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corrections. This feature Is important because no events at either test site are free from tectonic
release effects.

The three source parameters do not constrain the size of the explosion source and further interpretation

is necessary. in this study, b is assumed to reflect the explosion size.” For an assumed tectonic
release mecha kmwwt?ethattr;ere should be no correlation between (0.9 log M; - mb) and the
amount of tectonic release prese t Shagan River, the tectonic release mechanism must include
a substantial thrust-faulting component; at NTS, a strike slip fault mcdel for the tectonic release is
appropriate.

W1th the thrust fault model, the Rayleigh waves from the typical (median) event (F = M ™pe =0 33)
-.7at Shc.gan River are reduced in amplitude by the effects of tectonic release by 0.3 as measured by
MS (or log MI)‘ The overall correlation between log M and My at ShaganL/Rxwu/is/ not expected to be
any better than MS and my- At NTS, log MI’ derived assuming tectoricTelease, is very similar to
log M derived assuming no tectonic release. We do not cipate any difference in the overall
precismn of yield estimates using log M or M at NTS.2 The explosion moments of the largest events
at Shagan River are slightly higher LL_g,MI,ﬂ«l?/ than the largest events analyzed from NTS.
m, at Pahute Mesa is 0.2 higher than an event at ‘Yucca Flats with a similar MI For a given P
an event at Shagan River is expected to ha.e an m, that is 0.32 higher than an event at NTS, i
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l. INTRODUCTION

The amplitudes of the long-period seismic waves, such as the 20 s
Rayleigh waves (MS)' are often con<iuered to be the most reliable data
for estimating the yields of underground nuclear explosions at test sites
where additional calibration information is not available. However, yield
determination to better than 35% accuracy requires careful analysis to
remove the large uncertainties in amplitudes caused by regional
variations in surface-wave excitation and propsyation. The largest
source of error is due to differences in attenuation and elastic
structure along the source to receiver paths, which often causes
variations in amplitude among stations, as measured by MS’ of as much
as 0.5. Theoretical calculations of the excitation of surface waves in
typical geologic structures for test sites in the United States and the
Soviet Union predict variations of 0.1 to 0.3 in MS‘ in addition, the
nuclear-explosion source is almost always accompanied by a nonexplosive
source coincident in location and time with the explosion. The
nonexplosive source is thought to be caused by the release of tectonic
strain near the explosion, and thus, the amplitude effects depend on
the orientation of the local stresses, which can be expected to differ
considerably between test sites. The size of the tectonic release has
not been observed to follow any predictable, (or even explicable)
pattern in relation to other event parameters such as location, depth,

or size.

The following is an analysis of the long period (17-60s) Rayleigh and
Love waves from 47 events at NTS and 37 events at Shagan River. We
outline a simple method for extracting source parameters, and we
estimate the observable long-period source parameters from events in
these regions. The source amplitudes were measured by appiying the
path corrections provided by J.L. Stevens, (personal communication)
which were determined by techniques described in Stevens et al.,
(1982) and Bache et al. (1978). These path corrections are the result
of a careful analysis of each source to receiver path and are based on
realistic wave propagation models. Stevens (1986) made a careful study
of the amplitudes of most of the events discussed in this report,

although without correcting for the effects of tectonic release.
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A simple, shallow source model is assumed; the tectonic release is
assumed to be a double couple at a depth of 1 km. The source
excitation is calculated using the best available information on the
source structure for each region. Unfortunately, this source model
does not allow us to determine uniquely the explosion size, and we must
make other assumptions in order to interpret the size of the explosion
and tectonic release. We will constrain the tectonic-release source
orientation at each test site based on relative amplitude measurements
using my and previous results from the literature obtained by other
authors. These long-period source measuiements can then be compared
with other measures of explosion strength, e.g. yield, or My to assess
the reliability of surface-wave amplitude measurements as a means of
yield estimation and to calibrate the Soviet test site at Shagan River.

