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I. SUMMARY

The research performed under the contract during the period 1 May
through 31 October 1982 can be divided into three main topics, efficient
generation of near field synthetics, body wave amplitude and travel time
correlations across North America, and long period P-wave evidence for
tectonic-release at depth below NTS events.

In Section II, expressions for the displacements on the surface of
a layered half-space due to a point source in terms of the generalized
reflection and transmission coefficient matrices of [Kennett are
numerically evaluated by the discrete wave number summation method of
Bouchon. This Kennett-Bouchon (KB) technique is an efficient algorithm
for calculating near fiéld synthetics. Numerical examples are given
comparing this method with synthetics generated with the Cagniard-de
Hoop technique, P-SV modes, and a discrete wavenumber finite element
(DWFE) code.

In Section III, relationships between travel time and amplitude
station anomalies are examined for short and long period SH waves and
short period P-waves recorded at North American WWSN and CSN stations.
Data for two azimuths of approach are analyzed. Short period P and §
wave amplitudes have similar regional variations, being relatively low
in the western tectonic region and enhanced in the shield and
mid-continental regions. The east coast has intermediate amplitude
anomalies and systematic large azimuthal travel time variations. There
is a general correlation between diminished short period amplitudes and

late S wave arrival times and enhanced amplitudes and early arrivals.
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Bowever, this correlation is not obvious within eastern and western
provinces separately, and the data are consistent with a step like shift
in amplitude level across the Rocky Mountain front, Long period S waves
show no overall correlation between amplitude and travel time anomalies.

In Section IV, long period body waves are studied at regional and
upper mantle distances from large underground explosions at Pahute Mesa,
Nevada Test Site. A comparison of the seismic records from neighboring
explosions show that the more recent events have much simpler waveforms.
In fact, many of the early events produce waveforms which are similar to
those produced by shallow moderate size, strike s8lip earthquakes. A
phase which can be 1identified as 8P is particularly obvious. In
particular, the event GREELEY (1966) can be matched by simply adding
synthetic waveforms appropriate for a shallow strike slip earthquake to
the observations of the KASSERiI (1975) event. The identificaton of the
8P phase at upper mantle distances indicates that the double couple

source depth is 4 km or less.
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- A GENERALIZED REFLECTION - TRANSMISSION
:3':‘3_ COEFFICIENT MATRIX AND DISCRETE WAVENUMBER
;‘“ METHOD FOR SYNTHETIC SEISMOGRAMS
) L'
oy
o, BY Z. X. YAO AND D. G. HARKRIDER
A
ey
'-‘.'i ABSTRACT
i:" Expressions for displacements on the surface of a layered
half-space due to point force are given in terms of generalized
':; refiection and transmission coefficient matrices (Kennett 1880)
.
1 .:i and the discrete wavenumber summation method (Bouchon
T‘A' { 1981). The Bouchon method with complex frequencies ylelds
accurats near fleld dynamic and static solutions.
RWw\S
: ;-;;: The algorithm is sxtended to include simuitaneous evalua-
o tion of muttiple sources at different depths, This feature is the
2 same as in Oison's finite slement discrete fourier bessel code
. A (DWFE) {Oison 1682).
- $q, As numerical examples, we calculate some layered half-
:"\ spacs problems. The results agree with synthetics generated
al
N with the Cagniard de-Hoop technique, P-SV modes, and DWFE
g codes, For a ten laysred crust upper mantle mode! with a
7y
\:ﬂ bandwidth of 0-10 Hz, this technique requires one tenth the
$.
:"3 time of the DWFE calculation. in the presence of velocity gra-
b dients, where finer layering is required, the DWFE code is more
RN efficient.
R
N INTRODUCTION
ALY
X
- Economic near field solutions of_n point source in a layered half-space
}:s:j are Important in the fieilds of seismology and earthquake engineering.

.‘J
‘;’,'}:: Recently many approaches have been proposed to evaluate the layered half-
y ]

- space response. For example, there are generalized ray theory (Helmberger,
092 .

‘ \':{ 1068; Helmberger and Harkrider, 1978), reflectivity method (Fuchs and Muller,
S :

:a. 1871), reflection and transmission coefficients matrix method (Kennett,




1974, 19080; Kennett and Kerry, 1980; Apsel, 19709), discrete wavenumber

method (Bouchon, 1881), discrete wavenumbers - finite element method

G
~% (DWFE)(Oison, 1982), among others.
>
\-"
b
i':-l" In this paper a generalized reflection-transmission matrix and discrete

wavenumber method for near field synthetic seismograms is proposed. This
:-i; : approach is based on Kennett's reflection and transmisson matrix method for
the wavenumber integrands (1974, 1881) and the discrete wavenumber sum-

mation method (Bouchon, 1881) for the wavenumber integration. The

j;‘;': nﬂocﬂon-transngissbn matrix is an effective procedure to evaluate the

S:;j wavenumber integrand. Phase-delayed reflection and transmission coeffi-

}: cients are used which are slightly different than Kennett's expressions

.EE {1680). The algorithm includes simuitaneous evaluation of the Green's func-

;I‘,"J tions of multiple sources at different depths.

.f““. As a numerical example, we calculate some layered half-space problems.

::‘ The results agree with synthetics generated by the Cagniard-de Hoop tech-
nique and Olson's (1982) DWFE codes. For a ten layered crust upper mantle

o mode! with a bandwidth of 0-10Hz, this technique requires one tenth the time

:;:' of the DWFE calculaton.

INTEGRAND EXPRESSIONS

.9::; The displacement integrands on the free surface for buried source prob-

%3 ‘ lems given by Kennett and Kerry (1978) eqn. (6.22) are

' W(0*) = (M + MR I-RIPR 1T [I-Ry"RIF Y Ry 68,-68,) (1)

%

::.f::. The notation used is that of Kennett and Kerry (1879). Slightly different rela-

tions are used for the reflection and transmission coefficients, which except

: for differences In normalization, are given by their eqn. (4.26). The relations

£

L

and additional definitions are found in the Appendix.
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F is the reflection coefficient matrix on the free surface, (My+M,R)is

the receiver function matrix (Heimberger, 1974).

- 1 Q,zi-u.,bl 2kd 101
R=— ) (2)
A Zkulﬂl nx +albl
kfkab, k§b,0,
(”y+”pR) = Z- ki‘alﬂl ki‘kalbl (3)
where
A=k%a,b,- Qf (4)
with

& = wave number,

a= P wave velocity,

fi= S wave velocity,

# = rigidity,

g0/,

kg=a/f,

a= \/I?:if » Reax0 ,
b =Vk¥ k] , Reb20,

0=k kf .
R;" is the generalized relection coefficient matrix for the P-SV waves
between z = z,* and z = z,' (Figure 1). Using the relations for reflection and

transmission coefficients given by Kennett (1874, 1980), and Kennett and

Kerry (18789), we can caiculate Rg" from
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Y
\.f:; Q(z:»‘:) = Q(l:.l:...l) e Q(z:+1 tz;) (8)
o with
2
£ T.-R TR, RT
508 v~ p'p Ty D'D
Q2 2 = (¢9)
-15 & =1
NJ
2
::1 where the submatrices correspond to the normalized reflection and transmis-
AN
- sion coefficients matrices given in the Appendix. R:s and Tgs are the gen-
; eralized reflection and transmission coefficient between z = 0* and z = 2,
ZZ:' R;’ is the generalized reflection coefficient between z = 0 and z = z,* and
LN
Y
by is caiculated by the reiation
-
FS _ RS RS5rr_pRSH1-1 pRS
R Ry” =Ry, + Ry, R[I-R)y°R]™ Ty (8)
N
\::
For SH waves, the displacement integrand on the free surface is as fol-
"::: RS RS SL rs SL
A Y - - -1 - -1 -
Y_(o ) =2k(1 Rpsu) Tysﬂ (1 RDSH Ry_sn) (RDSH 8xp dxy) (9)
.3 N
:.: with the subscript denoting reflection and transmission coefficients appropri-
L
P :j ate for SH waves.
o
6% and Sy represents the source's terms which ‘have been given by
:-Z;: Langston and Heimberger (19785).
i
<~
s, For many problems, a fault is treated as a summation of subfaults which
can be considered point sources. Thus there is need for rapid construction of
j"’ Green's functions for several different source depths. Since the terms
Lot
AY .
::::' necessary for a given source depth calculations are obtained by the iterative
" relations of Kennett, we In effect calculate similar source depth terms for
>
‘; svery interface above and below the source plane. The only additional effort
N
A
| —
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24
j . for obtaining as many source depth Green's function as there are interfaces is
- In saving the intermediate values. This feature is similar to codes based on
'_: reciprocity, l.e. surface source and receiver at depth, such as DWFE (Olson,
o
Y
'*’ 1962) and PROSE (Apsel, 1979).
INTEGRAL SOLUTIONS
Oa
E For a buried double couple, the free surface displacements are
N
i Il
, w(t) = D(t)‘ \S.p)wn (t
“~
A
N
-y ”‘
- = )
$ g(t) = 41rp p [D(t) f} Am(A\6,9)gm (2)] (10)
2 u, )
v d
A v(t) = = - [D(t)* (M6, P)um (L)
t‘j "P dt -SIA'!"S ¢ m ]
where
o
» --'. _ 1
6 Ag(\S,p) = -z—sln)\ sin2é

Ay(A\8,p) = cosy cosk cosd — sing sin) cos24

A

XA

Az(\4,p) = sin2¢p cosA sind + -1—0032¢ sin) sin26

: 2

; i:: As(\6,9) =0 (11)
*J

>

1Y A(\6,p) = - cosyp sinA cos24 — sing cos) coss

i3

Ag(\6,p) = cos2¢p cosA sind — %slnzv sin) sin26

'

20

® = aZimuth from the fault strike,

X

e/

A = rake angle,
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é = dip angle,

M, = seismic moment,
D = tar-field time history,

P = density, and w,, (t) ,u,(t) and v, (t) are step responses which
correspond to the vertical, radical and tangential displacements of three fun-
damental shear dislocations (m = 2, strike-slip fault; m = 1, dip-slip fault; m =
0, isotropic component of the 45° dip-siip fault). In the frequency domain they

are as follows

wp(w) = fh’,,.J,..(kr) k dk
L ]
kr ™

gnlw) = [[UnJnlkr) = Vo - I (k)] k dk 12)

Um(0) = [{Un Z-Imkr) = Vi Jinller)] & di
*

where
dJ,
Jalz) = —>—
Unm 1 Pn Pm
= oMy + B R) (U-RPEPRITIU-RY' R REE + (13)
W SV Vim
from (1)

2k _
Vo = -nT“ 'Rgfm) 'Tgfsﬂ (1-1?5’;.,,}?5;’,,,) (Rgfm SHm + SHpy) (14)

from (), with
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Py = (2k2 -Bk®)/a SVo = —£3k SHy=0
P, = t2k SV, = (2k®-kf)/b SH, = -tkf /k (15)
Pg=—k%/a SVg = ~tk SHg =k} /b

-1 for — superscript
E=11 for+ superscript

For an explosion type source,
wit) = L[ ¥e) * wolt)]
dt
(10)
g(t) = [ (e) * go(t)]
dt

where w, and g, are given as before from (12) and all the source coeffi-

cients are 2ero except
Po= wt/a

and \ir(t) Is the reduced velocity potential of the explosion.

WAVENUMBER INTEGRATION

The Hanke! transform-type Integral representation of the displacements

In the frequency domain involves quantities of the form
Im = [F(k,0) Jn(kr) k &k m=0,1,2 (7
o

The kernel F(k,») depends upon wavenumber, frequency source depth and

layer properties which we evaluate with generalized reflection and transmis-

sion coefficient matrices. Now it is important to look for an efficient numerical




5 T O N T W O T T s
.
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s
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i :?. integration scheme to handle the wave number integration.
fa%a Bouchon (1981) has demonstrated that ‘“~e wavenumber integration (17)
:.: can be evaluated by a discrete wavenumber summation
A
] In = T Lts ky Flkg) Tnleyr) (17)
b j=o
4
:, Ll
-: 2 forj#0
' & =11 forj=0
O
4
;_". : k’ = 21l'j /L
:;_2
g i relations r < L/2 and [(L-7)% + 2%]'/2 > at are satisfied. To avoid the
~ influence of the singularities of the integrand F(k,w), and the discretization,
5
3-:'}' he gave to the frequency an imaginary part, the effect of which is later
Y]
~ removed from the time domain solution.
‘;C-:j This discretization scheme is simpler than that used by the DWFE method
>,
';:' (Oison, 1882). In the DWFE method the discrete wavenumbers are determined
4
<.
e by the roots of Jy(kL) and J,(kL). An advantage of the Bouchon method over
._ Kennett's wavenumber integration is that it is straightforward to obtain the
It
-j: near fleld static solutions. The static contribution comes from zero frequency
“
and is treated the same in Bouchon's technique as any other complex fre-
:::: quency. On the other hand the slowness method requires special handling at
-"\-
,':::' 2ero frequency. The combinaton of Kennett's integrand algorithm with
= \ Bouchon's discrete wavenumber evaluation will be referred to as the
-
; Kennett-Bouchon (KB) aigorithm.
S
:- The k loop is controlied by a previously specified precision e. If the ratio
$-
- of the terms
N
2
%
M
c*’
'.- T "- . I T S AT T et T .
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is less than e, the k loop stops. This condition must be met for every calcula-

AR R AR S

tion In the loop. Since at least one of the caiculations will involve a Bessel

» function of order one different than than the others, the loop will not be ter-

'{ minated by a zero of the Bessel functions. As one might expect the higher the
frequency the larger the number of k terms required for convergence.

