AD-A253 915 DTIC

PL-TR-92-2109 Iﬂ“‘“l”l“‘ % ELECTE

JUL1 51992

QUANTIFICATION OF mLB FOR SMALL EXPLOSIONS c

R. B. Herrmann
G. Al-Eqabi
K. Hutchensen

St. Louis University
Department of Earth & Atmospheric Sciences -
3507 Laclede Avenue
St. Louis, MO 63103

23 April 1992

Scientific Report No. 1

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

PHILLIPS LABORATORY
AIR FORCE SYSTEMS COMMAND
HANSCOM AIR FORCE BASE, MASSACHUSETTS 01731-5000




The views and comnclusions contained in this document are those of the authors
snd should not be interpreted as representing the official policies, either
expressed or implied, of the Air Force or the U.S. Government.

This technical report has been reviewed and is approved for publication.

o S e o

Contract Manager Branch Chief
Solid Earth Geophysics Branch Solid Earth Geophysics Branch
Earth Sciences Division Barth Sciencs Division

)

DONALD H. ECKHARDT, Director
Earth Sciences Division

This document has been reviewed by the ESD Public Affairs Office (PA) and is
releasable to the National Technical Information Service (NTIS).

Qualified requestors may obtain additional copies from the Defense Technical
Information Center.  All others should apply to the National Technical
Information Service.

If your address has changed, or if you wish to be removed from the mailing list,
or if the addressee is no longer employed by your organization, please notify
PL/IMA, Hanscom AFB MA 01731-5000. This will assist us in maintaining a
current mailing list.

Do not retumn copies of this report unless contractual obligations or notices on a
specific document requires that it be returned.




T - T T o

gathenng and Mmartaining the data neaded, and COMPIEting and reviewing he liection of information.
Daoss Mighway. Sunte 1204, Arkingtcn, 42 22202-430«. and to the Office ot Management and Budger. Paperwork Reduction Project (0704-0188), Washington, DC 20503.

Form Approved
REPORT DOCUMENTATION PAGE Onte N 07000188
0l reROrtngG Durden for This ~dieciian of (AENrMILION 3 Mstimated 10 avarage | hour per response, including the time for re natn searching g data sources,
di burden estimate or any other of this

ceiaton of GeMatan, Aciudin g ugyestions for reducing this burden 15 W.ashington Headquarters Services, Directorate {or iInformation Operationy and Reports, 1215 jetferson

R. B. Herrmsnn
G. Al-Eqabi
K. Hutchensen

St Louis University REPORT NUMBER

Department of Earth & Atmospheric Sciences
3507 Laclede Avenue
St Louis, MO 63103

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
23 April 1992 Scientific Report No. 1
4. TITLE ARD SUBTITLE S. FUNDING NUMBERS
PE 62101F
Quantification of 'Lg for Small Explosions PR 7600 TA 09 WU BC
6. AUTHOR(S) Contract F19628-90-K-0040

Ty Ty P vy ———
7. PERFORMING ORGANIZATION NAMEZSS AND ADDRESRES) 8. PERFORMING ORGANIZATION

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

Phillips Laboratory AGENCY REPORT NUMBER
Hanscom AFB, MA 01731-5000

PL-TR-92-2109

¢

Contract Manager: James Lewkowicz/GPEH

[71. SUPPLEMENTARY NOTES

| KETY FAVAILABRITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release;
Distribution unlimited

113, ABSTRACT (Maximum 200 words)

ted other .
Plest, sigrificant lateral changes in the moveout of the Rg, S and P wave were observed. Analysis techniques were

and phase.

of 2 kmn in this environment.

expecied 1 show s frequancy dependence in the lsotropic moment estimate because of the distributed source dimensions.

i This report focuses on a USCS data set from refraction surveys within the State of Maine. These data contain excellent record-
| ings of short period Rayleigh waves (Rg) generated by the explosions. The initial intent was %0 use these data 0 characterize
shear wave velocity and Q in the upper 1-2 km in this environment of folded paleosoic sediments. However the data set permi-

0 successfully invert for & latenrally varying earth structure and %0 mode! the Rg waveforms, both in terms of absolute amplitude

Second, the shear wave velocity model derived from the surface waves, was used in a blind test 10 predict the S-wave arvival
times for two profiles having significant S waves. An excellent fit was cbiained without having used the S-wave dat in the inver-
sion for the eszth model, indicating the ability of the 1-4 Hz susface wave dats 10 resolve shear wave velocity structure o depths .

Firally, since sbeciute instrument gains were known, forward modeling was used o the observed and estimated
mmmwmmmmmmunﬁmwmwhaummm.
By compering estimates made in different portions of the 1-5 Hz frequency band, we conclude that a step source time function in
moment is adequate 10 modael the susface wave cbeervations for these one ton shots. The estimated isotropic moments are similar
o other chamics! yleld-moment obeervatiors. However, larger industrial chemical blasts, ¢.g., 100 ton or greater, would be

Prexcribed by ANSI Std 239-18
298102

[7%. SUBHCY TIRAS TS NUMBER OF PAGES —
Explosions 58
Seismic Waves [16. PRICE CODE |
Moment

177, SECURITY CLASSIFICATION ] 18. SECURITY CLASSIFICATION ] 19. SECURITY CLASSIICATION | 20. LIMITATION OF ABSTRACT

OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified SAR

NSN 7540-01-780-5500 Standard Form 298 (Rev 2-89)



) 3 {3 £ o - SN iv

Surface Wave Inversion for Shear Wave Velocity..... 1

Ground Roll: A Potential Tool for Constraining 13
Shear Wave Statics .......cccccerurenienrneenninecnennes

Geophysical Techniques for Characterizing Shallow 26
Velocity Attenuation Models.............ccccceueeeeeee