. . ;&f-:

O AR LA A A CRERASHEL * ARG M S AN A OSY AT IV A W) LT AN P P RS ARV P A



1. LONG-PERIOD SOURCE MODEL FOR UNDERGROUND NUCLEAR
EXPLOSIONS

The nonexplosive contribution to the seismic waves generated by the
nuclear-explosion source was first observed by Oliver, 1960 and has
since been intensively explored for events at the Nevada Test Site in
the US (e.g. Toksoz et al., 1965; Aki et al., 1969; Aki and Tsai, 1972;
Toksoz and Kehrer, 1972; Wallace et ai., 1983, 1985; among many
others), at the Shagan River region of eastern Kazakh in the Soviet
Jnion (e.g. Rygg, 1976; North and Fitch, 1982; Helle and Rygg,
»985), and at the Soviet test site at Novaya Zemiya {Burger et al.,
1985). There is a broad consensus among seismologists that the source
of the nonexplosive seismic wave radiation is the release of tectonic
strain, (termed tectonic release and hereafter referred as such)
although the phenomena is not well understood. One mechanism,
proposed by Press and Archambeau, (1968) and elaborated upon in
Archambeau, (1972) is that the stress release occurs in the fractured )
zone surrounding the nuclear explosionn. Another mechanism, argued
for by AKi et al., (1969) and Aki and Tsai, (1972) is that the release
of stress occurs by triggered motion on nearby faults. This
interpretation has been corroborated by many observations of faulting
and aftershocks coincident with and following nuclear tests at NTS
(Bucknam, 1969; Hamilton and Healy, 1969). Wallace et al., 1983
further argues for triggered fault motion although their model differs
significantly from the Aki and Tsai (1972) models and may more
appropriately be called "driven" fault motion. All of these mechanisms
can be described by combining double couples with an explosion source
and are virtually indistinguishable at the periods of interest for surface
waves (~20 s). The details of the spectra at shorter periods (1-10s)

await further investigation. The several mechanisms have very different

effects on the spectra of the shorter-period seismic waves, which are
sensitive to the time functions of the sources and the spatial and

- vER v

temporal relations between the nuclear explosion and the tectonic release
sources.
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At periods of greater than 15 s, the explosive and nonexplosive sources
can be considered to be coincident in space and time. Some indication
of a tin, delay in the tectonic component can be found in analysis of
events with large amounts of tectonic release &t the Shagan River test
site by Rygg (1976) and Goforth et ai. (1982). Events with large
components of tectonic release often show apparent time delays of
several seconds. However these time delays only introduce a small
phase change at the long periods of interest (>15 s) and the amplitude
effects are ignored.

The source of the underground nuclear explosion is assumed to be
adequately modeled at long periods by a shallow, (depth ~ 1 km) point
moment tensor source with a step function time history. In the
following we adopt a cartesian coordinate system at the source with X
north, y east, and z down. The azimuth, ¢, will be defined as
clockwise from north. The Rayleigh wave source radiation pattern as a

function of frequency, w, and source depth, zs, can be written as

Ve, 0) = P (n2 )M, sin 26 - 1/2 (M - M) cos 20] +

Y

1 1
SR(w,zS)[Mzz - 1/2 (Mxx + Myy)] + NR\w,zs)[Mxx + Myy + Mzz]/S -

1
iQR(w,zs)[sz cos ¢ + Myz sin ¢ ] (1)

1 1 1 1
where PR’ SR’ QR’ and NR are excitation functions as described in
1
Karamori and Stewart, (1976) and Kanamori and Given (1980). PR'
1 1

SR’ and QR are the excitation functions for a vertical strike-s.ip fault,

1
a 45 dip-slip fault, and a wvertical dip slip fault: NR is the excitation -
function for an explosion. The tectonic release is assumed to be due to
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deviatoric sources, so that the isotropic moment, Ml' given by 1/3(Mxx

[

+ Myy + MZZ), is assumed to be a measure of the explosion size.