% NUMERICAL EXAMPLES

As a first numerical exampie, we calculate the vertical and radial velocity
:.» field at the free surface due to an explosion source in a homogeneous half-
‘ space (Yable 1). Takingr= 10km, h = 1.2 km, A t = 0.06 sec, and L =10 km,
1 we obtain the velocities shown at the bottom of each pair in Figure 2. The
i calculation used the reflection and transmission coefficients generated by a
three layer model of the homogeneous half-space. The upper trace for each
" velocity component of Figure 2 is calculated from the explicit discrete
a wavenumber expressions of Bouchon (1981). The ditferences of amplitude
f are only in the third decimal place.

: TABLE 1

LAYER PARAMETERS FOR THE HALF-SPACE MODEL.

E a p

. km km/sec km/sec gm/cm?

3 ILe 3.000 1.900 1.900 |

f in the second example we calculate the displacements of a dislocation
1‘ source in another half-space model (Table 2) and compa}e with ray theory
: using the Cagniard-de Hoop technique. These are shown in Figures 3 and 4,
5‘ the top traces of each pair is the displacement obtained with rays. The far-

field source time function is a triangle with one second width, focal depth 8

N
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km, the epicenter ranges are 16 km (Figure 3) and 32 km (Figure 4) respec-
tively. The bottom traces are from the KB algorithm. The differences are very
small and come mostly from the difference in time increments used in the two
methods. in the generalized ray theory we use A t = 0.03 sec, In the other A t

= 0.1 sec.

TABLE 2

LAYER PARAMETERS FOR THE CRUST HALF-SPACE MODEL.

' h a g ]
km km/sec km/sec _gm/cm®
L =

6.200 3.500 2.700
For the layered half-space problem we use solutions obtained by the

DWFE method to check the KB result. Dislocation source displacements for a
one layer haif-space, with the source in the layer, h= 2.5 km, r = 10 km are
shown in Figure 5. In Figure 8 the source is in the underlaying medium, h = 7.0
km,r = 10 km. The layer model parameters are given in Table 3. The resuits

of the two methods again show good agreement.

TABLE 3

LAYER PARAMETERS FOR THE ONE LAYER MODEL.

—_—
h a
km km/sec km/sec
6.0 3.500 2.000 .
e 5.5600 3.300 2.700

in Figure 7, we show a comparison between the KB and DWFE algorithms
for an explosion at a depth of 1.2 km in an 8 layer model (Table 4) of the
Amchitka crust over a mantie half-space. This structure wss used to model
the near field records from the nuclear test event Milrow (Burdick,1983). The
synthetics are the free surface vertical particle velocities at ranges of 8.8

and 11.56 kms. The nominal maximum frequency in each synthetic Is 5 Hz

EEE R IR Sy |
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4
- although the DWFE record Is Butterworth flitered down to & Hz and the KB
spectral calculation Is truncated or terminated at 6 Hz. Because of this the g
-
§ frequency content is slightly greater in the KB calculation. This difference can .
N be seen in the relative excitation between the body waves and the Rayleigh
, wave pulse at the end of each synthetic. Considering their differences at high
g frequency, the time domain agreement is excellent.
J
4
N TABLE 4
‘ LAYER PARAMETERS FOR THE MILROW MODEL.
v, -
%
B\ ¢
al .
! ;
v" "
N g
W :
'i ;
A For this model, § Hz is not sufficient to resolve pP from the direct P
e arrivals. Increasing the maximum frequency to 10 Hz, the pP arrival is seen in "
2 the double peaked overswing following the direct P arrival at distances of 10 «.
o and 12 kms on the vertical velocity KB record (Figure 8) and the radial velo- h
b, city KB record (Figure 8). This Identification was verifyed with the spliced
N [
Ny generalized ray and modal synthetics appearing above the KB synthetics (Bur-
2¢
dick, 1983) in Figures 8 and 8. The generalized ray (Helmbeger, 1868) sum
.. was restricted to direct and first multiple compressional waves . The only .
,, mode (Harkrider, 1864 and 1870) used was the fundamental Rayleigh mode. .
:'.; With this structure, the 10 Hz DWFE calculation takes 10 times longer than :

the KB caiculation.
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CONCLUSIONS

We have presented a generalized reflection-transmission coefficlent
matrix and discrete wavenumber method for synthetic selsmograms. For a
dislocation source, the displacements on the free surface are represented as
a finear combination of three fundamental shear dislocation. The wavenumber
integrands are calculated by reflection and transission coefficlents, and the
wavenumbers integration by discrete wavenumber summation method with

complex frequencles which can yield accurate near field static solutions.

Vertical integration schemes used in the near field have been either
spectral (Apsel,1879,Bouchon,1981) as in the regional techniques or finite-
slement {Olson,1982) and finite-ditference (Alexseev and Mikhallenko, 1880)
in the time domain. The finite element schemes have the disadvantage in that
the vertical step size is determined by the desired maximum frequency con-
tent, which in turn determines the time step required for stability. This time
step Is usually many times smaller than the time increment assoclated with the

maximum frequency.

If portions of the vertical velocity and density profile are homogeneous,
spectral techniques propagate across the region in one vertical step while the
finite element-difference methods reqire many. On the other hand, in the vicin-
ity of moderate vertical gradients the step size or layer thickness of the
spectral techniques will be at least as small as the finite element-difference
scheme and the number of numerical operations are considerably more. In this
situation spectral techniques, in particular the KB method ,are not as efficient
as the time domain techniques. Convergence as the number of wave numbers
Is increased is more straightforward using the spectral schemes and, as one
would expect, the number of wave numbers for a given convergence depends

on the frequency being evaluated with fewer wave numbers at the lower
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%
-

&
o frequencies.

::, For the layered half-space problems presented, our results agree very
i:: well with synthetics generated by the Cagniard-de Hoop technique, P-SV
i modes, and the DWFE codes. For the ten layered crust upper mantle model
o with a bandwidth of 0-10 Hz, this technique required only one tenth the time
‘,’.E of the DWFE calculation.
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APPENDIX

The relations for phase normalized reflection and transmission coeffi-

clients are as follows:

Al A

- D . o-Red D D - _-ad ¢ D
fpp=© Tpp tp=87 tp
g, ~D _ _—(ess)d D SD_ bd 4D
P rsp = Tsp tLp=e87 tgp
"
D _ ,{a+db)d D D _ ,-ed o D
! s =€ Tps Ls=e ™ tp
D __-ev D TD _ _~bd 4D
N ss=¢  fss ts=e tss
)
! -y _.U TU_ —ade ¥
i 'ep = pp Lp=e™ tpp
~
-y _ .9 “Y_ _—adeV
. f'sp = Igp tp=8" tgp
-9 = g SV o -d e Y
% s = Tps s=e7 tpg
I =¢7 37 g
% 'ss = Tss LS el ¥4
) where
.
. -D - D
2 P o Tps
0 Y
X sp Tss
q k] - 3
.' with similar matrix indexing for K, , T, ,and T}, .

For the interface reflection and transmission coefficients, say from layer

1 to layer 2, we have

1AL P

rpp = [ k2,0 ,25050up—4))2 k211, 0 —pip1)? -2, b 1 (gMp—k 2y )®

b

'

+agbg(u,ﬂl-k9ﬂz)2_.l_m;¢2 k’el k,’l(ulbz—b,uz) 178,

A

[]
-]

rep = —2kb 1[G Q=R %0, ) () O =2 02) ~ a2 b o (g~ My Oy ~k2ug)1/8,
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s +aghau 0, —k2u,)2+ %—p.,ug kZ kE (a,bp=b,a)]/8,

t,f,’u = #1"3,“ (e —k 2 )b+ (1, 0, —k%u,)b35] 78,

3 ts% s #1"}15 Wl —py)a, by +(u,Q, ~u0)] 74,

tp’:q = #1kﬁ,ﬂl[(llz‘#l)b 182+ (1,0 ~ 10178,

toy = bk 3 b [(ueQe—k2u,)a, +(u, 0, —k2uz)a,] /8,

. and
:;-.':
":'.: 8, = [ k%a,b,a5b2(ue~p, 2+ 2(u 0 —p20e)* ~a b | (up0p—k2u, )
1

2 —agba(p, 0y —k%ug)®~ Tﬂxﬂe"p‘, k§ (a,bp+b,a,)]
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N _

'.{: where A, is the Stoneley wave equation for the interface between layers 1
A " .

T andi+1.

.*,::
:L., For R,,, and TV, we have
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for SH waves
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FIGURE CAPTIONS
“F1G. 1. Source and structure geometry,

" FIG. 2. Vertical and radial velocity record comparisons between an analytic
and a three layer refiection-transmission coefficient calculation of an explo-

sion In an homogeneous half-space.

FiG. 3. Vertical, radial, and tangential displacement comparisons between
Cagniard-de Hoop and the KB techniques for a dislocation in an homogeneous
half-space. The records are for the 3 fundamental fault orientations ;t a

range of 18 km.
F1G. 4. As Figure 3, except the range Is 32 km.

FIG. &. Vertical, radial, and tangential displacement comparisons between the
"DWFE and KB techniques for a dislocation in a one layer over a half-space
model. The records are for the 3 fundamental fault orientations at a range of

10 km. The source Is In the upper layer at a depth of 2.5 km.
FIG. 8. AS Figure 5, except the source is below the layer at a depth of 7 km.

FiG. 7. Vertical velocity record comparisons between the DWFE and KB tech-

niques for an explosion in the layered Milrow model. The Nyquist frequency is
Sia

FIG. 8. Vertica! velocity record comparisons between spliced ray-mode syn-
thetics and the KB technique for an explosion in the layered Milrow model. The

Nyquist frequency s 10 Hz.

FIG. 0. As Figure 8, except the velocity records are radial.
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Abstract

Relationships between travel time and amplitude station anomalies
are examined for short- and long-period SH-waves and short-period
P-waves recorded at North American WWSSN and CSN stations. Data for two
azimths of approach to North America are analyzed. To facilitate

intercomparison of the data, the S-wave travel times and amplitudes are

measured from the same records, and the amplitude data processing 1is
similar for both P- and S-waves. Short-period P- and S-wave amplitudes
have similar regional variations, being relatively low in the western
tectonic region and enhanced in the shield and mid~continental regions.
The east coast has intermediate amplitude anomalies and systematic,
large azimuthal travel time variations. There is a general correlation
between diminished short-period amplitudes and late S-wave arrival times
- and enhanced amplitudes and early arrivals. However, this correlation
is not obvious within the eastern and western provinces separately, and
the data are consistent with a step-like shift in amplitude level across
the Rocky Mountain front. Long-period S-waves show no overall

correlation between amplitude and travel time anomalies.

Introduction

It has long been indicated that there is a general association
between P-wave amplitude and travel time anomalies across North America
[Herrin and Taggard, 1962; Romney et al., 1962]. P- and S-wave
) amplitude and travel time station anomalies show similar regional
variations with diminished amplitudes and late arrival times in the
Basin and Range and Rocky Mountain provinces, and enhanced amplitudes

and early arrivals in the Great Plains and shield areas [e.g. Cleary,
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1967; Evernden and Clark, 1970; Sengupta, 1975; North, 1977].
However, this correlation is not a simple one, even for the few studies
which measure the amplitudes and travel times from the same data
[Cleary, 1967; Sengupta, 1975], and does not appear to exist on a
global basis [Shore, 1982].

The North American observations are usually attributed to coupled
lateral varistions in the upper mantle low velocity and low Q zones
between western and eastern North America, [e.g. Hales et al., 1968;
Hales and Berrin, 1972], though it is only relatively recently that
actual measurements of lateral variations in attenuation have been shown
to correlate with amplitude anomalies [Der and McElfresh, 1977; Der et
al., 1979, 1982; lay and Helmberger, 1981]. These studies have shown
that there is a regional variation in attenuation associated with a
baseline shift in amplitude levels between the two major provinces, but
a8 large amount of amplitude variation within each region i1s not
correlated with attenuation differences.

