(X+2p) -X/(X+2) 0,

where the vertical component eigenfunction is V('), and the radial component
elpnfunction is VM. The eliipticity at the free surface is c - V(2)(O)/V)(O).
Theboundary conditions for surface waves are that p,.(z-O)- 0, p.(z-O) = O,
V)(z).o. as z -o. and V2)(z)-.O, as z -GO.

A discrete solution to the boundary conditions satisfies the equation

L - 0210-k 211-2k 2-1 3 , (17)

where L is the Lagranglan, and

o- . ;p [(vOP + (v9 Jdz (18)
0

The group veocty is determined from the relation
1= 1 ±(k+1 2 )/w1o. (22)

If the medium is split into constant velocity-density layers, of thickness 4m,
density P3o, comprslnal-wave velocity am, and shear-wave velocity 13m ,and the layer Is bounded by z =z,-4 and z -z,, then the partals of the

phase velodty with shear velocity for fixed frequency, compresslonal velocity
and density, with compresslonal velocity for fixed frequency, shear velocity
and density, and with density for fixed frequency and compressional and
shear velocty are

I ] fa.P.l kv ) 1  z " ( ' dzU 1 010 (23)A6



h O ( )+ dV ) J2 k(, I d, 24
CIAv" I U10  mz.-dL k dA k+

. 1 11C +ofa ). t-Li 2 72  [(V(l))+(V(2y)]dZ. (25)

M I a0 2I z-z.-d.

If the material properties within each layer are constant, propagator tech-
niques can be used to determine the dispersion and eigenfunctions and the
integrals can be analytically evaluated (Harkrider, 1979; Wang, 1981).

Numerical Partial Derivation Computaiton and Causality

The partial of group velocity with respect to a layer parameter v is
ari tlo aCo + l T dco aCo _ o

''=dc d ct (26)
c 0 V 8vO I C02(Cdt ay ZIT v )

The phase velocity partial with respect to period is numerically computed
using the relation

a a~o ±, Co. aCo
T vT -r ( )T+hT -(_jV)T-hr /2hT

In these expressions, the parameter v can take on the values OL, 0 or p, and
the subscript o represents the value in the parameter in the purely elastic
model.

If a causal Q is introduced, a Futterman causality tied to a reference angu-
lar frequency w., the elastic parameters will equal the anelastic values when
the angular frequency w equals w,. The causal phase velocity c is given by

1 vj fao C 1C -I( )Y 3 - 0 tQ - (27)

and the value of the spatial anelastic attenuation factor, Y, is

-Y (1co -1 + OQ;.1 (28)

In order to obtain the correct partial derivatives of causal phase velocity and
gamma with respect to the model parameters, the following are used. A par-
tial or a parameter without the subscript o represents the causal value. Note
that it is assumed that Qp/Q. is a fixed ratio, hence a partial with respect to
Q0I may involve a partial of c. with respect to a.

ac c - 1 + In(-) (29)

ac .1 InC0)ac + BSct (30)

OQ0 W BrC0 ca Q.r
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2Mb9__ (31)