Isotropic Moment - Yield Relations for Small Chem- 39
ical Explosions......c..ocevveneceniereiiuncencitonenncancees

o /

Aceassion For [

%o o TNTIS  omaal i)
% 3 : 0
O

L PR A8
Uaannounesd
Justifieation

Q

‘ By
|_Distributien/

! Availability Cedes
7 7 taveil amd/or
Dist ! Special

R




Preface

This report focuses on a USGS provided data set from refraction surveys
within the State of Maine. These data contain excellent recordings of short
period Rayleigh waves (Rg) generated by the explosions. The initial intent
was o use these data to characterize shear wave velocity and Q in the upper
3-2 kmn in this environment of folded paleozoic sediments. However the data
set exhibited interesting wave propagation characteristics. The principle
results of the study are as follow:

First, significant lateral changes in the moveout of the Rg, S and P wave
were observed. Analysis techniques were developed to successfully invert for
a Jaterally varying earth structure and to model the Rg waveforms, both in
terms 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
having 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 ability of the 1-4 Hz surface wave data to resolve shear wave velocity
structure to depths of 2 km in this environment.

Finally, 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 explosions. 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 Laclede 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 techniques 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 multichannel 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.




Muitiple Fitter Analysis

Multiple filter analysis was introduced by Dziewonski et al. (1969) for the
determination of group velocity from a dispersed waveform. Herrmann
(1973) studied the use of multiple filter analysis to estimate spectral ampli-
tudes of the various modes. Let the Fourier transform of dispersed pro-
pegating wave at distance r be A(w,7)e”/®®“¥#) Define a Gaussian filter as

ea@-uyrad) | 0-6g | Sa,
H(w) = {0 |l o=y | >e, )
where
o, = wyn/a)?

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(t.r) = L‘.S_“;*;'l“;a(_z;)m ol e /t) @

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 relation
A(9g7) * g a2/ wo)a/m) 2,

For ease 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 group velocities of the envelope peaks indicated by the same symbol
as the first 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(@,r) = Ape™ r 12, 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, vy, through a least

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.




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 -7 stack followed by a transforma-
tion into the p - 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 r; be

Ao/, @

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

U(p,w)= 3 Co) A w,n)e el . )
i=1

where
C(w) = A(w,r)e’™.

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

M -
Awre!®'= 3 Syt el TR, ©
where S;(w,r;) is the amplitude spectrum of the Kth mode and the phase is
separated into distance-independent, ¢ (w), and distance-dependent,
wpo(w)r; components. pq is the inverse of the phase velocity of the K'th

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 = pox- Alternatively it is convenient to search for the maximum of the func-
tion

U@p,w)l @
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to find the dispersion curves since it is a real function. Since there are N dis-

tances, the maximum value of the quantity | U(p,0) | should be equal to N.

If this value is less than N, then we may attribute this to an error in the ray

‘ between the stations and thus estimate the error in the

L phase velocity. If we assume that in the neighborhood of a

stack maximum the quantity Ap = p —p has a normal distribution with zero
mean and a varisnce 02, then the expected value of any term in (4) is

E[e"z'f"’rilse‘wfz"z @)

where we used the definition v = 2%f.
Since each term in (7) is always positive, the expected value of the stack (5)
of a single mode is just
N
B> e 2w M-y | ©9)
i=1
Given the stack value (7), a Newton-Raphson technique is used to find the

value of o from (9) that corresponds to this value. The error in phase velocity
is obtained using the definition c=1/p and the relation

Ac = oc?. (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 technique, that can only be resolved if a phase matched filter technique is
first applied to each input spectra to isolate a single mode before the phase

velocity stack is performed.
Evaluation of Techniques

All these techniques suffer from the need for manual intervention to
correctly define the dispersion data, especially identification of the mode.
The only real identification of the mode number is to count the zero crossings
of the surface-wave eigenfunctions, with the fundamental mode Love and
vertical component Rayleigh eigenfunctions having zero zero-crossings with
depth. Eigenfunction-depth data are not available with surface sensors. An
altermative technique uses the fact that the fundamental mode has the lowest
phase, and usually p. velocities at any frequency. For surface sources,
the fundamental mode is often the one with largest amplitudes.

The fact that the spectral amplitude level of the surface wave modes vasies
with frequency, the source excitation forces, and with distance due to anelas-
tic attemasation, means that not necessarily the same mode is dominant at a
w frequency. Because of this, the phase velocity stacking and muitiple

will find it difficult to follow the dispersion curves of a low
Aﬁﬂdt mode in the presence of a larger amplitude.
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, vy, 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.

F Keilis-Borok et al. (1989), the equation for the SH-wave eigen-
funchon, VO ina cylindrical coordinate system is

V(3) 1/p v®
dz |Pe: ukz po? 0 | [Pez ]’ (1)

where k is the wavenumber o is the angular frequency, p is the rigidity and
p is density. The boundary conditions for surface waves are that p4,(z2=0)=0,
and VO)(z)-+0, as z -,

A discrete solution to the boundary conditions satisfies the equation

L = 0?ly-kU,-1, (12)
@
= w? fp(v@)zdz -k? fu.(V‘s))zdz - fu [“V dz ,

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

d
U= 7,“1 =kl /0l . (13)

If the medium is split into constant velocity-density layers, of thickness d,,,
density p,, and shear-wave velocity B,, and the layer is bounded by
z =2,~d, and z =z,, 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

o) _BuPm on2 ldV ]] 1
aB ]m UIO z-r.-d.. [(V )) ( )

and

ac = (Bh2
Qi LIl ) v©hadz | 1
P ) 20m [GB ]m 2UI, 2-2!-‘-( )) ) )