In this paper we attempt to quantify the degree of correlation
between body wave amplitude and travel time variations across North
America for short- and long-period SH and short-period P phases. Where
po;sible, the samplitude and travel time measurements are made from the
same records, and the method of amplitude analysis is the same for all
observations, which allows us to more confidently compare the station
anomalies than previous work. Data from two azimuths are processed and
compared separately to avoid averaging out subtle trends.

Amplitude and Travel Time Data

The S-wave travel time and amplitude observations presented here

o e T T
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were recorded at North American WWSSN and Canadian Seismic Network (CSN)

stations. Seventeen moderate size (my = 5.5-6.0) intermediate and deep
focus earthquakes in Argentina and the Sea of Okhotsk were selected for
analysis on the basis of their simple, impulsive waveforms and stable SH
radiation patterns to North America. The station and event epicenter
locations are shown in Figure l. The short- and long-period horizontal
components in the distance range 40° to 80° were digitized and rotated
into transverse and radial polarizations, and amplitude and travel time
measurements were made for the SH components. The first peak-to-first
trough and first peak amplitudes were wmeasured for the short- and
long-period signals respectively. Figure 2 shows representative SH
waveforms for one of the Argentine events. The travel times and
amplitudes of these simple phases can be reiiably measured. Radiation
pattern corrections were determined from focal mechanisms constrained by
P-wvave first motions, S-wave polarizations, and long-period SV/SH
amplitude ratios, and these corrections were applied to the amplitude
data along with instrument gain and geometric spreading corrections.
Station anomalies were then determined by removing relative event size
factors (for amplitudes) and baseline shifts in the JB residuals (for
travel times) wusing the procedures described in Lay and Helmberger
[1981] and Lay ([1982]. The data for the two source regions were
processed separately.

A similar set of short-period P-wave amplitudes has been presented
by Butler and Ruff [1980] and extended by Butler et al. ([1979].

Earthquakes in South America and in source regions to the northwest of

North America, as well as Russian nuclear explosions at five test sites
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were used to determine relative P-wave amplitude patterns for three d
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azimuths to North American WWSSN stations. The data were selected,

measured, and processed in a manner similar to that used in the S-wave

Nk b

s 7

analysis, though radiation pattern corrections were not applied to the

E} earthquake data. The stability of the relative amplitude behavior
tg between events and the coherence of the waveforms for each event
E. indicate that the source radiation corrections are small for the narrow
3 azimuth range spanned by the receivers, as was found for the S-waves.

The corresponding P-wave travel times were not measured, but a recent
study by Dziewonski and Anderson [1982] provides the most reliable
azimuthally dependent P-wave travel time station anomalies for North
America presently available. The processiqg and quantity of data in
that study were significantly different than for the other data sets,
but it is of interest to compare the azimuthally dependent S~ and P-wave
station travel time anomalies.

Comparison of North American Station Anomalies

The Argentine aud Sea of Okhotsk S-wave travel time and

AR

>3

short-period amplitude anomalies are shown in Figure 3 and tabulated in

Table 1. The travel time residuals were determined using the short- and

2R

long-period data combined (see Lay [1982] for procedure), because the

Rl ad 2e]
AR i
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' relative residuals are not frequency dependent. S-wave station travel

ii time anomalies for the Bolivian and Peruvian source regions are also
?3 shown in Figure 3. The amplitudes for these events were not measured
;§ because the signals are complicated and dominated by SV radiation. In
: the top figure the travel time anomaly patterns for each source region
X

have been baseline shifted to minimize the scatter at the first 11
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stations from the 1left, which are western and Texas stations. These J

small shifts were applied in order toc simplify comparison of the relatve

patterns across North America observed for each source region. The
asterisked stations are located 1n western North America, as shown in
Figure 1. The stations are ordered in azimuth from the Argentine source
region, and only those stations at which anomalies could be determined
from both azimuths are shown.

Figure 3 demonstrates that the SH travel times are relatively late
(positive) and the amplitudes are relatively low at western stations for
both azimuths. The central United States stations record arrivals 4 to
5 sec earlier than the western stations, and the amplitudes are 4 to 5
times larger as well. The east coast stations record intermediate
amplitudes and show the clearest evidence for azimuthal variations in
travel time anomalies. Relative to the central and western stations,
the east coast stations record early arrivals from the Sea of Okhotsk
and late arrivals from Argentina. Other South American source regions
show relatively earlier arrivals in the east coast than observed for
Argentina. This 1indicates that significant near-source or deep mantle
velocity structure affects the relative travel time pattern from
Argentina. This is discussed in greater detail below and by Lay [1982],

' who concludes that the Argentine signals recorded in the east coast are
anomalously late because they encounter a localized low-velocity region
in the 1lower mantle. Some of the azimuthal variation observed at east

~coast stations may also be due to strong lateral gradients in upper
mantle shear velocity structure, with the velocity increasing toward the

Canadian shield. The short period SH amplitudes do not show similar
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azimuthal variations.

In Figure 4 the S~wave amplitude and travel time anomalies for both
source regions are compared. All of the available determinations are
included, with the solid symbols indicating Argentine observations. The
general features are similar for both azimuths, though the long-period
amplitudes from Argentina have more scatter than observed for the Sea of
Okhotsk data. The short-period amplitude anomalies clearly have a much
greater range 1in variation than the long-periods, as has been observed
for P-waves [Booth et al., 1974; Sengupta, 1975j. The short-periods
also show a tendency for late arrivals (positive residuals) to be low
amplitude, which 1; not apparent in the long-periods. Booth et al.
[1974) found 1ittle correlation between short- and long-period P-wave
amplitude variations, and argued that this supports the interpretation
that the short-period amplitude variations are due to Q variationms.

Using the major axis regression described by York [1966], relations
between the logarithms of the short-period S-wave amplitudes (ASPS) and
long-period S-wave amplitudes (ALPS) and the S-wave travel time
anomalies (Ts) have been determined. The relations found for equal
weighting of each data point and using all of the data are indicated in
Figure 4 and given by:

log Agpg = =0.340(%0.035) -~ 0.047(10.015)'1's

log A;pg = -0.256(£0.016) + 0.004(10.007)Ts
The intercept values are not significant due to the arbitrary baselines
in both parameters. There is a weak, resolvable correlation between the
log of the short-period amplitudes and the travel time anomalies, with a

linear correlation coefficient, r, of -0.341, but the long-period
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amplitudes do not show similar behavior, as the correlation coefficient
is 0.077. More sophisticated weighting schemes can be employed, but the
errors involved in amplitude and travel time measurements are quite
different in nature, and rigorous statistics may not be useful. The
regressions presented here are intended only to indicate the relative
degree of correlation between parameters.

In a detailed investigation of S and ScS-S travel time anomalies
for deep South American and Sea of Okhotsk events recorded in North
America, Lay [1982] concluded that the Argentine S-wave data is
contaminated by lower mantle anomalies. large, localized velocity
anomalies are observed at East Coast and Mississippi Valley statioms.
As seen in Figure 3, these stations show strong azimuthal variations in
S-residuals as well as distance dependence of S-residuals between source
regions in Peru, Bolivia and Argentina. The travel time anomalies are
as much as 5 sec, and are not apparent in the ScS arrivals from the same
events, which suggests a lower mantle origin. The greater range in
long-period amplitude anomalies for the Argentine data appears to be
associated with these travel time anomalies as well. To ensure that
these strong anomalies do not dominate the patterns in Figure 4, we have
omitted the Argentine observations identified as anomalous by Lay [1982]
(see Table 1) in Figure 5. Different symbols have been used for
stations to the east (circles) and to the west (triangles) of the Rocky
Mountains. The stations placed in each category are indicated in Table
1 and Figure 1. Because the station distribution is rather sparse, we

do not attempt to define more subregions, though there is ample evidence

for distinct behavior for the Pacific Coast stations and central U.S.
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stations. Figure 5 clearly indicates the tendency for western stations,
which are slow, to record diminished short-period S-wave amplitudes, but
the long-periods show no regional pattern. The regression curves shown
in Figure 5 are given by:
log Agpg = -0.344(%0.040) -~ 0.042(10.017)'1‘s
log A;pg = —0.250(£0.016) - 0.001(20.006)Tg

The results are not significantly changed if all East Coast observations
from the Sea of Okhotsk are omitted as well. The short periods have a
correlation coefficient of r=-0.316 and the long periods yield r=-0.013.

The short-period S-wave amplitudes in Figure 5 appear to have more
of a baseline shift between the eastern and western provinces than a
smoothly varying distribution of amplitudes. The filled squares in
Figure 5a 1indicate the average amplitude ané travel time anomalies for
each region. There is an amplitude factor of 2.4 and a 4.0 sec travel
time shift between the means. Romanowicz and Cara [1980] have shown
that if more than one physical parameter varies in the upper mantle
(e.g. both velocity and thickness of the low velocity zone), it is
possible to have baseline shifts in relative travel time variations. A
similar line of argument applies to At* variations and, thus, possibly
to amplitude variations. To test this, we performed regressions for the
short-period S-wave amplitudes and station travel time residuals for the
eastern and western provinces separately. The following relations were
found;

log Agpg = ~0.130(£0.053) + 0.038(10.022)1‘S (East)

log Agpg = =0.861(0.142) + 0.118(%0.057)Tg (West)

While the absolute levels of these lines are resolvably different, it is
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f“f interesting to note that the slopes have reversed in sign from that for
125 the overall trend, as have the corresponding correlation coefficients,
AN

N r = 0.272 (East) and r = 0.428 (West). This may be an artifact of the
o reduced population sizes and large intrinsic amplitude scatter, however
Eé it may also be taken as a breakdown of the correlation between
:j amplitudes and attenuation if one adopts the assumption that attenuation
- variations are coupled to velocity variations. There are clearly many
iv scattering and focusing effects that would produce anomalous amplitude

behavior with no travel time signature, or with a correlation opposite

f: to that expected for attenuation variatioms.

2; Lay [1982]) suggests that the most pronounced long-period amplitude
5 anomalies for the Argentine data are associated with the anomalous
o travel times produced by lower mantle anomalies, with enhanced
'%E amplitudes accompanying large travel time delays and diminished
ﬁ amplitudes accompanying large travel time advances. This indicates a
3 geometric effect rather than attenuation-controlled behavior. If the
E eastern and western long-period data 1in Figure 5b are considered
separately, the following regressions are found:

:g log A pg = -0.190(20.026) + 0.021(%0.011)Tg (East)

” log Ajpg = -0.374(£0.045) + 0.035(20.019)Tg (West)

;; ' The correlation coefficients are r = 0.289 (East) and r = (0.38]1 (West).
2 This indicates that even after the anomalous Argentine data are omitted
:é there i8 a weak tendency for long-period amplitudes to be enhanced for
:; late arrivals, but this is only apparent when the two provinces are
;; isolated. The average 1long-period amplitude levels in Figure 5b only
'E differ by 18%.
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Several authors have noted that while S-wave travel time residuals

~ o
ELE have an overall variation 4 times greater than the P-wave residuals for
fia North America, the short-period amplitudes have more comparable
| variations, with S-waves varying about twice as much as P-waves
[Sengupta, 1975; Der et al., 1975, 1982; lay and Helmberger, 1981].
The latter observation 1s congistent with the trend expected for
o attenuation-controlled amplitudes for predominantly shear losses [Lay
'35 and Helmberger, 1981]. The short-period S~ and P-wave amplitude
: 3 anomalies are compared in Figure 6. Figure 6a presents the data for
Ai South American earthquakes. The regression between the S and P (ASPP)
33 amplitudes is given by:
e log Agpg = -0.397(0.059) + 1.926(£0.338) log Agpp
- This indicates a factor of two greater range in the S-wave anomalies and
‘fs a relatively good degree of correlation (r = 0.802) for the southern
?:2 azimuth. For the northwestern azimuth (Figure 6b) a similar relation is
. found:
§§ log Agps = =0.414(20.050) + 1.698(+0.310) log Agpp
: : The correlation coefficient 1s r = 0.767. In both cases the amplitude
fi anomalies have been determined for earthquakes spanning a fairly small
gi range in azimuth from each station. Comparison of the S anomalies from
'Ei ! the Sea of Okhotsk with the average P anomalies from all Russian test
f- sites (which generally span a northern azimuth from each station) shows )
E' greater scatter (Figure 6c). The corresponding relation is: 3
. .
: log Agpg = =0.292($0.142) + 2.591(+1.581) log Agpp *
f:; This increase 1in scatter (r = 0.337) may reflect the azimuthal ]
;5 sensitivity of the receiver structures beneath the WWSSN statioms, or it i
h 9
Z |
|
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‘i: may indicate the greater variability of amplitude patterns for shallow
ﬁ&g high frequency events. The similarity of the relations for the
%;f: northwestern and southern azimuths argues against the first alternative,
RN whereas Butler and Ruff [1980] have shown that amplitude patterns for
:E% explosions at sites in as close a proximity as Northern and Southern
f;é Novaya Zemlya can have significant relative trends. This may be due to
i near source structure or contamination due to tectonic release.