Similarly, the excitation function for the Love waves can be written
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VL(w,¢) = Pi(w,zs)[ -Mx cos 2 ¢ + 1/2(Mxx - Myy)sin 2 ¢] +

Y

iQi (w,2,) [sz sin ¢ - M__ cos ¢] (2)

yz
Equations 1 and 2 can be simplified by recognizing that the contributions

from the moment tensor elements, M and Myz’ are negligible at these

Xz
periods for very shallow sources. Further simplification can be obtained

by using some relations among the excitation functions,

1

1 1
Pp = 1/3 5 - 1/3 Ny 3)

if we define

1 1 1
So = 1/2 (My, + M) = (1/3) [(Sg + Np)/Ppl M,

v
[
|

=12 M - M) )

s 52 = Mxy

then Equations 1 and 2 can be rewritten

<
|

1
"PR (Sg + S; cos 2 ¢ + Sy sin 2 ¢) (5)

1
V =P, (S, sin 2 ¢ - Sy cos 2 ¢) (6)
One further shallow source approximation is useful,

12 2 2
~ Pp (@ - 2B )/ (7

1 1
1/3 (sR + NR)

oY
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which gives

So~1/2 (M + M) = [( - 28/ ) My, ®

Figures 1 and 2 illustrate the applicability of the different
approximations. The approximation given in Equation 7 is not very good
at periods below 40 s at NTS, however the effect on the determination
of explosion moments is smail since MI is the average of Mxx’ Myy’ and
Mzz' Equation 5 is similar to expressions derived by Toksoz and
Kehrer, 1972 and North and Fitch (1981) to analyze surface waves from
underground nuclear explosions. Sg, S;, and S; cannot uniquely
constrain the isotropic moment without further assumptions about the
non-explosive source mecharnism. We will assume that the tectonic
release occurs by slip along faults in the wv.cinity of the shot point.
Therefore the source is a combined double couple and explosion. We
will further need to constrain the orientation of the double-couple; this

can be accomplished by observing how log M varies with m_ for

! b
different amounts of tectonic release. A useful parameter, introduced
by Toksoz et al. (1965) to characterize the amount of tectonic release is

F which we define here as

F = MDC/MI €))

where MDC is the double couple moment. (This definition is different
than many of those previously introduced that have an additional factor
of about 3/2 to indicate the difference in excitation between a

strike-slip double-couple source and an explosion.) At Shagan River,

events with large amounts of Love wave radiation have Rayleigh waves
that are reversed in polarity relative to events with smaill Love wave
amplitudes suggesting that tectonic release is caused by thrust fauiting. -
This mechanism implies that, for events with moderate tectonic release

(~F<0.5) overall Rayleigh-wave amplitudes decrease with increasing

tectonic release. On the other hand, the average Rayleigh wave

i
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Shagan River

! L | I

1.0

2 2
-28 Zs=2km

Relative excitation

0.0

0.0 0.02 0.04 0.06 0.08 0.1
frequency, hz

FIGURE 1. The amp,ltude of the excitation functions for M 2/ sz,
and My relative to PR for events located at Shagan River. For the
purposes of subsequent lnvelrsnon, QR is considered negligible and 1/3
(S +PR) (o/a ZB)-PR
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FIGURE 2. The amplltude of the excitation functions for M sz,
and Nly relative to PR for events located at NTS.
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amplitudes at NTS do not change noticeably with increasing tectonic
release suggesting that a mechanism near strike slip is more
appropriate, as discussed in Wallace et al. (1983, 1985).