Rayleigh Wave of P-SV Formulatior.
In a cylindrical coordinate system, the equation of motion governing the
cigenfunctions is

kA/(A+21) 1/0+2p) o | |vO®

a ve —k 0 0 | [v® 16
@z | P —pu? 0 ) k Pex £16)
Pre 0 -pw?+akZu(r+p)/(A+2p) KN/(N+21) O | |p.

where the vertical component eigenfunction is V™, and the radial component
is VD, The ellipticity at the free surface is €= VP(0)/V1)(0).
The boundary conditions for surface waves are that p,,(z=0)=0, p,,(z=0)=0,
VO)(z)~0, as z ~. and VP(z)~0, as z -,
A discrete solution to the boundary conditions satisfies the equation

L = w?lg-k3l,-2kI,~1,, a7
where L is the Lagrangian, and
to= fo [V 2+ v e 8)
Li=f ru(v“))% (x+2p)(V(2))2]dz (19)
o L
oy dV® L oeav®
I, b[ Lp.v el LA dz (20)
| av® ) av® )
'3'.{ L(mu) [ = ] +(») (Tz ] ldz : (1)
The group velocity is determined from the relation
U-%s(ﬂﬁlz)/mlo. (22)

If the medium is split into constant velocity-density layers, of thickness d,,,
density p,, compressional-wave velocity a,, and shear-wave velocity B,
and the layer is bounded by z =z,,-d,, and z =2, then the partials of the
phase velocity with shear velocity for fixed frequency, compressional velocity
and density, with compressional velocity for fixed frequency, shear velocity
and density, and with density for fixed frequency and compressional and

shear velocity are

o R P = va 1 dv® zd @3
[75.7'],,’ ui, ],.,!_,_ % daz | )




[ 2
O BnPm | T 0m,1dV® )" 4 odv®
[68 ]m [ ul, ]z-z;r-d. .[V ¥ k dz * kV dz dz (29)

) el E 2 < 7 a @n2
%» ]m 2 [“[aa ]mw\aa ]m]'zwo,,z_f_d_ [(" P+ (v ’)]dZ- (25)

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
o, U 3, uz [1 dcy 0, 3 3¢,
ov o6 2 \cdt dv 9T dv

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

(26)

3 9c, T ac, dc, J3KT
3T 90 (g rawr =(G )T -ar

In these expressions, the parameter v can take on the values a, B or p, and
the subscript 0 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 o equals »,. The causal phase velocity ¢ is given by

e s 0 1% oo, % -1]
€=co t _“ln( o, )E[OB BQs + 70 aQq 27)
and the value of the spatial anelastic attenuation factor, v, is

o (% . 4. 3, _1]

> [ o PRE" + 5oes 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
Q' may involve a partial of ¢, with respect to a.

a 9 1 ®

3 v [1+ Qo ln(w' )] )
8¢ 1, w [, 9% Qp
25 Wln(m,)[aﬂﬂ+8aaQa (30)
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e % zlic_".-. (31)
ny_ Q;(%B* =] )

U-Ef;,§1+(2—l:'“):(c*c°]+ B4 ) (33)

o O

€ —C,

2
2 } is negligible.

where it is assumed in the derivation that [
o U, l u _Uo_ € —C, +2'yU,
o & U,,-c, . G, Tw
dac, u,(_zzyu, N u 1
v ¢, T o wQp
U, 1 ) [C—Co ]
+ 2-— In(—
@ oo (= )
. u2 [c -C, ]ac,
¢:‘,z Co ov
ac

au U , U

(34)

+

e (35)

An iteraiive linear inversion is performed because of the nan-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 4 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 velacity madel 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 Qg by a ratio Q,/Qp for the layers. Given these assumptians, the
inversion can take on two appearances, non-causal and causal, 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 ac ac - ac 41
Cobs ~Cpred ™ -;B—I—Apﬁ vee +33.. AB, + Q5 AQgl+ - - +-£E—{AQ9_ . (36)



the difference between observed and predicted group velocities is given by

ald - ol -
TAQal+ - + AQg! , 37)

Uops = Upred ABy+ + 28, AB, + 203 "’QE:

984

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

0 d d _ .} _
Yobs ~Vpred = ?g;-ABI+ e +-£Yn—Aa,, + G_QJE_IAQB‘I+ e +361§‘-AQ°: . 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, SP1 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 Qg model
explained the observed decrease of amplitude with distance.

FUTURE DIRECTIONS

ce 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 pass filtered between 0.5 and 5.0 Hz.

TABLE 1. Velocity Model for SP1

H a B P Qu QB

(km) (knvs) (kmvs) (g/em®)
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 32
0.2% 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
0.2% 6.41 3.70 2.82 96 48
0.28% 6.44 3.72 2.83 114 57
0.50 6.45 3.72 2.8 142 71
0.50 6.49 3.7% 2.85 190 95
0.50 6.50 3.76 2.85 284 142
6.65 3.84 2,89 568 284

wavelength surface waves penetrate deeper, and since longer periods are

Detter resolved at larger

distances, two such rules are 1) the surface wave pro-

vides resolvable information to depths on the order of 1/3 -1 A, where ) is

-10-
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Figure 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 maximum depth is on the order
of 1/20 - 1/10 rp,,, Where rp,, 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.

ACKNOWLEDGMENTS

The assistance of W. Kohler and W. Mooney of the USGS in providing the
data set is appreciated.

REFERENCES

Barker, T. (1988). Array processing of Rayleigh waves for shallow shear wave
velocity structure (abs), Seismological Research Letters 59, 12.

Dziewonski, A. M., S. Bloch, and M. Landisman (1969). A technique for the
analysis of transient seismic signals, Bull. Seism. Soc. Am. 59, 427-444.