to f, ac (32aQe 2e~a kWO +

2~U2- - + I (33)
--- uco*IC CO VW

where it is assumed in the deiivation thtat (i.5!O 2 is negligible.
~~~~~~~~ CO,(u_*(cc 12U

O- UO - - i-i-o+ - (34)

+ ace Uo(- 2yUo + Yo I
av ~ ~ c CO W C rQ,

+ (-cx '-- o,

C- C, C,

au u, U c (35)

-a~~p c C aQp
1 U2 'CO"

V 0 (ap aa Qw)

An iterative linear inversion is performed because of the non-linear nature
of the problem. At any stage there is a current model which Is used to predict
the observations and there is also a lack of fit. For simplicity, the compres-
sional wave velocity a is not directly inverted, rather it is tied to the shear
velocity by an a priori assumption, such as a constraint that constant Poisson's
ratio be constant. We may thus express the difference between observed and
predicted values as a linear function of changes in shear velocity model and
changes in the inverse Q model. Since the effect of compressional wave Q.
may not be negligible, the compressional wave Q. is related to the shear
wave Qp by a ratio Q./Qp for the layers. Given these assumptions, the
inversion can take on two appearances, non-causal and cousal, depending
upon which partial derivatives are used. To keep the notation general, the
partial derivatives with respect to layer velocity in the next three equations
can either be causal or non-causal.

The differences in observed and predicted phase velocities are modeled as
ac c ac . . + c . -1 , (36)

Co aQ -Q 6



the difference between observed and predicted group velocities is given by

=~bo- uped - + + a A + U AQ-1 . + aU AQ (37)

01Q on

and the difference between observed and gamma values predicted by the
current model is

apt aon a, ,_1  - (38)

Once set up, the system of linear equations is solved using singular
value decomposition (Russell, 1987). Provisions are made to damp the solu-
tions as a mean of controlling convergence. Inversion can be performed in an
unweighted manner, or can be perform using a priori weights available from
the error estimates from the dispersion analysis. In addition, a differential
inverse can be use to solve for the change in inversion parameter across a
layer boundary, rather than for the parameter itself. This constraint guaran-
tees a smooth model and avoids unrealistic alternating low velocity layers in
the resulting model.

MAINE REFRACTION EXPERIMENT
In 1984, the U. S. Geological Survey ran a series of refraction experi-

ments in the state of Maine (Murphy and Luetgert, 1986; Murphy and Luet-
gert, 1987). The refraction profiles went both along (NE) and cross (NW) the
strike of the Appalachian Mountains. Surface geology varied significantly in
lithology and geologic age. Because of the excellent data set, both in spatial
sampling and calibrated instruments, this data set was analyzed to learn
about shallow shear-wave velocity and Q.

Figure 1 shows the data from one shot point, SPI with distance increasing
in a southeast direction. Fundamental mode phase velocity and spatial
attenuation values were inverted, with the resulting earth model given in
Table 1. To avoid any bias of the initial model upon the inverted model, the
inversion started with a twelve layered model with velocities and densities of
each layer equal to that of the halfspace. The inferred velocities in the lower
part of the model are not well resolved. The high values are not unexpected
given the highly metamorphosed geology sampled by the surface waves.

Figure 2 presents the fundamental mode synthetic seismograms for an
explosion source in this model. The arrival times and waveforms compare
well to the observed data of Figure 1. As a check on the correctness of the
inversion, both the synthetic and observed data were filtered through the
same narrow band band-pass filters, and the peak amplitudes plotted as a
function of distance. This exercise showed that the derived Qp model
explained the observed decrease of amplitude with distance.

FUTURE DIRECTIONS
Experience with limited data sets indicate certain rules for estimating the

depth limits of surface-wave inversion. Since longer periods or longer

-9-
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Figure 1. Data for SP1, plotted using a reduction velocity of 6.0 km/s. The
data have been low pans filtered between 0.5 and 5.0 Hz.

TABLE 1. Velocity Model for SP1

0.25 4.45 2.57 2.37 64 32
0.25 5.61 3.24 2.62 64 32
0.25 5.85 3.38 2.67 64 3
0.25 6.15 3.55 2.74 70 35
0.25 6.30 3.64 2.79 74 37
0.2 6.40 3.70 2.82 84 42
0.25 6.41 3.70 2.82 96 48
0.25 6.44 3.72 2.83 114 57
0.50 6.45 3.72 2.83 142 71
0.50 6.49 3.75 2.85 190 95
0.50 6.50 3.76 2.85 284 142

6.65 3.84 2.89 568 284

wavaw h wlrface waves penetrate deeper, and since longer periods are
bgtim rele at larger distance, two such rules are 1) the surface wave pro-
vides resokable ioraonto depths on the order of 1/3 - I X, whiere X is

-10-
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Figue 2. Synthetic traces for SP1, plotted using a reduction velocity of 6.0
km/s. The data have been low pass filtered between 0.5 and 5.0 Hz and also
passed through a 2 Hz seismometer for proper comparison with Figure 1.

the longest observed wavelength, and 2) the ma-ximum depth is on the order
of 1/20 - 1/10 rnux, where rna. is the of the maximum distance of observa-
tion. This relatively limited depth resolution, compared to refraction
analysis, is mitigated by the ability to resolve changes in the surface-wave
waveguide within a given shot spread.

The data sets analyzed and the inversion programs developed both con-
sidered land based data. Introduction of a water layer is simple, and is
already encompassed in the theory presented. There is no difficulty in using
surface-wave inversion techniques for data acquired in shallow marine sedi-
ments.
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GROUND-ROLL: A POTENTIAL TOOL FOR

CONSTRAINING SHEAR-WAVE STATICS

G. I. Al-Eqabi and R. B. Herrmann

Department of Earth and Atmospheric Sciences,
Saint Louis University,

3507 Ladede, St. Louis, MO 63103.
ABSTRACT

The objective of this study is to demonstrate that a laterally varying shal-
low shear-wave structure, derived from the dispersion of the ground roll, can
explain observed lateral variations in the direct shear-wave arrival, which
occur at same places where ground-roll moveout changes. The data set con-
sists of multichannel seismic refraction data from a USGS-GSC survey in the
state of Maine and the Province of Quebec. These data exhibit significant
lateral changes in the moveout of the pround-roll as well as the S-wave first
arrivals. A sequence of surface-wave processing steps are used to obtain a
final laterally varying shear-wave velocity model. These steps include visual
examination of the the data, stacking, waveform inversion of selected traces,
phase velocity adjustment by cross-correlation, and phase velocity inversion.
These models are used to predict the S-wave first arrival by using 2-D ray
tracing techniques. Observed and calculated S-wave arrival match well over
30 km long data paths, where lateral variations in the shear-wave velocity in
the upper 1-2 km is as much as :±8% . The modeled correlation between the
lateral variations in the pound-roll and S-wave arrival demonstrates that the
problem of shear-wave statics in exploration seismology could be posed as
problem of surface-wave propagation.

INTRODUCTION
The observed quality of seismic signals can be degraded by their propa-

gation through shallow-inhomogeneities and lateral variations in the earth's
near-surface structure. Near-surface structure introduces delays in the
recorded travel times which can cause signal misalignment that distorts the
apparent earth structure and stratigraphy (Wiggins et al, 1976; Rothman,
1986). Since near-surface time anomalies can have an adverse effect on all
subsequent processing and interpretation of seismic data, an independent
constraint on the shallow shear-wave velocity could improve the seismic
exploration results. Usually this is done by a statics analysis applied to the S-
wave first arrivals. Another possibility is to make use of the round roll, or
surface wave, to define a shallow shear-wave velocity model.

It is well known from earthquake seismology that the inversion of
surface-wave dispersion can be used to define a shear-wave velocity struc-
ture. One can use either Love or Rayleigh wave fundamental and higher
mode dispersion. Because of the large distances between seismograph sta-
tions in earthquake seismoloy, inverted earth models represent path aver-
ages between seismograph stations and the inverted model thickness is
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mmly a thnthe station separation. Man (1964) used Love