§£ Lay and Helmberger [1981] have shown that long-period P and SH
SS amplitude patterns from South America track rather closely as well, with
‘é#. relative variations being consistent with attenuation variations
;s& assuming all losses are in shear. However, the long-period amplitude
?S:S variations are so large that explaining them by frequency-independent Q
;éa variations predicts short-period amplitude patterns that are poorly
3;; correlated with and have a larger range than those observed. While
-:2 frequency dependent models can be contrived to reconcile the data there
’;” is little correlation with geographic province or travel time anomalies.

v 2s
(Y

— 4

This indicates that receiver structure or propagational effects dominate

xi: the long-period amplitudes, as was proposed by Booth et al., 1974, and
By it is possible that part of the correlation in short-period amplitudes
yj}; for P and SH is produced by receiver variations as well. Computation of
:ag ' amplification effects for plane layered receiver structures using the
E Haskell matrix techniques indicate that relative short-period P- and
f:é S-wave amplitudes can track closely for a wide range of models. It is
;E? also interesting to note that At* estimates made from long-period body
" wave spectra do not accurately predict short- or long-period amplitude
k?; variations for North America [Lay and Helmberger, 1981], nor are they
o
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N well correlated with short-period travel time anomalies on a global
?il scale [Mikami and Hirahara, 1981]. This may suggest that the At*
?Z estimates at long periods are contaminated by three dimensional receiver
.\; structure or other effects not related to upper mantle attenuation.
:z& The correlations shown above between short-period S amplitudes and
‘
52 travel times and short-period P and S amplitudes predict a correlation
between P amplitudes and S travel times. This is in fact observed as ‘
:; shown in Figure 7. The P amplitude anomalies from the northwestern ;
:é azimuth are compared with the S travel times from the Sea _€ Okhotsk,
| with the relation between them being
o
: log Agpp = =0.001(£0.043) - 0.026(0.017)Tg
:ﬁ} A value of r = -0.318 was found for this comparison. Once again, it
.‘ appears that a steplike shift in the amplitude level between the fast
é: eastern (circles) and slow western (triangles) provinces is an equally
iés valid interpretation.
Numerous studies have found that for North America S-wave travel
fié time anomalies are roughly four times the corresponding P-wave anomalies
::g {Doyle and Hales, 1967; Hales and Roberts, 1970; Sengupta, 1975]. 3
This requires upper mantle variations preferentially affecting the ’
rigidity [Hales and Doyle, 1967; Hales and Herrin, 1972]. On a global
§§ ' basis the relation between S and P anomalies appears to be different

from that for North America, with a relative factor of 1.8 to 2.4, which

)
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:i does not require significant lateral variations 1in Poisson’s ratio

" 9
Ca

", [Poupinet, 1977; Wickens and Buchbinder, 1980]. It has also been

. proposed that the relation for North America has been misinterpreted if

:i more than one physical parameter varies in the upper mantle [Romanowicz
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and Cara, 1980].

In Figure 8 we compare the S-wave travel time residuals from the
Sea of Okhotsk and Argentina with the azimuthally dependent P-wave
station anomalies (TP) of Dziewonski and Anderson [1982), which have the
form

Tp = A + B cos(¢~¢;) + C cos[2(¢-¢,))

The azimuths, ¢, used to compute the P residuals are the appropriate
azimuths from each station to the Sea of Okhotsk and Argentine source
regions. Figures 8a-8c show the northwestern azimuth comparison, with
the first panel wusing the azimuthally independent term (A) of the P
residual only; the second including the cos¢ term; and the third
including the cos2¢ term as well. Since not g}l 5 coefficients could be
determined for each station there is a slight attrition as higher order
terms are added. However, this does not accouﬁt for the significant
reduction in scatter of the correlations as the azimuthal terms are
included (r = 0.45, 0.62, 0.77 in Figures 8a, 8b and 8¢ respectively).
The value of the slope given by the major axis regression is indicated
in each panel. Stations in western North America are indicated by
triangles. Note that these are slow for both P and S, and there is
little overlap between the provinces. The slope in Figure 8c is
somewhat higher than the typical value of approximately 4, and the small
scatter indicates that this may be significant, The lower value has
alvays been determined using azimuthally averaged data, which may have
resulted in an underestimation of the relative behavior, or it may be

that the Sea of Okhotsk source region and/or lower mantle path effects

account for the discrepancy.
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The Argentine comparisons are shown in Figures 8d-8f. Here the

reduction in number of stations with higher order P anomaly azimuthal
terms is more severe, but there is again some indication that a slope
significantly higher than 4 may be appropriate (r = 0.45, 0.45, 0.68 in
Figures 8d, 8e and 8f respectively). The separation between the eastern
and western provinces is not as clear as for the other azimuth, which
results from the anomalous S and P travel time anomalies that affect the
East Coast stations. The azimuthal variations are similar for both P
and S for the latter stations, and are too strong to be produced at
shallow depth in the upper mantle. It is likely that some of the lower
mantle path anomaly detected in the S-waves by lay [1982] has been
mapped into the P-wave station anomalies forlphe southern azimuth. For
both azimuths the correspondence between P and S travel time anomalies
is quite good and there 1is 1little evidence for a baseline shift and
decreased slope between the eastern and western provinces like those
indicated by Romanowicz and Cara [1980]. The importance of azimuthal
terms in the station anomalies is strongly supported by these data.
Discussion

By determining the relationships between travel time residuals,
amﬁlitude anomalies and attenuation variations i1t will ultimately be
possible to constrain some important upper mantle processes, following
approaches similar to that first employed by Solomon [1972]. This paper
has shown that there is a clear, though weak, correlation between
short-period P and § amplitude anomalies and S-wave travel time
residuals. In general, western North America records low amplitudes and

late arrivals relative to the east. While this result is qualitatively

1
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s consistent with many previous studies, it is the first to compare a
:Ei large data set of short-period S amplitudes and travel times obtained
;%f from the same signals with P amplitudes that are similarly processed. .
~. It i8 strongly indicated that a steplike change in amplitude 1level
\%g occurs across the Rocky Mountain front, with amplitudes within the
ji; eastern and western provinces being poorly correlated with travel time
~ variations. The step between the average short-period S-wave amplitude
?S levels is a factor of 2.4, which approximately corresponds to a
53 At; = 0.8 sec for the 2-4 sgec periods of the observations [Lay and
#;: Helmberger, 1981}. Assuming all losses are in shear, this indicates
Eij At: = 0.2 sec, which produces a factor of two variation in amplitude at
:£3 1 sec period. This is consistent with the average omy (0.26) value
5 between the provinces [Booth et al., 1974; Der et al., 1975], and with
is sverage differences in At: from high frequency spectral analysis [Der et
‘i§ al., 1982]). The long-period S-wave amplitude variation predictad for
. At; = 0.8 sec is about 202 [Lay and Helmberger, 1981], which 1is
&E . consistent with the 182 variation found in Figure 5b. The associated
:: S-wvave travel time step 1is about 4 sec. Superimposed on this
v attenuation-controlled amplitude variation are many individual station
2; variations that are not associated with travel time anomalies and
$E ' presumably reflect receiver structure or scattering effects within the
t: mantle. These amplitude variations are comparable to those produced by
'S; attenuation variations. The long-period SH~wave amplitudes show no
:ﬁ overall correlation with travel time anomalies, though within each
i' province there is a tendency for later arrivals to be enhanced, thus it
%i is probable that receiver structure or other propagation effects are
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responsible for much of the substantial variation in long-period
amplitudes. There 18 recent work using body waves that shows that
lateral variations in upper mantle shear velocity structure beneath
North America are distributed throughout the upper mantle to a depth of
400 km [Grand and Helmberger, 1983). Future work with body waves will
be needed to determine whether the variations in Q are similarly
distributed or concentrated in a narrow channel.

The relative variation of S and P residuals may have a steeper
slope than previously found in studies which neglect the azimuthal
variations in station anomaly terms. If this proves generally valid,
even more dramatic wvariations in rigidity in the upper mantle are

required, or possibly alternate mechanisms such as anisotropy.
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Table 1

Sea of Okhotsk Argentina

.‘\
~
A
"

it W XN

STA Asps Arps Ts Asps ALps Ts

AAM 0.63 0.50 -2.87 0.69 0.53 -1.86 E :
N ALE 0.77 0.63 -2.28  — —— — E .
& ALQ 0.26 0.60 2.81 0.32 0.40 0.62 W
. © ATL 0.28 0.45 -2.71 0.22 0.39 -3.29 E
BEC — -— -— 0.59 0.54 0.87 E
- BKS 0.38 0.61 3.62 0.32 0.63 2.91 W
- BLA 0.73 0.64 -1.23 0.67 0.64 0.85 E
- BLC _— 0.67 -3.04 —_ e — E
3 BOZ 0.18 0.61 1.50 0.10 0.29 1.00 W
cMC 1.19 1.30 -1.31 -_— — -— E
COR 0.38 0.54 3.36 -—_ — -— W
o DAL 0.66 0.40 -1.98 2,43 0.79 0.26% E
N DUG 0.33 0.61 4.36 0.13 0.46 3.39 W
3 EDM 0.63 0.71 -0.88 — -— -_ E
- FBC 0.51 0.55 ~5.43 —_ .  — E
- FCC 0.93 0.72 -1.62 -— -— E
| FFC 1.06 0.65 -0.10 _— —_— —_— E
¢ FLO 0.79 0.51 -3.26 0.69 0.24 -3.81* E
) FSJ 0.96 0.65 2.58 -— — — W
p GEO 0.29 0.53 -2.33 0.31 0.64 1.89% E
: . GOL 0.18 0.47 1.92 0.16 0.46 1.41 W
GSsC 0.22 0.47 1.78 0.30 0.46 3.12 |
GWe 1.31 0.73 -4.19 0.70 -— -0.62% E .
> HAL — 0.39 -1.91 0.53 0.81 0.50% E K
(-, INK — 0.71 ~1.61 — — — E 2
N Jcr 0.34 0.51 -1.12 0.72 0.54 -0.34 E "]
5 LHC 0.37 0.49 -4.80 0.54 0.50 -2.61 E 3
3 LND — — —_ 0.39 1.42 -1.64 E o
LON 0.09 0.56 0.77 — —_— -— W ﬁ
g LUB 0.40 0.57 0.26 1.03 0.59 -1.26 E )
¥ MBC 0.76 0.73 ~1.00 ——— — — E N
b MNT 0.36 0.79 -1.62 0.15 0.23 1.49% E 2
L 06D 0.34 0.37 -3.12 0.22 0.61 2.40*% E y
3 OTT 1.06 0.54 -4.61 0.53 0.49 0. 24% E X
OXF 2.69 0.55 ~1.42 0.86 0.32 -3.59% E N
2 PHC ° —_— 0.56 2.16 o -— _— W N
K PNT -—_ 0.56 -0.53 —— -— -— W -
. RCD 1.15 0.70 1.21 0.69 0.36 1.26 E
o RES 0.41 0.76  =-0.23 —_ — — E :
’ SCB — 0.60 -4.66 — -— — E ‘
SCH 0.36 0.44 -2.40 0.33 0.52 -0.20% E 5
SCP 0.75 0.45 ~3.44 0.59 0.85 3.06% E :
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SES 0.90 0.75 2.80 —
SFA 0.79 0.55 -2.69 0.69 0.71 1.95%

Y
":': SHA 2039 0097 2-00 1001 0.61 -2064*
e STJ — 0.76 ~0.54 0.81 0.79 0.97*

BN TUC 0.17 0.39 2.42 0.14 0.28 1.17
= VIC 0.46 0.49 1.38 —

WES 0.54 0.53 -1.72 0.22 0.36 1.97*
~ YKC 0.45 0.59 -1.64 —

Ity £ £ e

*Argentine data with anomalous travel times.
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Figure Captions

Figure 1.

Figure 2.

Figure 3.