-11-




Ewing, W. M., W. S. Jardetzky, and F. Press (1957). Elastic Waves in Loyered
Mudia, McGrew Hill, Inc., New York.

Harkrider, D. G. (1979). Eigenfunction normalization for energy calculations
in surface wave codes (abs), Earthquake Notes 50, No. 4, 28.

Herrmana, R. B. (2973). Some of band-pass filtering of surface waves,
Bull, Seiam. Soc. Am. 63,
Kellis-Bozok, ,A.LtzuhinTBYanovskaya,A.thda,BG

V. L
Bukehin, M. P. Barmin, L. L Ratnikova, and E. N. Its (1989). Seismic sur-
face waves im a Interally inkomogeneous earth, Kluwer Academic Publishers,

McMechan, G. A. and M. J. Yedlin (1981). Analysis of dispersive waves by
wave fleld transformation, Geophysics 46, 869-874.

Mokhisx, T. A., R. B. Herrmann and D. R. Russell (1988). Seismic velocity
lndeoddﬁortheshaﬂows&ucmoftheAtabnnshield&omshort-

peviod Rayleigh waves, Geophysics 33, 1379-1387.

Murphy, J. M. and }. H. Luetgert (1986). Data report for the Maine-Quebec
crosa-strike seismic-refraction profile, U. S. Geological Survey Open-File
Roport 5647, Mienlo Pack, CA.

Murphy, J. M. and J. H. LUgtgett(l987) Data report for the Maine along-
strike seismic-refraction profiles, U. S. Geological Survey Open-File Report
87-133, Menlo Park, CA.

Nolet, G. (1987). Waveform Tomography, in Seismic Tomography, edited by G.
Nolet, pp 301-322, D. Reidel, Hingham, Mass.

Noht,G.(BBO) Partitioned waveform inversion and two-dimensional struc-

ture under the network of autonomously recording seismographs, J. Geo-
3. Res. 95, 8499-8512. of
ell, D. R (1967). Multichannel processing of dispersed surface waves, Ph.

wawa&mw‘zﬂw . D,

mm ave sy Disserta-
aa theotyst aetsmosum thesis,

-12-
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CONSTRAINING SHEAR-WAVE STATICS
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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 ground-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 indude 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 es. 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 ground-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 ground 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 seismology, inverted earth models represent path aver-
ages between seismograph stations and the inverted model thickness is
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usually significantly less than the station separation. Mari (1984) used Love
wave dispersion to determine static corrections. He used all the traces in the
d\otlprudﬁodeﬁmawonmmmdmpondimvdodtymodd

have been made in this direcﬁon Nolet (1990) combined mveform
modeling techniques with a partitioned inversion scheme to trace lateral vari-
ations in earth model beneath a NARS experiment in Europe. His technique
is valid for small lateral variations in velocity model.

A refraction survey in the state of Maine conducted by the U. S. Geologn-
cal Survey and the Geological Survey of Canada crossed complex
structure that yielded observable 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
surface-wave dispersion and | to see if this velocity model can explain the
obeerved lateral variation in the shear-wave first arrivals.

DATA AND ANALYSIS
Data Set

Murphy and Luetgert (1986, 1987) describe the experiment and data
acquisition. Scientific results are given in Klemperer and Luetgert (1987) and
Luetgert et al (1989). 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

dmnusn-NEG Flgunlshownhed\otsmdthetrendofthemding
positions from them.
Duta Processing

Figure 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 knvs is used to focus attention
on the S-wave first arrival. It is obvious that there are lateral changes in the
moveout of the S-wave first arrival and closer inspection shows that this is
also true for the surface-wave arrival, the fundamental mode Rayleigh wave.
To focus on the surface wave arrival, these same data are plotted in 3a
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
lateral variation in the dispersion, one can process the data with a p-e stack
(McMechan and Yedlin, 1981). This will lead to a dispersion curve that can
be inverted for an earth model. When there are sharp changes in the

waveguide, 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.

1988). 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
dispersion curve for the next processing step.

If the signal is assumed to consist only of a fundamental-mode surface
wave, then the signal 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 y(f). Then the signal to be expected at a
distance r, is

S(ruf)=S@.f)(r/rp et N UNN=T) )

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
profile. 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 fixst order effects of dispersion have been equalized, the waveforms are
similar. Differences at short distances are due to lack of separation of the
surface-wave from the rest of the signal in the original data. At large dis-
tances, high frequency noise is introduced because the attenuation operator
must reintroduce high frequencies to the signal in equalizing the signal to the
shorter 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
seismology, where relative offsets of arrivals represent faster or slower
arrivals. 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
were found to correlate to mapped changes in surface geology.

The initial processing steps are described by Herrmann and Al-Eqabi
(1991). Multiple 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 anelastic attenuation coefficient y that appears in equation (1). A p-o
stack is performed to obtain phase velocity as a function of frequency. These
data can be inverted for shear velocity, B 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 km/s to focus on the surface-wave. (b) Traces of Figure 3a
equalized for dispersion to a reference distance of 30 km. This display
eliminates 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 examination of data presentations such as those of Figure 3. Waveform
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
waveform 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
intertrace dispersion curves. These dispersion curves are independently
inverted to provide the vertical velocity distribution for each segment.
Finally synthetic seismograms, including instrument response, are generated
for the resultant laterally varying earth model under the assumption of no
mode conversion at segment boundaries (Keilis-Borok et al, 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.

Inversions
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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 = 1.7328 and that Q, = 2Qp. Figure 2 compares the observed (light
lines) and fundamental 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.