We will constrain the double couple contribution to the source by
specifying the dip and slip of the fault and using S; and S, to

. determine the strike. If we define
[ 2 2 1/2
Sy = [(S1) +(S2) ] (10)
then
] 2 2 2
MDC = S/[(sin A sin 28)/4 + cos 2\ sin §] (11)
_ 1 1 1 1 . .
M, = = (P/Np) S - (Sp/2P) My sin A sin 26 (12)

or, using Equation 7,

2 2 2 2
M' =(a /2B ) So + [(Bx /4B ) - 1] M sin A sin 26 (13)

DC

The strike of the fauit, ¢f, is given by the solution to the equations

2
sin 20, = M/ (5 1 (cos A sin 6 S; - 1/2 sin A sin 26 S,))

"

2
- cos 2¢f [MDC/ (5'1) ] (-1/2 sin A sin 26 S; - cos A sin § Sj) (14)

- The source region structure is the same as that used by Stevens (1986)
modified from a surface wave analysis of the NTS to Tucson, Arizona
path (Bache et al., 1978) to be consistent with the upper-mantle
structure of Anderson and Hsrt (1976; 1978) and with the Pahute
Mesa shallow structure determined by Bache et al. (1975). The Shagan
River structure is modified from the surface wave analysis of the

1
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Shagan River to the SRO station MAIO (Mashad, lIran) path. The
upper 1.5 km of the Shagan River structure is assigned an («,B, and
L, p) of (5 km/s, 2.7km/s, and 2.7 g/cm3) to be compatible with
weathered hard rock values.

The calculatizon 20f M, , using Equation 13, depends on the elastic
structure (a /28 ) in the immediate source vicinity, while the source
parameter S, depends on the excitation function, P‘:, which is a
continuous function of depth and is therefore relatively insensitive to
smzall 2scale velocity variations. For the source structure at NTS,
(a /28 ) should be 2.7 while at Shagan River this ratio is 3.4. There
is little constraint on the local rPoisson ratio at either test site yet the
difference implied by these two structures would increase Ml at Shagan
River by 0.09 relative to NTS. We have chosen to make2 the2 shot point
velocity ratio the same for both test sites and use (a /28 ) of 1.71.
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1. DATA _ANALYSIS

With observations of the source spectra, Equations 5 and 6 can be
inverted by a least squares method for the observable soi.ce
parameters. The source spectrs are obtained from a deconvolution of

the observed Rayleigh and Love wave spectra, U, and U

R L’

UR(w) VR(w) TR(w) exp (yR(w)r) exp (iwr/CR(w) - in/4)(sin A)l/zl(w) (15)

UL(w) = VL(w) TL(w) exp (yL(w)r) exp (iwr/CL(w) + in/4) (sin A)l/2 I(w) (16)

where I(w) is the instrument response, r is epicentral distance in km,
A, the epicentral distance in degrees, y is the attenuation factor, C(w)
is the phase velocity, and T(w) is a transmission coefficient to account
for differences in source and receiver structure.

in the period range of 15 - 60 s, y and C are very dependent on the
source to receiver patns. To invert Equations 5 and 6 it is necessary
[ to have accurate estimates of y and C for each path. Stevens et al.,
1982 and Stevens, 1985 calibrate the propagation paths from tne Shagan
River test site to the SRO and ASRO stations, and from NTS to SRO,
ASRO, WWSSN and CSN (Canadian Seismograph Network) stations.
They measured Rayleigh-wave phase velocity for each path assuming
that the initial phase is known. These measurements were inverted for
the effective plane-layered elastic structure between the source and
each receiver. Finally, using estimates of the source structure and
the source depth, the Rayleigh-wave amplitude spectra are inverted for
the source moment and attenuation structure. Gross earth attenuation
models were used to constrain the deep attenuation structure for each
path tn reduce the strong tradeoffs that occur between estimated source
moments and attenuation. The absence of any dependence of the source
moments, derived by individual station analysis, on epicentral distance
provides an additiona! check on the attenuation models. The moments

1% % oL Y 0, nd g S L O Sl A WIS P P IO . . O LIRS Y ¥y yy--”ff-v’
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determined by such an inversion procedure may be contaminated by
non-isotropic source effects. However if the tectonic release is
adequately explained by the models discussed in the previous section,
then the shape of the amplitude and phase spectra are unaffected by
the tectonic release. Thus the method of determining the attenuation
and phase velocity, described by Stevens et al. (1982), is insensitive
to the amount of nonisotropic radiation, even if the derived source
moment does hot represent the true explosion size.