Azimuthal equidistance projections centered on the Argentine
(left) and Sea of Okhotsk (right) source regions. The
locations of the intermediate and deep focus event epicenters
and recording stations used in this study are shown. The
stations with an asterisk are designated as stations within
the western tectonic province. GSC, RCD and SCH are
approximately 80° from the Argentine source region. SHA

ranges from 78° to 88° from the Sea of Okhotsk events used.

Short- and long-period SH components and amplitude ratios of

the Argentine event of January 17, 1967 recorded at North

American WWSSN stations.

Top: The mean and standard error of the mean of the S-wave
JB residuals at North American stations for the Sea of
Okhotsk and South American source regilons. Only those
stations at which anomalies could be determined for both
az{muths are shown. Source region baseline corrections have
been determined wusing the first 11 stations from the left.
Bottom: Comparison of the station amplitude anomalies from
the Sea of Okhotsk and Argentina short-period SH data. The
relative amplitudes have been adjusted to wminimize the

scatter at each station following the procedure described in

Lay and Helmberger [1981].
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Figure 4.

Figure 5.

Figure 6.

......

(a) Comparison of short-period S-wave amplitude anomalies and
station S-wave residuals in North America for the Sea of
Okhotsk (empty symbols) and Argentina (filled symbols) source
regions. (b) A similar comparison for long-period S-wave
amplitude anomalies and S residuals. The curves are major

axis regressions assuming equal weighting.

(a) Comparison of short-period S-wave amplitude anomalies and
S residuals after anomalous East Coast and Mississippi Valley
observations from Argentina are removed. Tectonic province
stations are indicated by triangles. The squares indicate
the mean travel time and amplitude values for the easteru and
western provinces. The s8o0lid curve 18 & major axis
regression for the whole data set, and the dashed curves are
for the two provinces separately. (b) Same as in (a) but for

the long-period S wave amplitudes.

Comparison between short-period WWSSN S and P amplitude
anomalies for (a) South American earthquakes; (b)
northuwestern azimuth earthquakes; and (c) Sea of Okhotsk
earthquakes (S) and Russian nuclear tests (P). Solid symbols

indicate western U.S. stations.




Figure 7. Comparison between P wave amplitude anomalies and S wave
travel time residuals for the northwestern azimuth.

Triangles indicate western North America stations.

345 Figure 8. S and P travel time residuals for the Sea of Okhotsk azimuth
-
;aj (a)-(c) and the Argentina azimuth (d)-(f). The P-wave
3

station anomalies of Dziewonski and Anderson [1982] are used

gﬁq with the azimuthally independent term alone (a),(d);

B .
s, u_#.
o~

te 4

inclusion of the first cos¢ term (b),(e); and inclusion of

bl

both the cos¢ and cos2¢ terms (c),(f). The value of the

»
D
(Y
o

slope in the regression Ig = a + bTP is given for each panel.

2

[y
Tael

Triangles indicate stations in the western tectonic province.

o’..l.: v

R et ]
e = »
RV N
‘. s s AN

i

Y

Al g
pAZLArA

[ A )
P

...................

R N TG A T I I N R AP IR T U I T S L SRR UL I N IR A W SRR
\._‘\__x_x.,\'\-...-.;,\\\._\..._*.‘. A A LT R S A



.
4y

A M A A R
et . . . .

. A T

A’ dadi Sl )
LIS R

"‘-";"1 'T ry

A

m‘lv PR diae et S i P SRS Ay At~ gL AR S Ear gm0, R

~
2

mn
1'al

— %

SIUIAT MSIOUNO X
SUOHDIS NSO =
SUOIOIS NSSMM v

e ——
=~ siRuandy was3 daag X
SUoDIS NSD) @
/ﬂ o SUONDIS NSSMM ¥
o3gv w %
475039 WHS oIA10g (2)-X
090 Ve v
WM o&uuqquxo
A vy viop nsad (2) =X
rLSR7 e .._Mﬂhomum 014 J,«e._;_.j
Has " v N1
IHT v TQW©
IMN 5,y 0O e
J84(§ 304 Sc3sm tN(OQMVDD v
o g Wa3m ‘LNov yd o
4.8 <LNd®g¥ »
. 8 gl
I K e DA
.. L) of'S325Hd
PH8RE Yt
S, ouw
R R
“« ¢

SEF PP AL,
-y e B ey

.J\d\d .,\-am v .u.‘

-

FrARR S 4

e E

P c -», - ———— o ——
VNN M Fo o) | T

)

CI e

\

~° ." ..- h'>~ '..- W ’
A.'AYA\J )

gy

T

NCAS

-;- :

T Y

.o -

AR

BTN

- .

RARA

P
ALY

-

ol

¢

2
, [ 4

w7
.“.q\
~F
~3
l.m .



© 56

A LR ’ n.!._ luﬂv.‘&
T e o STV YNY,, Ak

ARGENTINA Jon. {7, 1967

l-‘l
Y
’ v
B

-
.cﬁh
.

S

5

o

iy

-
a9

.'b"_. F

11111



T Ty g T g N T Ty T e W Y e T Y Ly vy LYY vy T .
areiine e e Jhe B s S B ACEL L I AL M RO AR AR SR SRR AN

‘ 20 g2 8 A durs A e e e i (i SRS
,

e
N . .
Y ' 57
2
i 8T TTT T I T T T I I T T T T T T T T T T TTTTTTTTTT]
X, [
X 6 S Residuals J
R, CaAt i
s | ° l 1
=)
z Zgiii; . t lll §§ o
€ o % gi ¥ . ]
o] x o ° $
@ e mg ] g
@ ¢t iui °§ ® 1
m'ZL . lxi
D .2- P * X' ] o I 9
% S _4} © Argentina 3 ; g « I X x 4
3 @ & Seo of Okhotsk .‘g s 2 i J
4 ‘6' © Bolivia . ° II e
v | X Peru J
NN NS EN NN E NN
» ' CSC* DUC* XT COD¥ DAL SHA FLO LHC BLA SCP OGD OWC WES SCH HAL
‘. BKS* TUC* ALOX LUB BAZ* RCD OXF ATL AAM LND GEO OTT MNT SFA BEC STJ
L OO T T T TT T T T I I T T T T I T T I T I 7T TT 71T
' SPSH Amplitudes } o Argentino
o x Sea of Okhotsk
3 2 ;
2 220 fi """ }: FEY %i """""""" § """"" 5
E !% bl 3% =o
10 i) - =
S > g i { i }
3 Y S % SU— E Se— oo e
Pa ¥ ;§ ; o
t
‘4"- ' oylliti L v e vt vy
¥ GSC% 0UC™ JCT GO DAL SHA FLO LHC BLA SCP OGD CWC WES SCH HAL
BKS™ TUC* ALO™ LUB RCD OXF ATL AAM LND GEO OTT MNT SFA BEC STJ
2,
2
4
)
‘

>




’b—/‘ M

e

1 SRESARAL Sy

ik’ | SCA

EC AR 4N

e
L

¥ o,
28 AKX ' AP

6 -6

=
)
p—
Q
o
R A R P A

-------

......................

S Residual (s)




59

Cha] "I T‘ ‘.."“r-

TS ACRIrS Sut el 1 N Ent A guines Ml S A

LVl St At ety
-
v

(s) |onpisay S
9 b é 0 é- - 9-9 14 é 0 c- b- 9-

T ] T T T T T T ] ] 'O

L 1 1 1 1 1 1 1 1 L 0Ol

ARRIAL. PAanG  SNAMEAD.  NARRIOL AN | NLOLON ) BOOOAERY | XSXARANLY AR,



Bt a il b L ah Al ar ARdreasr ar L 8 an o n
.................
...............

A
e N .
CH L P
AR R PR

e 2
e e S N e
A x':s‘:.;"' -

MAAPRCEA g
V.

o e 0T
Aol ok

AP

apnyiidwy d aalojRY

oot 02 01 G0 10 OOl 0¢ 01 <0 O OOl 02 01 G0 o .
" o

o 2% e e T

™ ¥ T T T

: 4
. .‘Q-A
| ; 4 K

[ i - 1508

.. I ® X
: 1t 1t {ot o 7
> e
g i 17T {1 {oz 3 3
; =
. I | [ & 2
y 1 r 1 2
¢ () (D) R
J , ool D

ARALE Ry LSOOG AR T AR CERARRES SRR, oL ; AROAr s TEYPYPYY PP
: I x ol B AN AR ARKSS SANNY. Ty | LAY | EXXXXE |  XXXAKAA: |, SRR



R N

-
“u

.\:‘ 1

-
o
-‘. '

M |
0O
S Residual (s)

" Ymtata ¥ et
AR ‘J - .~.
. . h " >

.

. S ;
g o VY - o :
.“ apnidwy 4 9ALDjRY ;

NN DR,  NOLALY SEINT OEDr AALARA s e N S e R e i TR T el s A e

Ny e pl



. 62

- ¢

(S) Ionpisay d

0 é-

4

0

'
e L p— — p— e -—— p—
0]
@ @
p— - - % - b ° - oo
@
= - - Q - b R % -t -
@, 0]
@ B,
- = e e - o e e 4 pe
v, v
v 40 v 49
e - o - b - b
¥6°0 Iv9e=q| v8°2¥62L=q| IbE$106=9
N Y)) , (@) . (P
Ay Te Iy cre e n v e vy e, . . e
IS 4 M .....a..,u.. ) ....., “}.. N : ..\..\. K ...4....#1\,?... L s e \a....s..?\,. _ PR ....‘.,......“., JWVM«JH\N

(S) jonpisay S




.......
......................

T e - T h N W R T TR T ETRE T L T AR T LR AT AT AR T T TR e T e T
v b 2% B A e A - ST o o LN A L [ RS A
LSS & S Al Sl At I AT SN PO AT .
A
&

-.’
\':
> 63
N Iv
4
s J
,:‘. EVIDENCE OF TECTONIC RELEASE FROM UNDERGROUND .
".. :
o NUCLEAR EXPLOSIONS IN LONG~PERIOD P-WAVES b
\:;: ‘
"I [l
¥ ~
- ]
oa
b

N v

v

X

Y

Terry C. Wallace

:.
& Don V. Helmberger
-_‘11
fﬁ Gladys R. Engen
P Ll

..l

¥

x‘

\Q

"0

Seismological Laboratory

N A

0 California Institute of Technology

;: Pasadena, California 91125

.’1

2
’ fl

" ‘ July 31, 1982

. revised October 11, 1982
:3
: :

]

-
-
-

...‘:.

(to be submitted to Bull. Seism. Soc. Am.) 4

"‘
Al
2
.

Ce
*4
‘
bt
-




L

Chi AT

'

&

| /SO

ABSTRACT

In this paper we study the long-period body waves at regional and
upper mantle distances from large underground nuclear explosions at
Pahute Mesa, Nevada Test Site. A comparison of the seismic records from
neighboring explosions shows that the more recent events have much
simpler waveforms than those of the earlier events. In fact, many of
the early events produced waveforms which are very similar to those
produced by shallow, moderate-size, strike-slip earthquakes; the phase
sP 1s particularly obvious. The waveforms of these explosions can be
modeled by assuming that the exp;osion is accompanied by
tectonic-release represented by a double couple. A clear example of
this phenomenon is provided by a comparison of GREELEY (1966) and
KASSERI (1975). These events are of similar yields and were detonated
within 2 km of each other. The GREELEY records can be matched by simply
adding synthetic waveforms appropiaté for a shallow strike-slip
earthquake to the KASSERI observations. The tectonic release for
GREELEY has a moment of 5 x 1024 dyne-cm and is striking approximately
340°, The identification of the sP phase at upper-mantle distances
indicates that the source depth is 4 km or less. The tectonic release
time function has a short duration (less than one second). A comparison
of these results with well studied strike-slip earthquakes on the west
coast and eastern Nevada indicate that, if tectonic release is triggered
fault motion, then the tectonic release is relatively high stress drop,
on the order of several hundred bars. It is possible to reduce these
stress~drops by a factor of two 1f the tectonic release is a driven
fault; that is, rupturing with the P velocity. The region in which the

stress is released for a megaton event hags a radius of about 4 km.
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Pahute Mesa events which are detonated within this radius of a previous

explosion have a substantially reduced tectonic release.
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INTRODUCTION

It is well documented that certain underground nuclear explosions
require sources which have substantial non-igsotropic components (Press
:Fs and Archambeau, 1962; Toksoz, Ben-Menaham and Barkrider, 1964; Toksoz
N and Kehrer, 1971; among others). The surface-wave observations provide
. the evidence which 1is most commonly cited for this source asymmetry.
gié For example, for the explosion GREELEY, the observed ratio of the Love
- to Rayleigh wave excitation is much larger than would be predicted for a
pure explosion source and ocat;ering in a simple layered earth. Ia
Esﬁ addition, the Rayleigh waves display a radiation pattern (Toksoz and
f Kehrer, 1972). 1In the case of the Shagan river region of the Eastern
Kazakh Test site, explosions which are only kilometers apart produce
é&g ) Rayleigh waves which are 180° out of phase (North and Fitch, 1981;
2 Goforth 1982). As for body waves, SH waves at teleseismic distances are
g a fairly common observation (Nuttli, 1969). Similarly, in the near
~k’{ field, ther: are tangential accelerograms which are much too large to bdbe