Table 1. Seven velocity models and () structure
8§74 poshiive side (SE) ebtained from waveform fuversion, twe Station phase sdjustment followed
by dispershia Inversion. -

Segment 1 2 3 4 L] 6 7
Position(lom) 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 B B B B B B B Q. Q
km  km/sec km/sec kmisec kmvsec kmisec kmisec  kmisec

0.250 2.757 2.651 2.651 2676 2.678 2.458 2.602 60.0 30.0
0.250 3244 299  3.135 3.009 2514 2.997 2.689 1000 50.0
0.250 339 3130 37 33132 28N 3.151 3.110 209.0 1045
0.2% 3331 310 320 3171 3.110 3.186 3.235 366.0 183.0
0.2%0 3380 3232 3262 3215 3.172 3.223 3.236 5150 257.5
0.250 3418 3292 3% 3.268 3.156 3.264 3.247 647.0 3235
0.2% 3468 3M3 34% 3319 312 3.294 3.2%0 784.0 3920
0.250 as72 3381 3546  3.355 3.105 dan 3314 955.0 477.5
0.500 as72 335 3605 3370 3105 3.325 3.332 1202.0 601.0
0.500 asn2 335 3605 3370 3120 3.327 3.335 16050 802.5
0.500 3572 395  3.605 3370 3140 3323 30 2407.0 1203.5

3s72 3®Ws  3.605 3370 316 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

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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Fig. 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 Cerven{’s
SEIS81 package to do this. For simplicity the segment model was assumed to
represent a single 2-D 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
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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Fig. 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
shear-wave arrivals are well developed and show lateral variations in first
arrival times. The results of the surface-wave inversions are shown in Table 2.
The predicted fundamental-mode surface-wave arrivals are also shown in Fig-
ure 6. Figure 7 shows the percentage of lateral variation in each layer for this
model. Finally Figure 8 shows the rays traced through the model. The
predicted 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 refraction t. Laterally varying earth models were required to fit
the data. Seven segments were required to explain the lateral sariations
observed along the SP4-POS (34 km spread) and six segments required for
SP1-NEG (32 km spread). The number of the required segments is a function
of the geologic 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 map of Maine
(Osberg et al, 1985). Generally, observed variations in velocity within the
upper 1 km, range between +1.2% and *8.2%. The S-wave first arrivals
show significant 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 SP1-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.

paraliel 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, mélange). 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 - Gaspé
Syndinorium and has the lowest velocity within this path. The location of
the contacts between Segments 1 and 2 and between Segments 2 and 3 agree
with mapped geological contacts and with events C and Y in the Luetgert et
al (1989) 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 tracing 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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Table 2. Six velaclty models and Qp structure for SP1 negative side (NW) obtalned frem
wovslorm fnversion, twe station phase adjustment followed by dispersion lwversion.

Segment 1 2 3 < S 6
Position(lem) 0.60-4.5 4.58.0 6.6-15.0 15.0-19.0 19.0-24.0 24.0-32.0

H 8 8 8 8 B B Q. Qs
) kenjosc lavisec kmsec kmec  kmisec  kmfsec

0.250 2718 246 2650 2.5 2.418 2.268 59.0 2.5
0.250 327% 295 3.1 3.009 2.975 2.790 68.0 34.0
0.250 3448 3128 3365 3.104 3.1 2.877 124.0 62.0

0.258 354 3217 a 3.110 3.235 294 212.0 106.0
0.250 3.783 3495 3.661 3.334 3.505 3.202 290.0 145.0
0.250 3878 3611 3751 3.427 3.607 3.301 355.0 177.5
0.250 3832 361 3751 3.429 3.603 3.306 423.0 2115
0250 3834 3600 3.753 3.426 3.593 3.322 510.0 255.0
0.500 383 3577 3.758 3.423 3.586 3.356 639.0 3195
0.500 3.838 3.567 3.766 .2 3.601 3.433 852.0 426.0
0.500 3840 3589 3777 3.501 3.641 3.5 1278.0 639.0

3815 3.667 3.808 3.621 3.721 3.683 2557.0 1278.5
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ABSTRACT

of seismic shear wave velocity and Q is required for both seismic
hazard analysis and the siting of critical structures since these parameters
govern the transmission of the seismic signal from the earthquake to the site
and also control the site response 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-
cessing techniques 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 Qg 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 clear 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 km, 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 profile 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 filtered 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 SETTING

Most of the State of Maine is underlain by tightly folded metasedimen-
ences 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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. the State of Maine and the locations of the two shot
points (triangies) and the observation points for each shot point. Shot point
SP13-NEG is in the southwest part of the state, while SP26-NEG is in the

DATA PROCESSING AND ANALYSIS

The recorded multichannel refraction data sets show excellent Rg-wave
dispersion. Processing es were developed that could be applied effi-
clently to obtain the desired shear-wave velocity and Q structure. The tech-

are based on either performing direct inversion of waveforms for the
shear-wave velocity model or extracting the dispersion and anelastic attenua-
tion coefficients that are then inverted for the shear-velocity and Q models.
The data sets are first p-w stacked to obtain phase velocity curves. The ane-
lastic coefficient data are obtained after extracting spectral amplitudes by
applying multiple-filter analysis followed by interactively processing the
amplitudes to determine their spatial anelastic attenuation. The phase velo-
city and anelastic dispersion data are then inverted to obtain the shear-wave
and Q models. While the multiple filter analysis also yields useful

group velocity information, this is not used because of the excellent phase
velocity data and also because of the desire to demonstrate that the earth
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Fig. 2. Data set used for the SP13-NEG profile. The light traces are 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 —w 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 muiltichannel data by being
able to isolate individual normal modes of propagation. It involves two
transformations, a p -7 stack followed by a Fourier transform over 7.
(McMechan and Yedlin, 1981; Russell, 1987; Mokhtar and others, 1988;
Herrmann and Aleqabi, 1991).