wave disperMion to deetmne static corrections. He used all the traces in the
hot spread to define a dispersion curve and correspondin veodity model

averae ever the spread leth. For purpose of. static corrections, the velo-
city meddl for ead shot sprad was assigned to a horizontal position at the
center o the spread. Thus a spatby smoothed statics model is derived. In
order to improve the static corection, less spatial averaging is required.
Efforts have been made In this direction. Nolet (1990) combined waveform

techniques with a partitioned inversion scheme to trace lateral vari-
ations In eath model beneath a NARS experiment in Europe. His technique
is valid for small lateral variations in velodty model.

A refraction survey in the state of Maine conducted by the U. S. Geologi-
cal Survey and the Geological Survey of Canada crossed complex geoloical
structure that yielded observbe lateral variation in the moveout of the P-
and S-wave first arrivals and also the surface wave. These data provide an
opportunity to see if it is possible to use data from a single shot spread to
define a laterally varying shallow shear-wave velocity model from the
srae-wave dispersion andteto see if this velodty model can explain the

observed lateral variation in the shear-wave first arrivals.
DATA AND ANALYSIS

DOWset
Murphy and Luetgert (1966, 1967) describe the experiment and data

cqusition. Scientific results are given in Klemperer and Luetget (1987) and
Luetert et al (19). For our paper, two data sets were chosen. one from shot
SP4 in a southeast direction, which is denoted SP4-POS, since it is in the
direction of SFS, and the other from SPI in a northwest direction, which we
denote as SPI-NEG. Figur shows the shots and the trend of the recording
poton from them.
De Pcef

Rgure 2 presents the observed and modeled data for the SP4-POS
spread. The vertical component time histories are available at approximately
1 km spacings and are used out to 34 km for this study. The traces are low
pass filtered at 5.0 Hz with a two-pole Butterworth causal filter to emphasize
the surface wave. A reduction velocity of 3.5 km/s is used to focus attentiott
on the S-wave first arrival. It is obvious that there are lateral changs in the
moveot of the S-wave first arrival and dosr inspection shows that this is
also true for the urface-wave arrival, the fundamental mode Raylei wave.
To focus on the surface wave arrival, these same data are plotted in igur3a
with a reduction velocity of 2.5 km/s. The lateral variations in the surface-
wave moveout are apparent.

To define the surface-wave dispersion where there is no evidence of
laterl variation in the dispersion, one can process the data with a p-a stack
(McMshn and Yedlin, 1981). This will lead to a dispersion curve that can

Sinverted for an earth model. When there are sharp changes in the
wavegde, the p- stack may yield two dispersion curves (Mokhtar et al,
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Fig. 1. Map of the study region, showing the shot points, SP1 and SP4, and
the data spreads from these shot points.

1968). If the changes are gradual the p-w stack dispersion curves will be less
well defined and an average dispersion curve can be inverted for a first order
earth model which can then be used to define an average phase-velocity
dispeion curve for the next processing step.

If the signal is mmued to consist only of a fundamental-mode surface
wave, then the sinal can be analytically dispersed to another distance by a
simple frequency domain operator. Let the observed signal at distance r and
frequency f be S (r ,f). Also let the wavenumber and anelastic attenuation
coefficients be defined by k(f) and -f(f ). Then the signal to be expected at a
distance ris

S (r ,f )=S (r,f )(r/l )e e"&(t Xr,-r) e-W xrI-r) (1)

If the predicted time history at distance r, is plotted at r, then any variation
in the waveform would represent a violation of the assumptions of wave pro-
pagation in a laterally uniform medium and of knowing the true phase velo-
city dispersion. Figure 3b shows the result of applying such an operation to
the traces of Figure 3a when a reference distance r, - 30 km is used. Since
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Fig. 2. Observed (light) and predicted (heavy) seismograms of the SP4-POS
proffie. Both traces have been bandpass filtered between 0.5 - 5.0 Hz. The
predicted S-wave arrival times are indicated by the shaded curve.

the Ait order effects of dispersion have been equalized, the waveforms ae
sndw. DIfferences at short distances are due to lack of separation of the
sufafe-wave from the rest of the signal in the original data. At large dis-
taimc, high frequency noise is introduced because the attenuation operator
must reintroduce high frequencies to the signal in equalizing the signal to the
shter reference distance. Since the pulse shapes are relatively independent
of distance, the first order effects of dispersion have been accounted for. Fig-
ure 3b can be viewed as like the reduced travel time plot of refraction
ssl y, where relative offset of arrivals represent faster or slower
arriak. It is obvious from Figure 3b, and also from Figure 3a, that there are
changes in the surface-wave moveout at about 12, 20 and 27 km from the
source. By comparing receiver locations to geological maps, these changes
wer fmund to correlate to mapped changes in surface geology.

The initial processing steps are described by Herrmann and AI-Eqabi
(991). MultIpe filter analysis is performed on each trace in order to estimate
the group velocity and spectral amplitude of the fundamental mode as a
function of frequency. The spectral amplitude data are then used to estimate
the andeatc attenuation coefficient -y that appears in equation (1). A p-w
slak is performed to obtain phase velocity as a function of frequency. These
data can be Inverted for shear velocity, p and the shear-wave quality factor,
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Fig. 3. (a) Filtered observed data of Figure 1, plotted with a reduction
velocity of 2.5 knrds to focus on the surface-wave. (b) Traces of Figure 3a
equalized for dispersion to a reference distance of 30 km. This display

elmntes the distraction of the dispersion in order to focus on the lateral
variation apparent in the data set.

Qp as a function of depth. If lateral variations in dispersion are observed in
the data, the spread is partitioned into segments of uniform dispersion, based
on an exmination of data presentations such as those of Fgure 3. Waveforin
inversion (Nolet, 1990) is applied to the traces at the segment boundaries,
and the resultant models are used to generate fundamental mode synthetics,
which are then cross correlated using the dispersion curves from the
waveformn matching models to guide the intertrace phase unwrapping. The
result is a dispersion curve specific to each segment. The cross correlation of
synthetics rather than actual data traces yields smoother, better behaved
itertras dispersion curves. These dispersion curves are independently

invetedto provide the vertical velocity distribution for each segment.
Finally synthetic stismograms, including instrument response, are generated
for the resultant laterally varying earth model under the assumption of no
mode conversion at segmnent boundaries (Keilis-Borok et &1, 1989) and com-
pared to the observed data. A laterally varying model is judged appropriate is
the predicted and observed waveforms agree both in shape and level.
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Table 1 shows the resultant earth model for the SP4 profile. In this
table, each segment is defined by the distance of its boundaries from the shot
point. A single Q model was assumed for the entire path because of lack of
spatial resolution inherent in estimating Q in terms of a spatial decrease in
amplitude. In addition, is was assumed that the P-wave velocity, a, is given
by a - 1.7320 and that Qu = 2Qp. Figure 2 compares the observed (light
lines) and fundamntal mode surface-wave traces (heavy lines) for this data
set. Both sets of traces have been bandpass filtered between 0.5 and 5.0 Hz.
The agreement is relatively good, except that the surface-wave model does
not predict the later reverberations seen in many observed traces.

TAlb 1. Sevm dwd mih m Q I owu
W4 PSMl, -~ OM Qbeuhd bin Xwai hwTo tw StBln. pbai aEQususin fafbmi
by- 1wl -1

Senmat 1 2 3 4 5 6 7
Padbm(km) 0.0.5.0 5.0-11.4 11.4-15.4 15.4-19.1 19.1-21.6 21.6-25.4 25.4-34.3

H Isp p p p A Q. QP
km kmoec km/ec km/sec km/eec km/sec km/ec km/sec

0.250 2.757 2.651 2.651 2.676 2.678 2.458 2.602 60.0 30.0
0.250 3.244 2.996 3.35 3.009 2.514 2.997 2.689 100.0 50.0