Significant signal to noise enhancement is achieved by removing
propagation and instrument phase from the observed Rayleigh wave
spectra and recomputing the time-domain waveform, which is an
application of the phase-matched filter method described by Herrin and
Goforth (1977). The surface wave train will then be compressed into a
pulse while the noise, in general, will remain dispersed. The observed
surface wave puise can then be rewindowed using a much smaller time
window that excludes much of the noise in the original window, before
deconvoiution of the remaining amplitude effects.

The Rayleigh observations for the Shagan River events are from 14
SRO/ASRO stations distributed around the test site as shown in Figure
3. We excluded the Love-wave observations from ANMO, BCAO, ZOBO
and CHTO because nf poor signal quality. From NTS we used WWSSN,
CSN (Canadian Seismograph Network) and SRO/ASRO stations. Figures
4 and 5 show the distribution of stations around NTS. The data were
restricted to those travel paths for which path corrections were
available (Stevens, personal communication). For several events at
NTS, we improved the station average by using additional stations for
which detailed path corrections had not been specifically derived. For
these stations, there were nearby source-receiver path corrections
available. If the assumptions behind the derivation of the path
corrections were accurate, these stations can be used to estimate source
amplitudes (although not necessarily phase) reasonably well.

.l
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FIGURE 3. Azimuthal, equidistant map showing location of
SRO/ASRO stations around Shagan River. )
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FIGURE 4. Azimuthal equidistant map showing location of SRO/ASRO
station around NTS.
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Figures 6 and 7 show the results of applying the phased matched filters
to the Rayleigh-wave seismograms from the Shagan River events
recorded at stations KONO and MAJO. Most of the seismograms are
similar, however significant phase distortion is evident for some events.
Some events are reversed in polarity at some statons, as previously
observed by Rygg (1976) and North and Fitch (19R1;. Station MAJO
(Figure 7) is one of those that shows polarity reversals frequently;
KOAO shows a reversal only when the entire network is reversed. The
Rayleigh waves from these compietely reversed events are highly
contaminated by tectonic release and exhibit large Love-wave
amplitudes.

The Leove waves are processed using phase-velocity and attenuation
estimates calculated fcom the plane-layered models that were derived
from the inversion of the Rayleigh-wave data. Earth models derived
solely from Rayleigh wave data are frequently not good enough to
predict Love-wave propagation properties. When the estimated phase
velocities were used as phase-matched filters for the Love-wave
seismograms, significant time compression was often obtained, but the

initial phase estimates were not reliable.

Figures 8 and 9 show the resuits of applying the phase-matched filter
to the Love waves at GRFO and MAJO. There is more variability in the
signal quality of the Love waves than seen in the Rayleigh waves as a
result of variation in the strength of the L ‘se wave radiation relative to
th2a expiosion generated Rayleigh waves, and as a resuit of slight
rotations to the mechanism of the tectonic release. A new observation,
seen in Figure 8, is the nearly complete polarity reversal for some
events observed at GRFO. Although a large shift in tectonic release
mechanism is not necessary to explain a shift in the Love wave
polarities, these two events apparently have very different tectonic
release orientation as seen in the next section.

The observed consistency of the Love-wave phase from event to event
provided a way to accurately use the Love wave amplitudes and phase

in evaluating the tectonic release. First, a preliminary examination of
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Shagan River to KONO
Rayleigh Waves
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FIGURE 6. Rayieigh wave observations of Shagan River events at
station KONO after application of phas: matched filter.
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Shagan River to MAJO
Rayleigh Waves
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Rayleigh wave observations of Shagan River events at

station MA O after application of phase matche.. filter.
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Shagan River to GRFO
Love Waves
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FIGURE 8. Love wave observation of Shagan River events at station
GRFO after application of phase-matched filter. -
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Shagan River to MAJO
Love Waves
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the Rayleigh waves revealed the predominate orientation of the tectonic
release. Using this orientation, we can assign a "normal" initial phase

= to each Love wave receiver. The occasional reversed phase Love wave

observation can be included by simply using the opposite polarity for that

{ station and event,.