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

fale ) = 5 ] Shx,o)e'™ du 0
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Fig. 3. Data set used for the SP26-NEG profile. The light traces are the
obeerved data. The heavy traces are the forward synthetic data derived from
the inverted velocity and Q models.

where
(W) 2,

A (x,0) = 1() S (0)Rp () S

m is the mode number, I(w) the instrument response (complex), S, (w) the
source spectrum (complex), R, (w) the path response (real), and v, (w) the
attenuation coefficient (real). The wavenumber k is related to the phase velo-
city ¢ by the relation k =w/c. If the Fourier transform of (1) is defined as
Fy(x,»), the p —w stack is defined here as

el @)

F(p,w) = 3V, Fa(x,0)e'"™ ®)
or explicitly as
Fp.0) = S5V, Ap(e,x,)e' ™ ~ 1D, )

If the signal consists of a single mode, then it is easy to see that this summa-
tion becomes extremal if wp =k,. By evaluating | F(p,w) | 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, ¢, 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,w)e”! ®(@z-¢)
and, a Gaussian filter as

_ [eoteernd | w-—wg | S,
H(w { 0 lw=0pl >0, )

where @, = wy(nh)*, a is a

filter parameter controlling the tradeoff between time domain and frequency
domain resolution, w, is the filter center frequency and o, 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(wgX)0g o ¥ _ o3 (t-x/Uef/ha
27 ( a )e

g(t.x)= (6)

where U, 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 n,,, from which
the group velocity is computed. The spectral amplitude is estimated from (6)
by the relation

A(X,00) = & ma(2T/wo)(aa/m)*

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, vy, from
the decay of amplitude with distance. The model use to obtain v is that the

amplitudes of a single mode and frequency vary with distanc>

spectral
according to the relation




Ax,0) = Ag™™/Vx

The second way of analyzing group of traces for average group velocity
and average anelastic attenuation coefficients is to implement the group velo-

city stack concept of Barker (1988). The idea is to obtain narrow band pass
Gaussian filter of each trace, in a manner of (5), and then to stack the
of different traces for a given frequency after transforming the
from function of time to function of group velocity. A search then
is performed to find the stack maximum amplitude which defines the group
velocity. Using this information, the spectral amplitudes associated with the
corresponding group arrival time can be extracted from the original filtered
traces, and a regression performed to obtain y. Spectral amplitudes can be
used to estimate the anelastic attenuation coefficient.
Surface-Wave Dispersion Inversion
An implicit theoretical relationship exists between modes, phase and
velocities, and the structural earth parameters such as shear velocity
and density. By combining linear inversion theory with variational tech-
nigques to evaluate necessary partial 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,

- -_@_C__ ac ac -1 dc -1
Cols ~Cpred aBIABﬁ. o+ BB,.Aﬂ" + aQ;}'AQB‘ +...+ an_AQ’-’m
group velocity,
Uy = Upret = %Aﬂfb. - +-%’1—AB,, + %AQ;} +...4 ag‘:. AQ;}(S)

and anelastic attenuation coefficients,

() - -
Yote ~Vored = -ggl—Ap,af. .. +£’.—Aa, + a—Q‘:;'TAQm‘ ‘.. .+333;AQ3}(9)

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

Y=AX +e (10)

where, Y is an m x 1 is the vector of differences between theoretical disper-
sion data and observed dispersion data. X is an n x 1 is vector of unknown

, ¢ 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 parameters, X, is considered a valid solution if it will minimize
the sum of the squares of the residuals, e.

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 = UAV” where, U
is an m x m orthogonal matrix, V an n x n orthogonal matrix, and A anmx n
diagonal matrix. Since an "orthogonal matrix” is a matrix whose transpose is
also its inverse. _the solution vector X is given by X=VAU'Y or
equivalently X = (ATA)1ATY.

In situations where the inversion problem is poorly constrained, at least
one of the singular values \; will be small or zero, causing an excessive mag-
nification of the corresponding vector v; . This instability in the solution can
be controlled by adding the constraint of keeping the size of 02X7X small.
The corresponding solution vector is

X = (ATA + o21)IATY (11)

where o is the damping value and [ is the identity matrix. If the damping
parameter o is increased, more weight is imposed on minimizing the solution
norm, and less on reducing the least-squares residuals, and if it set 0> =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, § which minimizes the difference between the observed
time histories, s(x;,t) and the theoretical seismograms u(x;,¢,£). £ represents
model parameters and could include velocity, density, Q structure, source
location and mechanism. Generally, a priori knowledge and some parameter
assumptions are required. Mathematically, the minimization problem can be
written as

T
F( - %f Vu(t,x,E)-S(t, x) 1 1dt (12)
0

where ¢ = the norm, T= time span, and F(£)= the objective function. The
solution to the above optimization problem is to find the vector § (i.e., the
model) that minimizes the function F(§). 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

:‘41 e®  e¢V(n,z) W(wh)

2uwkr  (2cUl)* (2cUlg)*
where w is the angular frequency, k is the wave number, ¢ is the phase velo-
city, U is the group velocity, and I is the energy integral. ¢ is either a real or

imaginary number, depending upon the component of motion. V(w,z) is the
eigenfunction sampled at the receiver, and W(w,z) is a source mechanism

u(r,d,z,0)=¢e (13)
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dspendent lingar combination of eigenfunctions at the source. The term
A = 1¥/(2CUlg) is called the amplitude response. The four terms in the equa-
tion represent, respectively the phase term from the Hankel function, the
propagation phage term from Hankel function, the sampling of the wavefield
as the seoeiver, and the sampling of the excitation at the source.