0.250 3.309 3130 3.227 3.132 2.$72 3.151 3.110 209.0 104.5
0.290 3.331 3.180 3.220 3.171 3.110 3.186 3.235 366.0 183.0
0.250 3.380 3.232 3.262 3.215 3.172 3.223 3.236 515.0 257.5
0.250 3.415 3.292 3.352 3.268 3.156 3.264 3.247 647.0 323.5
0.20 3468 3345 3.456 3.319 3.121 3.294 3.280 734.0 392.0
0.290 3.572 331 3.546 3.355 3.105 3.312 3.314 955.0 477.5
0.500 3.572 3.395 3.605 3.370 3.105 3.325 3.332 12M.0 601.0
0.00 3.572 3.395 3.605 3.370 3.120 3.327 3.335 1605.0 802.5
0.500 3.572 3.395 3.605 3.370 3140 3.323 3.340 2407.0 1203.5

3.572 3.395 3.605 3.370 3.161 3.317 3.344 4816.0 2408.0

Another way of presenting the results is shown in Figure 4. Here an
mean velocity in each layer is obtained and the percentage deviation from the
mean in each segment is displayed. A zone of high velocity is seen in the
third segment and It is also seen that segments 5-7 have lower surface veloci-
ties than segments 1-4.

A question arises as to how much of the resultant velocity model is actu-
ally required or even justified. At short distances, little dispersion can be
resolved, and there should be less faith in the resultant model. The 4 km
thick model was an initial assumption in the inversion, which started with a
halfspace model. The dispersion data were permitted to smoothly change the
model. However, if the dispersion data could not provide information about
deeper structure, that structure was not changed much. While this approach
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rig. 4. Representation of lateral varying velocity model for the SP4-POS data
set. The shading indicates the percent variation of the layer velocity about
the average shear-wave velocity for that layer. The segment number is
identified by the name at the top.

might not lead to correct structure at depth, it did permit the data to define a
model from an unbiased starting model, e.g., a halfspace, and prevented
artificial, Inversion Induced low velocity zones.

To provide further insight both on depth resolution and also to test the
possibility of modeling the S-wave first arrivals, the segmented model was
used to predict first arrival times through ray tracing. We used tervenkr's
SES81 package to do this. For simplicity the segment model was assumed to
represent a single 2-13 laterally varying velocity model. The first and last seg-
ments were assumed to extend beyond the data range laterally. Horizontal
node positions were placed at the midpoints of each segment, and vertical
node positions were placed at the midpoints of the first 6 layers, at the sur-
face and at a depth of 3.0 km. The velocity in each layer and segment was
assigned to the respective nodes, except that the velocity at the surface
equaled that of the top layer of Table 1, and the velocity at a depth of 3.0 km
equaled the velocity of layer 8 of Table 1. This latter choice was related to the
ad hoc experience from surface-wave inversions that the maximum depth reso-
lution Is on the order of one-third the longest wavelength resolved or one-
tenth to one-twentieth of the spread length.

Figure 5 shows the rays so generated. Their arrival times are plotted in
Fg 2 as the shaded curve. It is seen that the predicted S-wave first arrivals
match the observed arrivals in time. Recall that the S-wave arrival times were
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Fi.5. Result of tracing rays through the velocity model of Table 1.

not used to derive the laterally varying velocity model.
Figure 6 shows the data set from the SP1 spread to the northwest. The

sher-wave arrivals wre well developed and show lateral variations in first
arrival times. The results of the surface-wave inversions are shown in Table 2.
The predicted rudamental-mode surface-wave arrivals are also shown in Fig-
ure 6. Fiur 7 shows the percentage of lateral variation in each layer for this
model. Finally Figure 8 shows the rays traced through the model. The
paredikted S-wave first-arrivals are shown in Figure 6 by the near-horizontal
shaded curve.

DISCUSSION
This study focused on the evaluation of the shallow shear-wave velocity

structure by using high frequency Rayleigh surface waves recorded as part of
a reis experiment. Laterally varying earth models were required to fit
the data. Seven segments were required to explain the lateral rariations
obevdalong; the SP4-POS (34 kmn spread) and six segments required for
SP1-NEG (32 km spread). The number of the required segments is a function
of the Seoklgf complexity and the amount of change in velocity in the hor-
izontal direction. Most of the derived lateral changes correlate strongly with
published geologic data, such as the bedrock geological mp of Maine
(0sberg; et al, 1963). Generally, observed variations in velocity within the
upper 1 kmn, range between ±1.2% end ±-8.2%. The S-wave first arrivals
show signfat lateral changes in moveout in the data sets at places where
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Fig. 6. Observed (light) and predicted (heavy) seismograms of the SP1-NEG
profile. Both traces have been bandpass filetered between 0.5 - 5.0 Hz. The
predicted S-wave arrival times are indicated by the shaded curve.

strong lateral variations have been observed in the surface wave (Figures 2
and 5). Theoretical S-wave first arrival times, as obtained by 2D ray tracing,
show strong correlation with observed S-wave times for the two data set pro-
cessed.

In the case of the SP4-POS profile we note that Segment 1 has the
highest velocity and consists of bands of Upper and Lower Silurian interbed-
ded pelite and limestone and/or dolostone. Segment 2 consists of Devonian-
Silurian calcareous sandstones. Segments 3 and 4 have alternating bands of
Upper and Lower Silurian interbedded pelite and limestone and/or dolostone.
Segments 5 and 6 contain alternating bands of sulfidic pelite, Silurian inter-
bedded pelite and limestone, and Silurian interbedded pelite and sandstone.
Finally Segment 7 has Silurian-Ordovician calcareous sandstone. The rela-
tively lower velocities in the upper 0.5 km velocities of segments 6 and 7
seem to correlate with the sandstones. Also note from Figure 4 that Seg-
ments 1 and 3 have similar velocity distributions in agreement with the sur-
face geology.

Along the SPi-NEG path, the model not only predicts the direct shear-
wave arrival and Rg-wave traces that match the observed traces, but the verti-
cal segment contacts agree with mapped geologic contacts in the area and
also with the interpretations drawn from processing reflection data recorded
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Fig. 7. Representation of lateral varying velocity model for the SP1-NEG data
set. The shading indicates the percent variation of the layer velocity about
the average shear-wave velocity for that layer. The segment number is
identified by the name at the top.

parald to this path (Luetgert et al, 1989). The boundary between Segments 1
and 2 marks the western boundary of the Chain Lake Massif and the position
of the Western boundary Fault. Segment 2 contains Devonian turbidites.
The Sandy Stream Fault forms a boundary between Segments 2 and 3. Seg-
ment 3 consists of the Clinton and Chesham formations (volcanics, sedi-
ments, melange). Segments 4 and 5 contain the Frontenac formation (terri-
genous and volcanic rocks). Finally Segment 6 consists of the highly faulted
and folded Silurian and Devonian turbidites of Connecticut Valley - Gasp&
Syndnorlum and has the lowest velocity within this path. The location of
the contacts between Segments I and 2 and between Segments 2 and 3 agree
with mapped geological contacts and with events C and Y in the Luetgert et
al (199)) reflection interpretation.

The ray tracing accomplished two tasks. First, it demonstrated the power
of the surface-wave based shear-wave velocity model to predict S-wave first
arrivals. Second, it provided some idea of the depth of penetration of the
shear-waves. If we assume that the first arriving shear waves penetrate as
deep or deeper than the surface waves. This conjecture may be justified by
mode-ray duality considerations.
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Fig. 8. Result of tracn rays through the velocity model of Table 2.

While the data analysis satisfied the objective of this paper, additional
work is required to make this a robust tool for exploration geophysics, espe-
cially with respect to shear-wave statics The primary problem is that many
individual steps are required, each of which requires significant data manipu-
lation. If laterally varying phase-velocity dispersion functions can be defined
directly from the trace data in a single processing step, then the inversion for