‘ explained by simple scattering (Aki et al., 1969).
o A widely accepted explanation for the phenomenon of SH-type seismic
ii;f wave generation by explosions 18 the release of tectonic strain.
: Considering the abundance of examples for the influence oS tectonic
release on SH and surface waves, it is somewhat surprising that there is
g;i very little documentation of its influence on P waves. Johnson et
o al. (1982) have shown that moment tensor inversion of three-component,
strong-motion data (the data encompasses both P and S waves) can be
%é interpreted in terms of an explosion plus a double couple, although the

effect of the tectonic release on the P waves is not obvious. No one

has presented a set of teleseismic short-period P waves which are
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Ei clearly distorted by tectonic release. One of the more widely accepted
?} explanations for the lack of an obvious tectonic release signature on
“Q: short-period P-waves is that tectonic release 1is a 1low stress-drop
;25 phenomenon (Bache, 1976). In the case of NTS, the low stress~drop would
“; conspire with the strike-slip radiation pattern (which does not radiate
i? P~waves efficiently to teleseismic distances) predicted for tectonic
;Ei releagse from the surface waves to make the short~period signature very
2 difficult to observe in the far-field body waves. In this paper we
%3: present a suite of long-period P waveform distortions which we have
if: modeled as tectonic release. An unexpected result of our modeling
(§ analysis is that, 1if the tectonic release is interpreted in terms of a
f;f triggered earthquake, very high stress drops are required. This
;}g ' apparent inconsistency with the short-period data may help resolve the
R mechanism of tectonic release.
‘Eﬁ The data set which we use is the long-period WWSSN recordings at
Sg regional and upper-mantle distances from megaton explosions at Pahute
$? Mesa. At regional distances (less than 12°), the long-period body waves
's: are essentially crustal reverberations and very little diving ray energy
2; is present. Fairly complete azimuthal station coverage at regional
é’ distances allows fhe determination of a radiation pattern and moment for
J the double couple. Beyond regional distances the dominant body-wave
-2% arrivals are diving rays (rays bottoming below the Moho) and the phase
jj sP can be identified and used to determine source depth and duration.
fE The purpose of this report is to qualify the effects of tectonic release
;; for these large explosions with this data set.
N
o
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COMPARISON OF EXPLOSIONS AND EARTHQUAKES

The set of observations that first lead us to suggest that there is
a tectonic release signature on the long-period P waves is the striking
similarity between the seigsmograms of certain NTS events and shallow,
moderate-size earthquakes. Fortunately, long-period seismograms for
earthquskes of this size are fairly well understood at regional through
teleseismic distances. The use of synthetic seismograms allows the
separation of the travel path and source effects and it is possible to
identify the various phases such as P, pP and sP. A comparison of the
well understood earthquake waveforms and those of an explosion can be
used to isolate S-wave energy in the source. An earthquake of
particular importance to this study occurred in eastern Nevada
(-b = 5.6, ISC) on August 16, 1966. The proximity of this event to NTS
(~200 km due east) allows us to calibrate the travel paths. In
addition, the £fault orientation 1is roughly consistent with that
predicted for the tectonic release at NTS. Appendix I gives the
detailed analysis of the regional waveforms for the source parameters of
this earthquake.

Figure 1 -ﬁowa a comparison of the tangential records for the
Kevada earthquake and the nuclear explosion GREELEY (12/20/66). The
stations shown here (YKC, CMC and MBC) have source-station separations
which are almost identical for the explosion and the earthquake. These
stations are also very close to being naturally rotated, which makes it
possible to compare the SH and Love waves for both sources directly om
the E-W component. In Figure 1 the records are aligned on the SH
arrival. Although the record from GREELEY is noisier, the coherence

between the explosion and earthquake 1is remarkable. The earthquake
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:ﬁ depth i¢ on the order of' 6 km (see Appendix I) while the explosion
;i detonation was at 1.2 km depth. Considering this difference in depth,
ﬁs the coherence of the surface waves is also quite good. The SH pulses at
:is MBC have been enlarged and very nearly overlay. The similarity between
& these seismograms suggests that the time function and mechanism
‘gi associated with the GREELEY tectonic release must be similar to that of
53 the earthquake. This leads us to believe that the long~period P waves
A from the GREELEY tectonic release should be visible wherever the
-ii earthquake’s P waves are apparent. On the basis of the comparison in
.;3 Figure 1, it 1s possible to place a lower bound on the moment for the
f?ﬁ tectonic release of 4.5 x 1024 dyne-cm. This lower bound 1is based on
ng the fact that the northern azimuth 1is in a similar part of the SH
Sg radiation pattern for both the earthquake and tectonic-release /
w orientations, within 20° of the maximum. -

‘j;’ Another earthquake which provides an interesting comparison with
'E; Pahute Mesa explosions occurred in Northern Baja on December 22, 1964.
A The earthquake has a strike-slip orientation (see Appendix I for the
»{ﬁ detailed source parameters) such that ALQ and LUB are near the positive
}g P-wave radiation lobe. The tectonic-release orientation predicted for
ij RTS on the basis of surface waves (right lateral strike-slip) also puts
:j these two stations in the positive lobe. A comparison of the waveforms
.SE for the Baja earthquake and BOXCAR is shown in Figure 2. At the
;} regional distance of ALQ, the waveform is essentially crustal
sx reverberations. There 1is very little mantle ray energy present because
E% the distance range is in the shadow of a low-velocity zone. At the
WK slightly larger distance range represented by the LUB records, the
ﬁ{ﬁ shadow zone has been passed and diving rays play an important role in
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_:'f the waveform.

=2 A comparison of the explosion and earthquake records at ALQ shows
i? that they are similar. The PL from BOXCAR has a higher frequency
Eig content than that from the Baja event as would be expected from the
i higher frequency of the time function of the explosion. Although the
,Sf larger distance for the earthquake makes the waveform slightly more
35 dispersed, the 1long-period content is fairly coherent. At LUB, the PL
'&d on the earthquake record 1is again 1longer period than that of the
iﬁ explosion. In the beginning part of the record there 1s a clear
‘ii separation of arrivals. For the earthquake we can wmodel the second
X

arrival as sP. Note that there 1is a similar separation of arrivals for

o A

-

BOXCAR, which is suggestive of a similar phenomenon. The shallower
depth of the explosion (1.2 km compared to 8 km) can explain the less

dramatic separation, but it appears that there is significant S-wave

N energy present in the explosion time function.

.13 Figure 3 shows a profile of synthetic seismograms for a strike-slip
: fault. The earth model wich was used is a single layer crust over the
?; T7 (Burdick and Heluberger, 1978) mantle. The ALQ seismogram for the
3

Baja event corresponds to the record at 900 km while the LUB geismogram
- corresponds to the record at 1300 ikm. Our ability to predict the

earthquake waveforms assures that we are correctly identifying sP. In

I R &

the synthetic profile the effect of the low-velocity zone is fairly

§ XX X7 \: PRI oo

.
DO

.
~

obvious; the seismogram at 800 km i{s clearly in the shadow while 1000
km 1s out of the shadow.
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ANALYSIS

The megaton explosions at Pahute Mesa provide a good data set for a
systematic analysis of tectonic release. The large size of the events
produced usable long-period P waves out to 30°, Figure 4 is a base map
of Pahute Masa showing the location of some of the larger explosions.
The outline of the Silent Valley Caldera, which is an important
geological feature on Pahute Mesa, is also shown. The explosions in the
western half of the caldera are the most important for this study. The
sizes and depths of burial for these events are comparable (see Table 1)
which allows us to assume that the explosion time function is constant.
The close spatial relationship of the detonations suggests that the
near-source structure is also similar for all the events (at least in
the long-period pass band). Therefore, we can interpret differences 1in
the waveforms for several explosions in terms of tectonic release. It
is particularly interesting to compare events which are very close in
space but separated in time such as GREELEY and KASSERI or BOXCAR and

COLBY.

Upper-Mantle Records: 1Ideally, at upper-mantle distances the

vaveforms from explosions should simply be the product of the
interaction of the source time function, the rays P and pP and the earth
structure. The addition of a component of tectonic release adds another
time function convolved with the set of rays P, pP and sP. If the NTS
tectonic release has the strike-slip mechanism as indicated by the
surface waves, then the most important phase at upper mantle distances
should be sP. Figure 5 shows the long-period vertical seismograms for
eight of the Pahute shots at the WWSSN station SHA (An24°). All the

records are plotted on the same amplitude scale. The records have been
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ordered according to the importance of the second upswing relative to
the first upswing. About 4 1/2 minutes after the P wave is8 a
long-period arrival whogse timing corresponds to the travel time of SV.

There is a strong correlation between the ratio of the second and first

~ upswings in the P-wave signal and the size of SV (compare the first

swing, or a-b P amplitudes to the SV amplitudes). This strongly
suggests that the second upswing in the P wave train is controlled by an
S wave, namely sP. Given this interpretation, the records in Figure 5
are ordered from least to most tectonic release. Note that KASSERI has
a much smaller tectonic release than GREELEY which was detonated nine
years earlier.

On the basis of the SHA comparison, BENHAM would be assigned the
largest tectonic release. On the other hand, Toksoz and Kehrer (1972)
assign an ¥ factor of 1.6 for GREELEY compared to 0.85 for BENHAM. The
F factor 1is the relative strength of the double-couple (tectonic
release) and explosion as determined by the ratio of the Love-wave to
Rayleigh-wave amplitude. The difference between our assessment of the
importance of tectonic release and that determined by the F factors is
that Toksoz and Kehrer assume a pure strike-slip mechanism for the
tectonic release. In the case of BENHAM, preliminary modeling of the SV
pulse suggests that there is a small, but detectable (15-20 per cent),
component of dip~slip wmotion. This also agrees with observations of
surface faulting (Bucknam, 1969; Hamilton and Healy, 1969). Even a
ratio of 1-to-5 for dip-slip to strike-slip motion is important since
the dip-slip motion is much more efficiently radiated to teleseismic

distances.

The differences in the P waveforms, such as were discussed for SHA
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in Figure 5, are the types of waveform distortions we qualitatively
model as tectonic release at upper-mantle distances. There is a well
aligned profile of stations in the southern United States which
simplifies the analysis. The stations LUB, JCT, DAL, OXF, and SHA only
vary by about 10° in azimuth from NTS. This constant azimuth means that
the effects of radiation pattern can be neglected. Also, this station
profile is very close to the radiation lobe of sP as predicted by the
surface-wave orientation for the double couple. The type of analysis we
do 1s to compare the waveform of a low tectonic-release event with one
which is high., Figure 6 is an example of this process. Shown are the
COLBY and BOXCAR records at LUB (an12.4°). The main difference in
waveform for these events is the second upswing. The latter part of the
records are quite similar. This similarity suggests that omne could
simply add a component of tectonic release to the COLBY record and
simulate the BOXCAR record. Shown below the BOXCAR record in Figure 6
is such a simulation. In this case the tectonic-release synthetic has a
strike-slip orientation where the earth model used is a single layer
crust over the upper-mantle T7. This synthetic includes the large
number of rays for the crustal waveguide (the P,, response) plus the
diving rays in the upper mantle. There 1is a one-second time delay
between the double-couple component and the explosion, although the
S-velocity of the source region is larger (3.5 km/sec) than would be
expected for a shallow source (the crust is modeled as a single layer).
There is a tradeoff between the relative timing of the explosion and
double-couple and the S-velocity, but this aside, the prediction of the

BOXCAR waveform 18 quite remarkable. Peak for peak, the prediction and

observation of BOXCAR correspond back into the PL arrivals. The time

73




E:Ewm-avv..—.‘_-. Natat vt vobs sl i DU DM MEUEASDOLESEL AL ESSLOMILEC LSS SR CLEA A A 1
2y
iii 74
s
233 function for the synthetic has a 0.6 second duration. The moment that
N is required for this fit 1is 5 x 1024 dyne-cm. This is a minimum
}i; estimate for a pure strike-slip orientation. Although there 18 very
;; little seismic evidence for much dip-slip component in the BOXCAR
b tectonic release, a small component of dip-slip motion could lower the
;5 overall moment to 4.0 x 1024 dyne~cm (any larger component of dip-slip
:; motion degrades the synthetic fit at LUB). Although there is not much
N resolution on the depth of the tectonic double couple, which may have
iﬁ some effect on the time function duration, even the least favorable case
'?3 of the ratio of source duration to moment implies a high stress-drop