SEISMIC VELOCITY MODELS

Figuse 4 shown the multichannel phase velocity stack for SP13-NEG path.
The inversion started with a twelve layered earth model with velocities and
dpnsities of each layer equal to that of the halfspace. Table 1 presents the
resulting shgar-wave velocity values for this path. The velocities in the lower
past of the model are not well resolved. Also shown in the same. table are
tha Qg values for this path. These values were obtained by inverting the ane-
lastic attenuation coefficients,y, obtained from the interactive processing of
the ral amplitudes. Table 2 gives the shear-wave velocity model for the
SF26 path obtained from applying the waveform inversion technique to
the single txace at a distance of 15.13 from the source. The Qg model for path
SP26-NEG (Table 2) was obtained by inverting observed anelastic coefficient
obtained from multichannel _I%roup velocity and anelastic coefficient stacking
uchniqueo (Barker, 1988) shear-wave velocities of the SP26-NEG path

than those of the SP13-NEG path and this is expected since the
SPZ‘-NEG path lies within the metavolcanic rocks of the coastal lithotectonic
unit, wl\ereas the SP13-NEG path lies within the Central Merrimack Synclino-
rium with mostly interbedded pelite and sandstone rocks.

SYNTHETIC SEISMOGRAMS

Fox the laterally homogeneous models derived in this study (Tables 1
mam&hmwmmwmcamhtedmmmsamp
time function. The synthetic seismograms were passed through a

W Qldﬂ Butteyworth filter with a low-cut corner frequency at 2 Hz to
ms:mn the sensor response of the original data, and then both observed
synthetic seismograms were band-pass filtered between 0.5-5.0 Hz to
emphasize the Rg wave. Figures 2 and 3 compare the synthetic fundamental
MQ Wms and the ongmal data for paths SP13-NEG and SP26-NEG,
An excellent fit is obtained in both surface-wave shape and

mivd time !t a given distance. Other displays have shown an excellent fit to
mdmphmdu as a function of distance, thus supporting the Qg model

DISCUSSION AND CONCLUSIONS
This study focused on presenting geophysical techniques for the evalua-
of the shallaw shear velocity structures, utilizing high frequency Ray-
waves (Rg) recorded by the USGS during the Maine refragtion experi-
i A variely of geophysical processing techniques were applied to' the
seta among them, filtering, phase velocity stacking, waveform inversion
m traces, inversion of phase velacity and synthetic seismogram calcy-

§3£§
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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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- Table1
Velocity and Qg Model for SP1I3NEG

Layer Compressional Shear Density

Thickness velocity velocity Q« Qe
km km/sec km/sec gm/cc

0.250 4.218 2435 2.350 63.0 31.50
0.250 4.990 2.881 2.498 65.0 32.55
0.250 5.094 2941 2519 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 2645 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 2654 371.0 185.50

5.770 3.331 2.65¢ 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 Qg 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 Qg 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 Qg Model for SP26-NEG

Layer = Compressional Shear Density

Thickness velocity velocity Qa Qs
km km/sec km/sec gm/cc

0.250 4.877 2816 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 2905 147.0 73.50
0.500 6.845 3.9499 2939 184.0 92.00
0.500 6.859 3.957 2943 2460 123.00
0.500 6.867 3962 2945 369.0 184.50
6.885 3.972 2950 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.

INTRODUCTION

The primary focus has been on developing techniques for the estimation
of isotropic moment, M;, 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
profiles.

By using a sequence of stacking techniques, visual examination,
waveform modeling and cross-correlation techniques, a blocklike velocity
model was derived (Keilis-Borok et al, 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 bandpass 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
bandpass 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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Fig. 2. Seismograms from Shot Point 6. Top) synthetic surface-wave
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Table 1.
Foug Valocity Models and Q) Structure for
Ragion A, SPé Positive. Side (SE) Obtained from Waveform
Invarsion, Two Station Phase Adjustment Followed by Dispersion Inversion.

- x =
Meodel-l Model-2 Modek3 Model4 Average Standard
nr 517519 50526 526533 model  deviation Q. Qs
Position(km) 0.0-10.0 10.0-12.0 12.0-19.5 19.5-29.0
".,

B B B B B op
ke lan/sec Jom/sec km/sec kmv/sec km/sec km/sec
I . _

0.25% 248% 2.3008 2.6091 2.7411 2.5562 0.133810 84.0 42.0
0,250 30140 2.8035 3.0871 3.35%0 3.0736 0.188804 163.0 81.0
0.250 aumn 2.9546 3.2009 34813 3.1868 0.19142¢ 320.0 160.0
0.250 31281 2.9081 3.1900 3.5310 o 0.199446 378.0 189.0
0.200 31486 3.0154 3.2264. kX777 3.2419 0.207765  381.0 190.5
0.2% 3.1064 .00 3.26585 3.6006 32728  0.206011 394.0 197.0
0.250 3.2274 3.0533 3.3012 3.6006 32956 0.197741  426.0 213.0
0.250 e 3.0587 3.3242 3.6006 33154  0.192804  485.0 425
@300 34 3.0566 3,333 3.6006 3.2264 0.192460 582.0 291.0
0.9500 A2 3.0458 3.3336 3.6006 356 0.196202 762.0 381.0
0.500 33224 3.0 3.3%6 3.6006 3.3220 0.201333 1134.0 567.0

34605 3.0161 3,333 3.6006 33550 0.21727¢ 2255.0 11270

ha
10.00%

amod modMmodd mod4

DEPTH (kM)

1400 17.30

10.5¢
DIST (KM)

Fig. 3. Presentation of the derived lateraly varying model. For each layer, the
represents the percent deviation of the layer velocity from an
ted mean of the lateraly varying velocity.




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°
10°
10'
10°
10"
10
10
10°¢
10°°
10°¢
107 - : . v

0.00 5.60 11.20 16.80 22.40 28.00
Distance (KM)

TTIinm

0.5-5.0 Hz

W
L™ ]
.