the corresponding shear-wave velocity model is relatively trivial. One
approach would be to build upon the combination of multi-channel process-
ing and phase match filtering used by Russell (1987) for analyzing dispersion
in a laterally homogeneous environment to model the interstation phase
delays using a laterally varying phase delay model. Another aspect of pro-
cessing required to make the results more convenient would be to keep layer
velocities fixed and to invert for layer thickness. This would lead to a shal-
low shear-wave velocity model better related to statics modeling. Keilis-
Borok et al (1989) provided the necessary surface-wave perturbation theory to
accomplish this. Thus the routine use of the ground roll to constrain shallow
shear-wave velocities for use in shear-wave statics estimation is possible.
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0.256 2.718 2.446 2.650 2.579 2.418 2.268 59.0 29.5
&D 3.2 2.9" 3.13 3.0,9 2.975 2.790 68.0 34.0
0.250 .44 3.126 3.343 3.104 3.134 2.877 124.0 62.0
0.250 3.534 3.217 3.421 3.110 3.235 2.944 212.0 106.0
0.250 3.7 3.495 3.661 3.334 3.505 3.202 290.0 145.0
0.250 3.878 3.611 3.751 3.427 3607 3.301 355.0 177.5
0.250 3.2 3.614 3.751 3.429 3.603 3.306 423.0 211.5
0250 3.634 3.600 3.753 3.426 3.593 3.322 510.0 255.0
0.5 3.836 3.577 3.758 3.423 3.586 3.356 639.0 319.5
0.500 3.838 3.567 3.766 3.442 3.601 3.433 852.0 426.0

0.500 3.840 3.589 3.777 3.501 3.641 3.539 1278.0 639.0
3.515 3.667 3.808 3.621 3.721 3.683 2557.0 1278.5
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ABSTRACT

Knowledge of seimnic shear wave velocity and Q is required for both seismic
hazard analysis and the siting of critical structures since these parameters
g n the t - mission of the seismic signal from the earthquake to the site
and also control the site reqponse itself. These parameters vary spatially and
may not be readily available. The purpose of this paper is to show how these
can be estimated using surface-wave analysis techniques.

Data from USGS refraction surveys in Maine were selected which show
dispersed short-period Rg waves (fundamental mode Rayleigh waves). Pro-
cesung tediques applied to the data include filtering, waveform inversion
of selected trace, phase velocity stacking, interactive amplitude processing,
inversion of dispersion parameters for a layered shear-wave velocity and Q
model, and finally verifying the derived velocity-attenuation models by com-
paring both shape, absolute-amplitude and arrival times of synthetic and
observed time series. The resultant velocity models show that the shear-
wave velocity varies between 2.43-2.81 km/sec for surface layer and Qp is less
than 50 in the upper kilometer of the metamorphic terrain of Maine. The
models correlate with the type of geologic rocks encountered. While the
study focused on upper crustal structure, the techniques and experimental
procedure can be used for shallow site characterization by appropriate scaling
of the data acquisition.

INTRODUCTION
The analysis of surface wave dispersion provides a convenient method

for determining the elastic properties of a medium. One can use either Ray-
leigh or Love wave signals. By inverting their phase and group velocity
dispersion and frequency dependent anelastic attenuation, a shear-wave velo-
city and Q model can be obtained. The depth extent and vertical resolution
of the earth models is a function of the largest and smallest frequencies
observed in the signal. Shallow refraction surveys and quarry blasts are
good generators of Rg waves, the short period Rayleigh wave. These waves
are characterized by their large amplitudes and dear dispersion. The Rg
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waves, because of their high frequencies relative to long period teleseismic
observations, are confined to shallow depths, which makes these waves a
very good diagnostic tool in studying the shallow structure. Typically they
will not sample earth structure as deeply as the observed P- and S-wave
arrivals.

THE SEISMIC REFRACTION DATA SET
In the fall of 1984, the USGS collected 850 km of seismic refraction data

in Maine (Murphy and Luetgert, 1986; Murphy and Luetgert, 1987). It
includes one major profile of more than 300 kin, running perpendicular to the
strike of the dominant structure and crossing the major tectono-stratigraphic
units of east and central Maine, and four shorter profiles extending parallel to
the strike and sampling individual tectonic units. Each proffle consists of
several observation lines. Each line included several shots with the 120 verti-
cal component instruments deployed spatially over 90 km spreads. The
receiver and shot locations are believed to be accurate within 15 m. The error
in geophone location, relative elevation and timing are considered negligible
and less than the error in travel-time due to the changes in weathering zone
velocity or thickness (Klemperer and Luetgert, 1987). Two data sets are
selected to illustrate the use of surface waves in determining shallow shear-
wave velocity and Q structure. These are from profiles SP13-NEG and SP26-
NEG, which are parallel to the structural trend in Maine. Figure 1 shows the
two shots and their observations points. These two profiles were chosen
because of the lack of observable lateral variation in the surface dispersion
along the paths. These simple data sets are displayed in Figures 2 and 3. The
observed data have been bandpass fitered between 0.5 and 5.0 Hz using a
four pole, two zero, Butterworth filter. The data are plotted as a function of
reduced travel time and distance. For the SP13-NEG profile, distinct P- and
S-wave arrivals can be seen.

REGIONAL GEOLOGIC SEFrING
Most of the State of Maine is underlain by tightly folded metasedimen-

tary sequences of Ordovician to Devonian age. The major structural feature in
which the SP13-NEG path falls is the Central Merrimack Synclinorium. The
syndinorium consists of tightly folded faulted metasedimentary sequences
and turbidites of Ordovician to Devonian age. The SP26-NEG path falls
within the volcanic belt along the coast of Maine. The surface geology along
the profiles varies significantly in lithology and geologic age reflecting the
complicated geologic past. The rocks of SP13-NEG path are interbedded pel-
ite and sandstone, whereas those of the SP26-NEG are mostly volcanics
(Osberg and others, 1985).
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Lig bI. M aijg the State of Maime and the locations of the two shot
points (tringle) and the obseration points for each shot point Shot point
91"MNE is in the southwest part of the state, while SP26-NF-G is in the
mmnii part of the State.

DATA PROCESSING AND ANALYSIS
The recorded multcannel refraction data sets show excellent Rg-wave

dispersion. Processing techniques were developed that could be applied eMf-
dundly to obtain the desired shear-wave velocity and Q structure. The tech-
nques are besd On either pernforig direct inversion of waveforms for the

sheetwavevelocity model or extracting the dispersion and anelastic attenua-
don coesffet that are then inverted for the shear-velocity and Q models.
The data sets are first: p-a stacked to obtain phase velocity curves. The ane-
Ia&$* coefficient data are obtained after extracting spectral amplitudes by
Applying nwltlple-ffter analysis followed by interactively processing the
amplitudes to determine their spatial anelastic attenuation. The phase velo-
d w anelastic dispersion data are then inverted to obtain the shear-wave

=and Q models. While the multiple filter analysis also yields useful
grop Velocity Information, this is riot used because of the excellent phase
vekocty data and also because of the desire to demonstrate that the earth
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A&g. 2. Data set used for the SP13-NEG profle. The light traces ae the
observed data. The heavy traces are the forward synthetic data derived from
the inverted velocity and Q models.

model can predict the observed time histories.
p-( Stacking

The p -w stacking technique is used to obtain phase velocity dispersion
without making assumptions about source phase or the number of
wavelengths between the source and single receiver, both of which add ambi-
guity to one- or two-station phase velocity estimation techniques. This tech-
nique provides excellent results when processing multichannel data by being
able to isolate individual normal modes of propagation. It involves two
transformations, a p -,r stack followed by a Fourier transform over ir.
(McMechan and Yedlin, 1961; Russell, 1987; Mokhtar and others, 1988;
Herrmann and Aleqabl, 1991).