: (hundreds of bars) if the tectonic release is triggered fault motion.

g} The best example of this type of comparison analysis is for GREELEY
“42 and KASSERI. In this case there are four stations in the southern
i profile which are available for comparison. Figure 7 shows the records
::f at LUB, JCT, DAL and SHA. The records are very similar for the two
;E. events with the exception of the very strong second upswing on all the
At GREELEY records. The similarity of waveforms allows us to perform the
;ﬁ sane kind of exercise of adding a double-couple synthetic to the KASSERI
E% records to simulate the GREELEY records. In this case we chose a
- mechanism for the tectonic release which has a small component of
 §3 dip-slip motion (strike-slip to dip-slip ratio of 5-to-1). The dip-slip
'ﬁ component was used to lower the seismic moment required to get the very
= strong, second upswing at SHA. Figure 8 summarizes the results of this
'% synthysis. Again there 1s a one-gsecond time lag between the explosion
o

Eé and the tectonic release. The moments which were used for the double
2 couple were 5 x 1026 dyne-cm for the strike-glip component and 1 x 1024
é dyne-ca for the dip-slip component. The time~function has a source

1

{

. 1
{
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duration of 0.6 seconds (a triangle with 0.3 second rise and fall). The
overall fit of the simulations to observations is quite good considering
the large range of A’s. At LUB there is very little diving ray emergy
present, but at the distance of JCT the predominant arrivals are diving
and there is still coherence between the observation and prediction. At
DAL an arrival associated with the 400 km discontinuity i1s quite
important, but the GREELEY record is still well predicted (the 400 km
discontinuity causes the very strong second downswing). Finally, the
waveform at SHA is fairly simple and the effect of the tectonic release
sP is obvious. A slightly longer time function would improve the fits
at LUB and JCT (a time function of 1.0 second duration brings out the
interference in the second pulse at JCT quite well) but degrades the fit
at DAL and SHA. If we increase the length of the time funtion by 25 per
cent the stress drop decreases by a factor of 2, still a very high value
for triggered fault motion.

The comparison of records over this southern profile of stations

results in a consistent picture; the distortion of the waveforms can be

explained by the sddition of a double couple to simulate the tectonic
release. Unfortunately, there is not another profile of stations along -
constant azimuth with which we can conduct a similar analysis, so it is i
difficult to constrain the strike direction of the double couple on the

basis of the upper-mantle records alone. We can do a comparison of RCD

with LUB, which is approximately the same distance from NTS, but should
be in the opposite quadrant (negative) for the double couple. Figure 9
shows a comparison of GREELEY at LUB and RCD. Also shown is the RCD
seismogram for the 8/16/66 Nevada earthquake. 1The two explosion records

are quite similar, but appear to have the long-period content of the
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$g waveforms reversed in polarity. We have attempted to simulate the

GREELEY waveform at RCD by assuming that the Nevada earthquake waveform

-1 representative of the tectonic release, The earthquake waveform was

3

E: added to an explosion source synthetic. This sum is shown below the
.E GREELEY waveform. Although the waveform fit is not as good as that for
P the single-station comparisons, where the explosions have the same
’? source structure and travel path, it is 8till good enough to be
:? suggestive of several things. The long-period signature is fit quite
L well in that the ratio of the downswing to upswing amplitude for the
§§ second pulse 18 roughly correct. The difference in travel path length

SN,
i

wmakes the earthquake waveform slightly too dispersed. The orientation

S

n of the Nevada earthquake is similar to that which we would expect for

A '

the tectonic release, 80 the approximate fit of the composite

o 0™,

> seismograms to the RCD GREELEY record supports the hypothesis that RCD

and LUB are in opposite radiation quadrants.

"

'ﬁ Regional Distance Records: At regional distances the seismograms
» are very complicated due to the wavegulde nature of the crust. The mode
5‘ conversions (S-to~P and P-to~-S) at the surface and Moho are very
? important to the P,y waveform. Since the waveform is sensitive to both
;f P and SV it contains a large amount of information about the seismic
ey source. By making certain assumptions about the crustal structure it is
\ possidble to invert the P,y waveforms of shallow, moderate-size
N

earthquakes to determine the fault orientations (Wallace et al. 1981a).
On the other hand, a pure explosion source has a P,y waveform which 1is

quite distinct from those of earthquakes. The absence of S in the

e T

source and the very high frequency time function result in seismograms

which "ring". Under favorable circumstances, if a double couple is

ERy €

1=
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E§ superimposed on an explosion source, the waveforms are distorted in such
N a fashion that it is possible to recover the orientation of the fault.
Ei Certain systematic effects emerge for gsome of the seismograms from
&l the Pahute Mesa explosions. For example, the P , waveforms recorded at
" ALQ and TUC appear much more like those produced by earthquakes than
'$2 explosions. Figure 10 18 a composite of different explosions recorded
‘;z at regional stations. These long-period seismograms have been convolved
A with a filter whose impulse response is a triangle with a 2 second rise
;i and fall. Shown below the observations are a pair of synthetics which
57' have been similarly filtered. The synthetics were generated with
; generalized rays using the crustal model in Table 1 in Appendix I. For
;E each synthetié pair, the top trace is for an explosion source, while the
;ﬁ lower trace is for a double couple source which has a strike-slip
‘ mechanism. The orientation of the fault was taken from the surface
3 wave-work of Toksoz and Kehrer (1972): right lateral motion on a plane
2\3 striking N15°W. ALQ and TUC are in the radiation lobe for the tectonic
‘ release P,¢, while LON, which is i{n good agreement with the explosion
z; synthetic, is near a node. DUG, which is in the negative quadrant, has
S; a greatly reduced P amplitude. The first P pulse at DUG {is only two
> thirds that which would be predicted on the basis of HANDLEY records at
T: LON. This 1is significant in that the DUG P amplitude is not
EE systematically small. For a 1low tectonic-release event (COLBY) the
i; amplitude i1s larger than would be predicted on the basis of LON.
‘3 Although Figure 10 is a composite and no doubt the tectonic release :
‘J varies from shot to shot, it 1is highly suggestive that there 1is a :
¥ significant tectonic release signature on the P,¢ waveforus. i
{5 FAULTLESS was detonated about 100 km north of Pahute Mesa at Hot }
s \
A




;R? Creek Valley, Nevada. In contrast to the Pahute explosions, the

' FAULTLESS P waveforms show much lesgs evidence of tectonic release.
g Figure 11 shows the regional long-period records. Again the waveforms
%E: have been filtered as described above. Shown below each observation is
a synthetic for an explosion source. Although TUC 4is not fully

explained by an explosion alone, the tectonic release must be down by a

factor of 3 in comparison to GREELEY or a factor of 2 compared to

BOXCAR.
In this analysis it was assumed that differences between the

observed explosion and the explosion synthetics can be isolated in the

& source. To determine the importance of the tectonic release, a double

couple was added to the explosion synthetics until the fit to the

§§ observations was maximized. The attempt here is to qualify the nature

of the tectonic release, so each record was fit independently although

the orientation of the double couple was constrained to be the same for

all the records. The explosion synthetics were constructed using a

source time function described by Helmberger and Hadley (1981). They

: used their source time function to model both the near-in velocity

_é& records and the far-field displacements for HANDLEY, one of the

2 explosions considered in this report, so the values they determined for

: rige time and overshoot (k = 5, B = 2) were assumed for all the

lzg modeling. Changing the values of k and B within reasonable limits has

% little effect on the filtered synthetics. This is similarly true if we

-?; had used a Haskell (1967) source or a Von Seggern and Blandford (1972)
ii source.

R
e Strike-slip orientations have the 1largest effect on the Ppf

waveforms for explosions. The displacement response from dip-slip
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faulting 1s higher frequency than that for strike-slip motion (this is a
result of excitation) and generally adds or subtracts to the explosion
waveform without substantially changing it. Since the ratio of dip-slip
to strike-slip motion 1is small on the basis of upper mantle records,
only the orientation of the strike-slip component was determined.
Different orientations for the strike were tested for compatability with
the observations. Figure 12 summarizes the analysis, Shown are the
same explosions as 1in Figure 10 and synthetics generated for a
combination of double couple and explosion. The LON and COR records
have a profound effect on the strike of the double couple. The
contribution of the explosion to the waveform is much greater than that
of the double couple implying that these stations are near the node of
the radiation pattern, This 1is particularly true of LON for nine
different explosions. The bast fitting strike-slip fault has a strike
of N20°W, not significantly different from that of Toksoz and Kehrer
(1972). The numbers o the right of each seismogram pair in Figure 12
give the ratio of Pn displacement caused by the explosion contribution
to that caused by the strike-slip dislocation. Since differeat
explosions were used in the composite figure, no absolute moments are

given. Rather, these ratios give a measure of the imoortance of

tectonic release for a given azimuth.

DISCUSSION
The main interpretation of the previous sections is that tectonic
release has a significant effect on the signature of long-period P

waves. What now must be done is to integrate this observation with the
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previous work on surface waves and teleseismic short-period P waves.
There are two basic theories for the release of pre-existing tectonic
stress by an explosion. The first, summarized by Aki and Tsai (1972),
is the triggering of a dislocation along a nearby fault. The second, is
stress relaxation from the highly fractured zone immediately around the
detonation point (Archambeau, 1972). Most of the previous work on
tectonic release has relied on the surface-wave amplitude to determine
the moment which in turn was used to obtain the stress-drop by relating
the moment to the fault dimensions (as determined from aftershocks) or
the volume of pulverized material. Aki and Tsai (1972) argue that the
ratio of the fault dimensions to moment (the moments they obtain are
smaller although roughly consistent with those in this study) requires
16w stress—-drops; on the order of 10 bars. Since the surface waves
that are used in this analysis have periods longer than 10 seconds there
is little resolution of the time function. The shape of the time
function can be used as another measure of stress-drop. In most fault
models the time function is some convolution of a dislocation function
and source finiteness. Therefore, the time funtion is dependent on the
area of rupture as well as the average displacement on the fault.
Assuming certain average properties about the rupture and displacement
history, it 1s possible to relate the source duration to stress drop.
We use a simple model in which the length of faulting 1s approximately
the product of the source duration and the rupture velocity. Therefore,
the stress drop 1is proportional to the time function (for a given
moment, &8 time function which has a shorter duration has a higher stress
drop than one which has a longer duration). We can calculate a fault

length for GREELEY and BOXCAR on the basis of the time functions
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required to fit the upper mantle observations. Assumming a S-velocity
of 3 km/sec and rupture velocity of .8 , then the fault length is on the
order of 1.5 to 2 km. Using the formula (Kanamori and Anderson, 1975)
bo == o) (1)
a

where a4 is the radius of rupture would give a stress—-drop between 300
and 600 bars. This is an order of magnitude larger than Aki and Tsai’s
values., We can also compare this result to a number of recent studies
which investigate the relationship ©between source duration of
earthquakes and seismic moment (Ebel et al., 1978; Liu and Kanamori,
1980; Cohn et al., 1982). 1In all cases, the short duration of the
tectonic release translates into a stress drop which is an order of
magnitude larger than would be expected for an earthquake of similar
moment.

If tectonic release is a triggered earthquake, the frequency
dependence of the stress-drop 1is mnot without precedent. Numerous
authors (Hart et al., 1977; Lay and Kanamori, 1980; Ebel, 1980;
Boatwright, 1980; among others) have noted a large discrepancy between
the moment computed with the body and the surface waves. The asperity
model suggests that this phenomenon results from the body waves being
radiated from small, strongly coupled, isolated regions while the fault
as a whole radiates the surface waves. A similar argument can be made
for stress—drop; the asperities have a high stress-drop. It is
becoming apparent that for most earthquakes which are studied in detail
in both the near-field and far-field, faulting often involves high
stres--drop asperities (Hartzell and Helmberger, 1982; Wallace et al.,
1981b; Liu and Helmberger, 1982). 1If this is the case for tectonic

release, the question 1is not so much how to rectify the long-period P
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waves and the surface-wave stress drops, but rather, should there be a
strong short-period signature.