&H
»

2.5-3.5 H:

.5.2. H:

Relative Amplitude

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 roll off outside the passband.

We were able to perform this analysis on the data from eight shot points,
estimating M; and also ¥, 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 includes only small yield events. Second, a trend for chemical
explosions is not obvious due to the differences in the experiments, e.g.,
spell, whether shot point physical parameters were known, etc. The possible
relationship between the chemical and nudear explosion populations is not
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Table 2. Estimation of M, from filtered seismograms

Frequency Isotropic Confidence Factor
band Moment lo
(Hz) (dyne-cm)
0.5-1.5 1.99E+18 1.06
1.5-2.5 2.11E+18 1.07
2.53.5 2.14E+18 1.06
3.54.5 1.77E+18 1.07
0.5-5.0 1.97E+18 1.09
apparent given the lack of overlap.
10191
*
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Fig. 5. Comparison of the moment-to-yield ratio as a function of yield for
explosions.

CONCLUSIONS AND RECOMMENDATIONS
From the standpoint of wave propagation, the lateral variations observed
are large, some as large as 10%. Analysis and modeling of these data require
new techniques.
Isotropic moment estimates show variability for nominally the same shot
size, Further refinement is not possible since detailed information on shot
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Fig. 6. Comparison of the W(»)-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
band and does not have the band width necessary to identify spectral
minima.




Table 3
Source Parameters of Nuciear (N) and Chemieal (C) explosions

Type D Y M; k Ref
(ton) (dyne—cm) (m>
(o KQo1 0.3 2.37e+18 0.46 (ohnson, 1969)
Cc KQo3 0.45 1.78¢+18 0.53 (Johnson, 1969)
C XQos 0.45 1.9%¢+18 0.87 (Johnson, 1989)
C KQos 0.17 0.79¢+18 042 (Johnson, 1989)
[ KQo9e 0.1 0.75¢+18 0.27 (Johnson, 1999)
C 31 74 0.125 2.87¢+16 0.28 (Stump, 1967)
C 11 74 0.125 1.35¢+16 0.11  (Stump, 1987)
c sT®? 0.125 0.94¢+16 0.07 (Stump, 1967)
N GASBUGGY 29000 2.57¢+22 6n (Perret, 1972)
N HARZER 107000 7.40e+22 27000 (Johnson, 1988)
N CHANCELLOR 78000 $.70e+22 21000 (ohnson, 1988)
C NRDC3 10.0 4.00e+19 3.27 (Given ot &l, 1990)
C SP1+ 1.0 1.85¢+18 0.29 (Ghassan, 1991)
L o4 P 1.0 1.42¢+18 020 (Ghassen, 1991)
o sPe- 1.0 2.87e+18 0.47 (Ghasean, 1991)
C sPe+ 1.0 1.99¢+18 0.36 (Ghassan, 1991)
o My 1.0 1.49¢+18 0.28 (Ghasean, 1991)
L of SP20+ 1.0 2.27¢+18 0.30 (Ghassan, 1991)
C SPy- 1.0 2.39¢+18 0.46 (Ghasean, 1991)
(o SP19%+ 1.0 2.11e+18 0.35 (Ghassan, 1991)
N NTSY-0.02 2 1.43¢+19 11.0  (Bache, 1962)
N NTSP-0.02 20 2.45¢+19 9.6  (Bache, 1962)
N NTSMM-60 60000 3.26e+22 25000 (Bache, 1962)
Dets Source
KQo1, KQO3, KQOS, KQO8, KQO9. Inversion Kalser quarry dats with distance ranges of 70-600m by of
entive wuveform for moment elements. Low frequency level isotropic moment rates are used. ¥ o taken
from thelr 40 moment tensor results.

$P1e, SPe, SPS-, SP6+, SP1Y-, SP20e, SP19-, 5P19+. Inversion of surface wave data from USGS refraction lines in
Masine. The mumber indicetes the shot point, snd the plus (+) or minus () indicate whether the line went from the
shot % the aext larger shet point (+), or W the next point mumber (-). A split recording spread was
used. .MMMMmm | is estiovted by a regression of flitered synthetic
and obesrved selsmic Wraces ever the entire deta renge. Pier bands of 0.5-1.5 Hz, 1.5-2.5 Hs, 2.5-3.5 Hz, 3.44.5 Ha,
and mmm»uum«unﬂma-wmmmmmw
source. Wy, derived using the earth model derived, using M| = 4rpa“VW .

sTuMp. W and M| trom 50-150m varying half-epace, 50-75 m layered and 50-100 m layered models in his Table
s

GASBUCGY. whnated from fow RDPs in Ns Figure 7. M| derived from each Wo using
M = 4mpa’ W, with P and O given in hs Tadle 1. The yield 5 given at 29 kT in the paper.

HARZER snd CHANCELLOR. Yield estimated from body wave, W and M are an average of wsing four source
models (Musller-Murphy, von Seggern-Blandford, Helmberger-Hadley, and Haskell) Johnson, 1988). Johnsen (1968)
notes the presence of spall.

NRDC). Mg sstmated rom vertical component Lg spectra published in Given et of (1990). W detivad using the
ourth model provided. Soreno (1990) estimated an explosion moment of 5.0E+20 dyne-om for the alfbration shot,
no cosvection s made Jor free surface effects. This observation is not plotted, but would be & major outiier!
NTSY-0.00, NTSP-0.02, NTSMM-00. Prom Bache (1982) W o, values for scaled 0.02 kT nuclear show st Yucea (NTSY-

and Pehute (NTSPO.02) and for MuelierMurphy wet tfirhyolie 80 kT (NTSMM-30). To obin sotropic
::-u.p- uuu':ama- 2.4 and 3.5 knvsec for Yucea and Pahute, respectively (Bache # ol., 1979).
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