The seismic waves observed at a distance, x., can be represented as a
sum of superimposed modes as

f 3 (xt) - -f A. (x,o)e .a do (1)
2w 9-
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where C" -.(4)  .. -i k. (w,)&.
A, ,(x,) - I(w) S,(w)R,(t) .* e (2)

w Is the mode number, I(a) the instrument response (complex), S.,(a) the
mum spCtrum (complx), Rt(c) the path response (real), and y,(w) the
attenwuation coeffident (real). The wavenumber k is related to the phase velo-
city c by the relation k - w/c. If the Fourier transform of (1) is defined as
F,(x,w), the p -a stack is defined here as

F(vce) m jNVx-,F,(x ,w)eiwPr"  (3)

or expficlyas

If the sinal consists of a single mode, then it is easy to see that this summa-
tionb mco extremal if op "kx. By evaluating I F(p,oa) I as a function of
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p for a fixed frequency, one can search for the values of p that make the
expression extremal. p is related to the phase velocity, c, by the simple rela-
tion p - 1/c. For multimode signals, secondary extrema will occur, which
may give the dispersion of another mode. Since modal excitation is frequency
dependent, different modes will dominate at different frequencies.
Multiple Filter Analysis

Multiple filter analysis was introduced by Dziewonski and others (1969)
for the purpose of extracting the surface-wave group velocities and spectral
amplitudes from dispersed waveform. Define the Fourier transform of a
dispersed propagating seismic signal at distance x by A(x,)e - i ( '()z - +)
and, a Gaussian filter as

(. (T a/' I (a-(0O I oc

H(w) = I (J--tac (5)

where w. = co(wA)" , a is a
filter parameter controlling the tradeoff between time domain and frequency

domain resolution, w0 is the filter center frequency and (, is the filter cutoff
frequency. The result of applying this filter to the dispersed signal is a time
domain signal whose envelope reaches a maximum at the group velocity
arrival times and given is by Herrmann (1973) as

A ( _ox)wo (_2_)A _Wi (t - /Uo/4z (6)g(t,x),, 2i a (C

where U0 is the group velocity.

Computationally, the time series is filtered using (5), a Hilbert transform of
the filtered time series is taken, and the two are combined to form the
envelope. The envelope is searched for the relative maxima, g.. from which
the group velocity is computed. The spectral amplitude is estimated from (6)
by the relation

A (xwo) - g x(2"w/wo)(lo/r)*

A given set of seismic traces can be processed using multiple filter analysis
individually or as a group. Assuming a laterally homogeneous waveguide,
the result of a single trace processing could be utilized to obtain adequate
earth structure. For a group of traces we could use two approaches for
estimating the average velocity and anelastic attenuation. We can run multi-
ple filter analysis for each trace and consolidate the individual group velocity
and spectral amplitude estimates into a large file and use an interactive com-
puter program to manually isolate modes on the basis of a group velocity
window, and then use all information associated with that window to deter-
mine a mean group velocity and an anelastic attenuation coefficient, f, from
the decay of amplitude with distance. The model use to obtain - is that the
spectral amplitudes of a single mode and frequency vary with distanc2
aordin# to the relation
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A(x,w) = Ao-7/x/V

The second way of analyzing group of traces for average group velocity
and aveag anelastic attenuation coefficients is to implement the group velo-
city sta concept of Barker (1988). The idea Is to obtain narrow band pass
Gaussia filter of each trace, in a manner of (5), and then to stack the
envelopes of different traces for a given frequency after transforing the
envehopu from function of time to function of group velocity. A search then
is p erfed to find the stack maximum amplitude which defines the group
velocity. Usng this information, the spectral amplitudes associated with the
polrepon 'n group arrival time can be extracted from the original filtered
traces, and a regression performed to obtain -. Spectral amplitudes can be
used to estinate the anelastic attenuation coefficient.
Surjire-Wmv Dis~ision Inversion

An Implicit theoretical relationship exists between modes, phase and
group velocities, and the structural earth parameters such as shear velocity
and density. By combiing linear inversion theory with variational tech-
niqu to evaluae necessary partlal derivatives with respect to model parame-
ters, the data can be inverted to obtain an earth model ( Russell, 1987). A
linear iterative inversion scheme can be used to minimize the difference
between observed and predicted phase velocity,

Cob3 ACP : 8C' i +ac + a & -1 acI ',-I'

abji soPu,. s

group vdocity,
Usb - UP u A, 1,# + "  +-Ott A 13 U +.. b Q-+ +'au AQ-1(

bp "N 'Q +4 v . N~. s

and anelastic attenuation coefficients,

, -o Ap1 +. + ft A N. + +.. A-+ ft AQ-1'9'
aftl ap,, aQ 1 0 Q 0

The resulting system of linear equations can be solved using inversion theory
to find shear-wave velocity and Q structure. The system of the entire set of
observed data will have the matrix form

YmAX+ e (10)

where, Y is an m x I is the vector of differences between theoretical disper-
slon data and observed dispersion data. X is an n x I is vector of unknown
parameters, e is an m x 1 is a vector of residuals, and the kernel matrix A is
an m x n matrix consisting of the partial derivatives of dispersion parameters
with respect to starting model parameters. By the least squares principle, a
set of model parmeters, X, is considered a valid solution if it wili minimize
the sum. of the squares of the residuals, a.

To simplify the minimization process, Lawson and Hanson (1974) intro-
duced a singular value decomposition, which is an orthogonal transformation
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of the matrix A into three matrices and can be written as A UAVT where, U
is an m x m orthogonal matrix, V an n x n orthogonal matrix, and A an m x n
diagonal matrix. Since an "orthogonal matrix" is a matrix whose transpose is
also its inverse, the solution vector X is given by X - VA-tuY or
equivalently X . (AT A)-ATy.

In situations where the inversion problem is poorly constrained, at least
one of the singular values X I will be small or zero, causing an excessive mag-
nification of the corresponding vector vi . This instability in the solution can
be controlled by adding the constraint of keeping the size of CaXTX small.
The corresponding solution vector is

X = (ATA + r21)lATY (11)

where a is the damping value and I is the identity matrix. If the damping
parameter cr is increased, more weight is imposed on minimizing the solution
norm, and less on reducing the least-squares residuals, and if it set a2 = 0 the
problem of the stochastic least-squares will be reduced to standard least-
squares problem. In our formulation the solution vector X represents
changes in the shear velocities and inverse Q, and is used to update the start-
ing model. The process starts again with this new model and is repeated
until the desired level of convergence is obtained.

Waveform Inversion
The waveform inversion procedure uses waveform data to find the

model parameter, f, which minimizes the difference between the observed
time histories, s(xj, t) and the theoretical seismograms u (x ,t, ). g represents
model parameters and could include velocity, density, structure, source
location and mechanism. Generally, a priori knowledge and some parameter
assumptions are required. Mathematically, the minimization problem can be
written as

1 T
F(C) = -f I u(t,x,t)-S(t,x) I Idt (12)

q 0

w" .. q = the norm, T= time span, and F( )- the objective function. The
solution to the above optimization problem is to find the vector 4 (i.e., the
model) that minimizes the function F(t). A detailed discussion of this
scheme is presented by Nolet and others (1986) and Nolet (1987, 1990).

Synthetic Seismograms
In a homogeneous earth model, the Fourier spectrum for single mode

recorded at receiver distance r and depth z from the a source at depth h is

u (r,",zo) a 4 e -  CV(w,z) W(eO,h) (13)u~r,4D~zV2).e (2cUlo)%t (2cUlo)%t

where w is the angular frequency, k is the wave number, c is the phase velo-
city, U is the group velocity, and I0 is the energy integral. ( is either a real or
imaginary number, depending upon the component of motion. V(ca,z) is the
elgenfunction sampled at the receiver, and W(w,z) is a source mechanism
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o combintipn of ei tons at the source. The term
A %. I ERv) ii cajedt the ampitude response. The four terms in the equa-