The 8/16/66 Nevada earthquake appears to be very similar to the
tectonic release from GREELEY, although the stress drop appears to be a
factor of two smaller. For this earthquake there were significant
teleseismic short periods at 30°, in particular on the east coast of the
U.S. Beyond 40° the short-periods were rarely visible on the WWSSN
network. This is an expression of the strike-slip orientation; P waves
are not efficiently radiated to teleseismic distances. The higher
stress drop from the tectonic release probably would cause records to be
written at larger distances. Since the main phase radiated is sP there
would be only a very small change in the a~b amplitude of an explosion
with a tectonic release time function similar to those in this study.
T. Lay (personal communication) has shown that at a distance of 50° a
strike-slip mechanism with a moment of 5 x 1024 dyne-cm will effect the
a-b amplitude by about 10 percent between maximum radiation lobes. On
the other hand, the part of the waveform which corresponds to the
arrival of sP has distinguishable differences. A comparison of
short-period waveforms on the east coast show only minor differences
between high and low tectonic release events. This leaves two possible
conclusions: (1) the stress-drop must be lower, or (2) the spectra of
the time function 1is peaked at 2~3 seconds. The stress—drops can be
reduced by a factor of 2 by assuming that the rupture velocity of the
tectonic release is approximately the P-velocity. In this case, the
mechanism of tectonic release is fault motion driven by the explosion.
Even with this reduced stress drop, the waveforms for high and 1low

tectonic release events recorded on the east coast stations should show
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more variance than is observed. Although it if difficult to comstruct a

time function which 1s etrongly peaked at the pass band of the
long-period P waves, the direction of rupture can produce a frequency
dependent effect. The very strong similarity of the GREELEY SH waves
with those of the Nevada earthquake suggests that the point source
location of the tectonic release is deeper than the working point.
Similarly, the time lag for the summing process in Figure 8 suggests
that the best point source hypocenter of the tectonic release is on the
order of 4 km. If we assume that the fault is driven by the explosionm,
then the rupture starts at the working point and 1is driven downward.
Liu and Helmberger (1982) have shown that the short-period sP is greatly
reduced compared to the long-period sP for a strike-slip event rupturing
downward. This type of phenomenon could explain the apparent
inconsistancy between the long and short-period data.

The fact that tectonic release is significantly reduced for
explosions which are detonated close to the site of a previous explosion
can be used to estimate the dimensions of the crust in which the
stresses are relieved. On the basis of FONTINA and BOXCAR, the minimum
radius of area affected by a megaton explosion is on the order of 3 km.
On the other hand, CAMEMBERT is about 4 km from KASSERI and GREELEY but
shows substantial tectonic release. Similarly BOXCAR and GREELEY are
about 4.5 km apart and are apparently unaffected by each other.
Assuming that 4 km 1s the outer radius at which stress relaxes for
megaton events, it is poésible to calculate the stress drop expected in
the Archambeau (1972) cavity model. Using the elastic parameters given
in Bache (1976) the stress drop must be at least 500 bars. This 1is in

agreement with the time function found 1in this study, but again
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stress-drops this large should radiate sufficent short-period seismic
energy to cause obvious waveform distortion.
It is apparent that the tectonic-release parameters determined from

the long-period P waveforms does not fit neatly in either theory for

tectonic release. We prefer a driven fault model, with the bulk of the
tectonic release occurring deeper than the working point of the

explosion. This type of stress release mechanism incorporates features

from both the cavity and triggered earthquake models. It is interesting

i§i~ to note that CAMEMBERT and MUENSTER are smaller than most of the other
22
-gg; explosions studied here, but still showed significant tectonic release.

It is also true that these two explosions have a high ratio of depth of

’ :g,’ burial to yield.

2

- CONCLUSIONS

.%S; Certain megaton explosions on Pahute Mesa have a long-period body

* waveform distortion which can be modeled as the signature of tectonic

éi? release. The tectonic release can be sufficiently represented as a

! 2 double couple. Long-period WWSSN data at regional and upper-mantle

? distances constrain the double couple to be primarily strike-slip, which

;g? is in agreement with previous work on NTS surface waves. The events

35; with the largest tectonic release (BENHAM and GREELEY) have double

::: couples with moments on the order of 5 x 1024 dyne-cm. In the case of

;aj megaton explosions, detonations within a 4 km radius of previous large

§§§ explosions result in a substantially reduced component of tectonic

;:? release,

i;ﬁ The modeling of the 8P phase from the double couple requires a time
4 |
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function which has a short duration. The moments determined both from
the sP and SH amplitudes require very high stress-drops if the short
duration time functions are interpreted in terms of a triggered fault.
Similarly, the cavity model would also predict high stress-drops. It
seems likely that stress drops higher than 300 bars should produce a
detectable short-period tectonic release signature. Since, at this
time, the evidence for short-period distortions 18 lacking, the
long-period P-wave data does not easily fit either the triggered fault
or cavity mechanism for stress release. Fault motion which is driven by
the explosion and ruptures downward could account for the observed
long-period and short-period data. A driven fault would be in better

agreement with the observations.
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;5 APPENDIX I
E‘ A moderate size earthquake (mb = 5,6, 1SC) which occurred on August
ji 16, 1966 (O0T; 18:02) near the Nevada~Utah border (epicentral
EE coordinates: 37.4°N, 114.2°W) produced good regional waveforms at five
g: WWSSN stations. Using the crustal model in Table 1 it 1is possible to
i invert these waveforms to obtain the source mechanism'(see Wallace et
;i al., 1981, for a description of the technique). Figure I-1 summarizes
35 the analysis. Shown are the vertical and radial Pp¢ observations and
v below are the synthetics computed for the inversion source. Both the
}i observations and the synthetics have been lightly filtered. The fault
PS parameters determined from the waveforms are a strike of N17°E dipping

80° to the east. The rake (defined as the sense of motion of the
S .
q hanging wall relative to the foot wall; e.g. pure normal fault motion
} has a rake of -90°) is 190°, or nearly pure right-lateral strike-slip.

This solution is In close agreement with that of Smith and Sbar’s (1974)
\g which was determined on the basis of local first motions; strike =
;z N14°E, dip = 80°W, rake = 170°. The moment of the earthquake can be
# determined by comparing the amplitude of the observations and the
ﬁ synthetics. The ratio of the moment determined from each seismogram to
~ the average moment i{s shown in Figure I-1 to the right of each trace.
jr The teleseismic short-periods at nine stations were modeled for
s; source depth and time-functionm. The separation of P and P indicates
JJ that the hypocenter 1s on the order of 6 km deep. Six of these records
5‘ are shown in Figure 1I-2. In the short—-period modeling it was assumed
i that the source orientation is known; depth and time function are the
‘: only unkowns. In Figure 1I-2 the depth phase sP is often the largest

arrival. For example, the OGD waveform has a small, but clear, P and pP
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followed by a large sP. There obviously is some uncertainy in depth,
but the event probably can not be shallower than 4 km or deeper than 8
km. The short-period time function was a trapezoid with a 0.4 second
rise, 0.5 second top and 0.4 second fall. The short-period amplitudes
give a moment of 4.2 x 1024 dyne-cm, consistent with the long-period
analysis. The 8/16/66, Nevada earthquake is very similar to a
strike-slip event which occurred near Coyote Lake, California on August
6, 1979. Liu and Helmberger (1982) give a moment of 3.5 x 1024 dyne-cm
for this event, and the analysis of the strong-ground motion data
indicates that the event i1s high stress-drop. The primary rupture
occurred along a patch 2 km long and the stress-drop was 150 bars. A
comparison of the teleseismic short-period records for the Nevada and
Coyote Lake events shows that they are systematically larger for the
Nevada event. This 1implies that the Nevada event is at least as high
stress—drop as the Coyote Lake earthquake.

The December 22, 1964, Baja Norte, Mexico earthquake (my = 5.6,
PAS) occurred on the San Miguel Fault zone (OT; 20.54, epicentral
coordinates; 31.8°N, 117.1°W). The fault zone strikes N50°W and 1is

right lateral strike-slip. The date of the event coincides with

operation of a large number of LRSM stations in the southwestern U.S.,

RN

which provided 15 P,y waveforms used in the inversion for source

-

Yo S

parameters. The analysis is summarized in Figure I-2. As before the

observation (verticals only) are shown above the synthetic computed for ﬁ
<
the fault model. The fault parameters are strike = 312°, dip = 85° and A
-,
rake of 177°. The moment is 8 x 1024 dyne-cm. The depth of the event ﬁ
=
is not well constrained but is between 2 and 8 km. [
R
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Figure 1: A comparison between the SH Love waves for the nuclear

explosion GREELEY (12-20-66) and an earthquake in eastern Nevada

»: (8-16-66). The stations are maturally rotated. The seismograms

';f are lined up on the S arrival and the amplitude scale is the same

, for both the earthquake and explosion. The time scale of the
enlarged SH wave at MBC is one half that of the other traces.

5
2,
§\§ Figure 2: A comparison between the regional body waves of the nuclear
SENA explosion BOXCAR (top trace for both stations) and the San Miguel
s earthquake (12-22-64). The seismograms are the vertical
components.
o
juj Figure 3: Profiles of synthetic strike-slip responses without
‘it« instrument (left) and with a WWSSN long-period instrument (right)
ooh

computed for a crustal layer over the T7 upper mantle. The
distances before 900 km are in the shadow of the low velocity zone,

N - while beyond a 1000 km strong diving ray energy is present. The
32; clear separation of arrivals beyond 1000 is due to sP and P.
s

Figure 4: A base map of the Pahute Mesa test site and the location of
some of some of the larger explos’nusg.

N
AN Ad.
xie Figure 5: The vertical component records for 8 large Pahute Mesa
‘tg explosions at the WWSSN sgtation SHA. These are long-period
Sy seismograms which are arranged according to the importance of the
second upswing in the P. wave. About 4 1/2 minutes after the
hA P-arrival is the SV wave.
%
\53 Figure 6: A comparison of the P and PL waves for BOXCAR and COLBY at
N LUB. Shown below is the COLBY waveform summed with a synthetic
- seismogram to simulate the tectonic release. The double couple has
48 a pure strike-slip orientation. The time function 1s a triangle
g with a 0.6 second duration. The seismic szent for the double
A", couple required to obtain the fit is 5 x 10" dyne-cm.
N
- Figure 7: A comparison of the waveforms for GREELEY and KASSERI. Shown
e are LUB, JCT, DAL, and SHA. The two explosions look very similar
i{ with the exception of the large second arrival for GREELEY.
o
N Figure 8: A comparison of the GREELEY waveforms with those predicted by
- KASSERI plus tectonic release. The tectonic release time function
~
N
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is a triangle with a 0.6 second duration. The fault orieantation is
a 5-to-l Eztio of strike~-slip to dip-slip motion. The total moment
is 6 x 10°" dyne-cm.

Sy TR RS S e

IA“‘

Sl

Figure 9: A comparison of the GREELEY waveforms at LUB and RCD. Also
shown is the waveform of the 8-16~66 earthquake. This earthquake
was used to simulate the GREELEY record by summing with a synthetic
explosion waveform.

IR

. A=,

S,

Figure 10: The P waveforms for several Pahute Mesa explosions (top -
trace at each station) and synthetics for an explosion source ﬁ
(middle trace) and a double couple (bottom trace) source. Both the '
observations and synthetics were 1lightly filtered. The fault
orientation for the double couple is strike-slip; the nodal planes
are sketched on the location map.

Figure 11: A comparison of the P,y waveforms for the explosion
FAULTLESS (top trace) and synthetics computed for an explosion
source. Both observations and synthetics have Dbeen 1lightly
filtered.

SO R

Figure 12: A comparison of the P,y waveforms of the same explosions as

in Figure 10 and synthetic explosion waveforms with a component of

»w tectonic release. Both observations and synthetics have been

> lightly filtered. The numbers to the right of each seismogram pair
Y give the ratio of Pn amplitude due to the double couple.

Figure I-1: Location of the 8~16-66 Nevada earthquake (star) can
# recording stations. Both radial and vertical compounents are shown.
; For each seismogram pair the top trace is the observation while the
.I
N
”

'
:
]
g
z
;

lower trace is a synthetic computed with the source orientatigz P
given by the inversion. The moment of the event 18 4.1 x 10 -
dyne-cm. The numbers to the right of each seismogram pair give the —
ratio of the moment determined from that trace to the average !
" moment. ,
- Figure I-2: A comparison of the short-period seismograms (top trace) K
g and synthetics calculated with the fault orientation given by the .
regional waveforms. The depth 18 6 knm. E
! Figure I-3: Location of the 12-22-64 San Miguel earthquake (star) and "
: the recording stations. The stations with two and four letter .
' designations are LRSM while those with three 1letters are WWSSN. "
Also shown are the vertical component (top trace) and synthetics ?

(bottom trace) computed with the inversion fault orientation. The
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N APPEND\X T

%) TABLE 1 - CRUSTAL MODEL

; PVEC SVEC DENSITY LAYER THICKNESS
6.2 3.5 2.7 32.

ﬁ 8.2 4.5 3.4
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