dos xqprquak respectively the phase term from the Hankel function, the

"IRppMQR jbW term fro Hanhe function, the sampling of the wavefield
0 *4Pehmuu, n4 the oppling, of the excitation at the source.

Olaw VLOPClY MODELS
*iMp A shwo, the mujtihannel phase velocity stack for SP13-NEG path.
"4alp stpUdi, with , twelve layered earth model with velocities and

opsU o# ech lAyer equal to that of the halfspace. Table I presents the
* shox-w ve velocity. v4alues for this path. The velocities in the lower
p&A 9f *4 =a" ae not wqU resolved. Also shown in the same. table are

vp b v w for this path. These values were obtained by inverting the ane-
bws a tqnation coefficientsy, obtained from the interactive processing of
t" spctrl amplitudes. Table 2 gives the shear-wave velocity model for the
S] G 0 o ed from applying the waveform inversion technique to
the NW#4 ot a distance of 15.13 from the source. The Q 0 model for path
s$W (TAW Z) w obtaiaed by inverting observed anelastic coefficient

wd from mukkkanek proup velocity and anelastic coefficient stacking
techniques (Darker, 1968). The shear-wave velocities of the SP26-NEG path
&" hih than those of the SP13-NEG path and this is expected since the
SI6-MG path lies within the metavolcanic rocks of the coastal lithotectonic
unit, whereas the SP13-NEG path lies within the Central Merrimack Synclino-

uiu with mostly interbedded pqlte and sandstone rocks.
SYNTHETIC SEISMOGRAMS

Pw Ow laterally homogeneous models derived in this study (Tables 1
*r ON1WAO* ft wvq W#sz~ams wrc a l*ulaec aoambi# a step

saw" time knon. The synthetk sesmorams were passed tlrough a
wqpd W4" B%#wWQth filter with a low-cut comer frequency at 2 Hz to
*] i mt the snspr response of the orignal data, and t~ien both observed
and synthetic seismorams were band-pass filtered between 0.5-5.0 Hz to
empha~~~ethe R# wave. FIgures 2 and 3 compare the synthetic fundamental
IAa4 " original 4ata for paths SP13-NEG and SP26-NEG,

,etlveIy. An exceent fit is obtained ip both surface-way sbAp# and
V"I tiem j a 8iven Astar4w. Qthew dpkys have shown qp pcqIpit fit to

~p~kudes & a a nction of distAnce, thus supporting the Qp model

DIOCUWiON AND CONCLUSIONS
This W* *mW on pr eseni;tS geophysical techniqapq for the eyaW4-

ON pf the shb*lpw shear Velocity structures, utilizing high frequency Iky-
Iifh wavs (IW ;orded by the USGS duing the Maine refraftion vp~n-
m t, A vaey p ophysical processing techniques were applied to the
%% so% Vrmo them, filtering, phase velocity stacking, waveform i vsr**

94 solsoe4 trams, inversion of phase velocity and synthetic seismogram calcq-
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Fig. 4. Result of the p-w stack for the traces in Figure 2. The stack
values are contoured as a function of phase velocity and frequency.
Large amplitudes are seen along the locus of the actual dispersion
curve, for what may be higher modes, and for stack noise due to
spatial and temporal aliasing. The fundamental mode phase velocity
dispersion curve from the inverted model is also shown.

The stacking techniques require some manual intervention to correctly
define the dispersion data for a given mode. This is required since different
modes are dominant at different frequencies. This complicates the dispersion
data selection. Other complicating factors arise from the medium geometry,
lateral velocity variations and spatial attenuation. When no lateral variation in
the earth model is expected, then a single well dispersed trace is sufficient to
define the earth model, as was done with the data of Figure 3. To estimate
the anelastic attenuation of this data set, the group velocity stacking concept
of Barker (1988) was used to automatically estimate the anelastic attenuation
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Table 1

Velocity and Q i Model for SP13NEG

Layer Compressional Shear Density
Thickness velocity velocity Q. QP

km km/sec km/sec gm/cc

0.250 4.218 2.435 2.350 63.0 31.50
0.250 4.990 2.881 2.498 65.0 32.55
0.250 5.094 2.941 2.519 73.0 36.50
0.250 5.493 3.233 2.598 82.0 41.00
0.250 5.636 3.254 2.627 92.0 46.00
0.250 5.725 3.305 2.645 106.0 53.00
0.250 5.756 3.323 2.651 124.0 62.00
0.250 5.767 3.330 2.653 148.0 74.00
0.500 5.770 3.331 2.654 185.0 92.50
0.500 5.770 3.331 2.654 247.0 123.50
0.500 5.770 3.331 2.654 371.0 185.50

5.770 3.331 2.654 743.0 371.50

coefficients, y. The success in matching the observed time histories indicates
that it may be possible to automatically process such data without too much
analyst intervention.

In spite of limitations of the processing techniques used, frequency con-
tent of the data, and the geologic complexity of the area, the analysis pro-
vided important information that can characterize the subsurface along the
processed paths in Maine. Higher velocities are observed (2.816 km/sec in
top layer) for paths where metavolcanic rocks are observed (SP26-NEG).
Lower velocities were observed (2.435 km/sec in the top layer) on the SP13-
NEG path, where the rocks are mostly interbedded sandstone and pelite.
The values of Qp are less than 50 in the top 1 km for both paths. Such low
values also have also been found by Mokhtar and Herrmann (1988) for the
Arabian shield. The exact cause for such low Qp values cannot be explicitly
attributed to changes in lithology but may be related more to the formation
pore geometry, fluid content, and crack density all acting together.

The techniques presented here can be applied to problems of other
scales. For example if the refraction experiment is performed over a 3 km
spread, and frequencies of 10 - 30 Hz are used, one should be able to invert
for the shear wave velocity and Q in the upper 300m. Shorter spreads would
focus on proportionately shallower depths. The use of surface waves does
not require drilling and logging, is essentially non-invasive and results can be
obtained fairly rapidly, with all the processing performed on an ordinary PC.
The shear-wave velocity is directly related to the shear modulus of the
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Table 2
Velocity and Qp Model for SP26-NEG

Layer Compressional Shear Density
Thickness velocity velocity Qa Qis

km km/sec km/sec gm/cc

0.250 4.877 2.816 2.507 56.0 28.00
0.250 5.845 3.372 2.681 59.0 29.50
0.250 5.912 3.410 2.681 65.0 32.50
0.250 5.997 3.460 2.735 77.0 38.50
0.250 6.163 3.555 2.785 90.0 45.00
0.250 6.387 3.684 2.852 105.0 52.50
0.250 6.491 3.745 2.859 123.0 61.50
0.250 6.696 3.863 2.905 147.0 73.50
0.500 6.845 3.949 2.939 184.0 92.00
0.500 6.859 3.957 2.943 246.0 123.00
0.500 6.867 3.962 2.945 369.0 184.50

6.885 3.972 2.950 738.0 369.00

material and is thus an important parameter for engineering design.
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ISOTROPIC MOMENT - YIELD RELATIONS

FOR SMALL CHEMICAL EXPLOSIONS
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ABSTRACT

Surface wave data from eight chemical explosions along a USGS refrac-
tion profile in the State of Maine are used to estimate isotropic moment -
yield relations. The moment estimates are obtained by using the surface-wave
dispersion data to define an earth model, the decrease of surface-wave ampli-
tudes with distance to define and anelastic attenuation model, and synthetic
seismograms for the derived laterally varying model to estimate the source
excitation. The frequency dependence of source excitation is considered by
comparing observed and predicted time histories after being passed through
narrow bandpass filters. A step pressure source time function is adequate for
explaining the observed 1-5 Hz short period surface waves. The derived
moments are compared to other estimates available in open literature.

INTRODUCION

The primary focus has been on developing techniques for the estimation
of isotropic moment, M1 , from fundamental mode surface-wave data with
application to small explosions. Since the frequencies of interest are in the 0.5
- 5.0 Hz, range, path specific structure and anelastic attenuation must be
defined before M, can be estimated. To do this a robust technique for infer-
ring the path effects from a single station recording of an explosion must be
developed and then the methodology must be carefully tested before being
routinely applied.

We have made extensive use of a USGS-GSC refraction survey in the
state of Maine (Murphy and Luetgert, 1986; Murphy and Luetgert, 1987).
Figure 1 presents the profiles analyzed. The profiles are interesting since they
are either parallel or perpendicular to the structural trend of the Appalachian
Mountains in the state.

We noted significant lateral changes in the moveout of the surface-wave
train. Figure 2 shows some data acquired from Shot Point 6, in a direction
toward Shot Point 7. The observed data have been bandpass filtered between
0.5 and 5.0 Hz. Lateral variation is seen in the observed surface-wave train,
center, and also in the S-arrivals, bottom. While some of the S-wave arrival
lateral variation could be attributed to an increase of velocity with depth, it
occurs at the same places where the surface-wave moveout changes. The
arrivals beyond 30 km are delayed, and cannot be explained by refracted
arrivals. Other shot also show a strong correlation between the lateral varia-
tion in the surface-wave and S-wave arrivals.
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Fig. 1. Location of shotpoints and observation points for the Maine refraction
proffies.

By using a sequence of stacking techniques, visual examination,
waveform modeling and cross-correlation techniques, a blocklike velocity
model was derived (Keilis-Borok et ad, 1989;Nolet, 1990). Table 1 shows the
model developed for this profile. This table shows the width of each block,
and the shear-wave velocity values within each block. The same Q model is
assumed for each separate velocity block. This model is shown graphically in
Figure 3.

ISOTROPIC MOMENT ESTIMATES
One test of the model is to compare both the shape and amplitudes of

synthetic time histories. The synthetic time histories are show at the top of
Figure 2. The arrival times and waveform shapes are well modeled. Another
test is to compare peak amplitudes of the synthetics and observed data in the
time domain. This is shown in Figure 4 where the peak amplitudes resulting
from different choices of bendpass filters are plotted. In this figure, the indi-
vidual filter responses are shifted vertically for clarity. The synthetic data are
given by solid curves and the observed data are given by the different sym-
bols. This figure shows that the Q model of Table 1 can explain the spatial
decay of amplitudes. One final check is the test of the assumption of a step
source time function used in the synthetics, by computing M, for each
bendpma filter. If the assumption of the source time function shape is
correct, then the isotropic moment estimates from the different bandpass
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Table 1.
vowg Vaiwfty M.41. ar Q-A Structur for

Amoon A. SM6 Paldw&SSM* (SHy Obtained from Waveform
laes~Two Studs Phas Adjisatawa Foilwet by Diserion Inversion.

?6d 1 M%1612, Ned"3 Mhdel-4 Average Standlard
Sir SIM* 542 52653 mnodel dleviation Qu QP

NgAI-W-) 0.0.10.0 100.2. 1.019.5 19329.0

kMAI0 budae krmer km/ms km/ms kuac

2.4W3 %.3W 2.69 2L7411 2.556 0.133610 84.0 42.0
3410 LOW31 &Owl7 3.39 3.0736 0.16UN0 163.0 62.0
Mill0 .11 2950 MOOD0 3.4613 3.1666 0.191434 320.0 160.0
X10 32111 2.966 &19N3 3-5310 &.2113 0.1"94 376.0 119.0

km 1486 3.4 .2264 3.5772 3.2419 0.20765 361.0 190.5
.18Us" 3.0W 3.266 U.006 &.27M 0.206011 394.0 197.0

0.256 3.M67 3.53 3.3012 3.6006 3.2M5 0.197741 424. 213.0
0.210 3.2M6 3.056 &.3242 3.6006 3.3154 0.19260 45.0 242.5
0.566 3o"1 &ON&6 3.31 &M600 &3264 0.192460 562.0 29.0
G.M. 3k32 3.041 UM18 U.006 3256 0.196202 742. 361.
0.50 MIN6 30335 U.336 36066 3.32 0.201333 1134. 56.0

3.m5 &01D0 3J38 &MG00 3.365 0.27274 225L0 1127.0

DSlT 00M).

F~g 3.?nsnts of~o h derived latera voryig model. For each 10-w *h.
d~ ~ Vepewns the pemunt deviatioun of the layer veloit frow an

tedr~b va of tae latual varying velocity.
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filtered data sets should agree. Table 2 shows this comparison. The assump-
tion of a step source time function is valid in the frequency range of 0.5-5.0
Hz for this data set. Higher or lower frequency information was not resolved
in the data.

10 E

+ 0.5-5.0 Hz10,
o 3.5-4.5 Hz

.104

+ + 1.5-2.5 H z

10.

10 - s 1

10"

10" 6'
0.00 5.60 11.20 16.80 22.40 28.00

Distance (KM)

Fig. 4. Comparison of amplitudes of observed (symbols) and synthetic time
histories (curves) after being filtered through different bandpass filter bands.
The frequencies shown are corners of a Butterworth bandpass filter, which
has 12db/octave roil off outside the passband.

We were able to perform this analysis on the data from eight shot points,
estimating M1 and also W. for each shot. The *'. was estimated using the
density and compressional wave velocity at the source depth inferred from
the surface-wave inversion. The results of this analysis are compared to
other in published literature in Table 3. The comparison is also shown in Fig-
ures 5 and 6. Several features stand out. First, the present data set of chemi-
cal explosions inchudes only small yield events. Second, a trend for chemical
explosions is not obvious due to the differences In the experiments, e.g.,
spen, whether shot point physcal parameters were known, etc. The possible

iationship between the chemical and nudear explosion populations is not
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Tale 2. Estiation of Mi from filtered sim~an
Frequency Isotropic CofdneFactor

bankd moment 1 cr
(Hz YnnD-.-_

0.5-1.5 1.99E+18 1.06
1.5-2.5 2.11E+18 1.07
2.5-3.5 2.14E+18 1.06
3.5-4.5 1.77E+18 1.07
0.5-5.0 1.97E+18 1.09

apparent given the Iack of overlap.

10"9

A NULAR
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0

COCUIN A NDS-0 REOM ENATON

a l m. ome as lag as 10-Anlssontodln of thse daareur
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Fig. 6. Comparison of the 'l(oo)-to-yield ratio as a function of yield for
explosion.

emplacement and shot medium properties are not available to us. On the
other hand these results good since the multichannel processing gave reliable
estimates of dispersion and anelastic attenuation.

To further understand the relation between chemical and nuclear explo-
sion yield estimates, it is necessary to obtain data in the 10 - 100 ton range.
A coordinated field experiment to acquire such data from the shot point out
to 300 km should be sponsored.

Finally, the data sets considered indicate that a step source time func-
tion is appropriate for the moment tensor. For large chemical explosions that
are part of an industrial process, the distributed nature of the source together
with the time delays used in blasting would be expected to give a frequency
dependent seismic moment estimate in the 1-5 Hz frequency band analyzed
here. If this is true, then the source spectrum shape would provide a discrim-
inant between extended and point sources in addition to the currently known
ripple firing scalloping effect on body wave arrivals. Note that the surface
wave technique focuses on the spectral shape within a narrow frequency
bend and does not have the band width necessary to identify spectral
minima.
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Tab" 3
Somac husmam of Nudest (N) and CwmlmIl (C) otplosions

Type D Y ,VRef
(to") (dvne -cm) (ml1 )

C KQOI 0.3 2.37*+e1$ 0.46 (lohnsmn 1969)
C KQ03 0.43 1.780+18 0.53 (Johnison, 1969
C KQUq 0.43 1.99e+18 0.6? (loluson, 1969
C KQ01 0.11 0.790+28 0.42 (Johnson, 1969)
C KQ09 0.13 0.75*+15 0.27 (ohnson, 1969)
C SWS 0.125 2.117016 0.3 (Stump, 1967
C sm 0.125 1.35*+16 0.11 (stump, 1967
C Sm 0.125 0.94.416 0.07 (%tmp, 1967)
" GASPJGGY 29000 23574+22 6371 (Perrqtl 1972
N HAZR 10700 7.40*+22 2700 0 ohnson, 1966
N CHANCEL.LOR 78M0 5.70+2 21000 (Johnso n s 96)
C N1100 10.0 4JAe+e1 3.27 (Given staL 1990)
C SF14. 1.0 1.00e418 0.29 (Ghean, 199)
C SF4. 1.0 1.42*+ilS 0.20 (Ghamn, 199)
C MG.- 1.0 2.L111 0.47 (Ghassan, 1991)
C SF4. 1.0 1.990+111 0.36 (Clamn, 1991)
C 1113 1.0 1.490+18 0.26 (Qiamsn, 199)
C SF204 1.0 227041 0.30 (Clam.a, 1991)
C SF19- 1.0 2.39.416 0.46 (Quiann, 199)
C SF19+ 1.0 .114+111 0.35 (Ghamns, 1991)
N NTSY-0.02 20 1.43e419 11.0 (Bache, 1962)
N NTSP-0-02 20 2.45e19 9.6 (ladke, 1962)
N WSW"-4 "m00 326e42 2500 (fich, 1962)

EQVI, EQUD, 16, XQ66, XQ9. Invesion Kaiser quany dets with distance rag". of 70"400M by kp-"um of
-nifi uIII I for ammi tumr -hle- I. Lo~w frequency level isotropic moment fates are used. VDWe

fromn **e Figre 40 moen tuor re11s
SF!., Sf&+, Sff-, SM+, SF13-, SF20., SFIV-, SPl9+. Iversion of surface wave dam from USGS mintecon Hue In

dwm -fim f dw ass burgS doetk ~(), or toth lbIi iowqlpot point nmbe (-). A split relco wug spread was
Ndl4ad sI-@Fraem !ed" profilee ane eeImu1 1 M Iis esmiod by a repoesal. of fiteed spnteti
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ad 0344JM Hwnusd 0 IMS wm~mssofds o I me d lion for On isobvoic

mom.W daft ef uto 6 amodel defted, =4 it g "
slUAIp. WP. and MI om 50-15 varyig halflqiae, 50-7 m layered and 50100 m layered models In~ his Table

GAMLWY. *.amwald fuse four MDCs in his FSMIgu. M, Oulue from each *.~ using
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