';

. Variations of a magnitude unit or more between individual stations are

k not uncommon in body and surface wave amplitude studies and station

corrections are usually necessary to handle these variations,

particularly when network coverage varies substantially from event to

|

|
event. Despite the careful analysis applied to the surface wave
excitation and propagation from these events, stations with similar
azimuths still show amplitude variations of almost a factor of 2. Love
wave amplitude variations are even larger since the propagation has not
been carefully calibrated and since the Love waves are particularly
sensitive to lateral heterogeniety. These amplitude variations completely
dominate the radiation pattern caused by the tectonic release, and

% additional station amplitude corrections are necessary to remove these

| effects. For simplicity, these corrections will be frequency independent
multipliers to the observed amplitudes.

4
The correction factors are determined by simultaneously inverting a
number of events for both mechanism and station correction. Combining

Equations 5 and 6,

i () i
Vi = expro o G Sy an

SR TETET

where Vij is the observed spectral displacement, averaged over the
frequency band of interest, for the j-th event at the i-th station. Th_e
Rayleigh and Love wave observatiops are treated as independent. lek
are the excitation functions and SL are the observabie parameters for
each event. Equation 17 is nonlinear and is inverted using a linearized
least-squares method. An initial guess to the observabie parameters is

obtained using station correction factors, 3, of 0. In subsequent steps,
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the station corrections and revised source parameters are obtained until
no further improvement can be made. At each step, the solution for
the station corrections was damped to stabilize the inversion.

- it was decided that, since the Rayleigh wave path corrections have
been carefully analyzed, the Rayleigh wave amplitude correction factors
(the ai‘s in Equation 17 above) should have a zero mean. This is a
) subjective requirement. Some of the propagation paths cross several
tectonic provinces and the plane-layered models may not be expected to
accurately predict the amplitudes of the observed surface waves.
These stations may be less reliable and it is difficult to determine how
to assess the reliability in a quantitative way. Requiring the Rayleigh
wave corrections to average zero may demand that the Love-wave
corrections have a nor-zero mean since the source excitation and
amplitude corrections are not necessarily consistent. For instance at
Shagan River, the Love-wave corrections average about 0.1, indicating
that the attenuation models are not compatible, or that the source

structure does not give the correct relative Love to Rayleigh wave
excitation.

Table 1 gives the correction factors for Shagan River. NTS was
subdivided into Pahute Mesa and Yucca Flats when it was observed that
significant waveform differences occur between the two sites for some
stations. Table 2 gives the corrections for these two sites. Most
station corrections do not differ markedly between Pahute Mesa and
Yucca Flats, however OTT, OGD and WES show significant differences
that we attribute to unexplained near-source effects on the excitation.

The resulting corrections enhance the amouni of tectonic release that
accompanies the explosion over that which would be determined if no .
corrections were used. For example stations KONO, CHTO and 5HIO,
which are in the directions of the maximum amplitudes of the Rayleigh
wave radiation pattern, have positive correctiors, while KAAO and
MA.JO are negative. In addition, the Love wave corrections are on the
average about 0.08. Although this bias is not necessarily apparent

when the entire network is considered, these five stations are
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TABLE 1
SHAGAN RIVER STATION CORRECTIONS

RAYLEIGH
ANMO -0.05
ANTO -0.01
BCAO -0.04
CHTO 0.29
GRFO 0.17
GUMO -0.20
KAAO -0.11
KONO 0.15
MAIO 0.04
MAIO -0.21
SHIO 0.15
) TATO 0.36
_ Z0BO 0.15
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TABLE 2

NTS STATION CORRECTIONS

|
YUCCA PAHUTE
_R_ Love R Love
AAM -0.09 -0.13 -0.01 -0.09
ALQ 0.08 -0.04 0.05 -0.02
BLA -0.01 0.01 -0.11 0.00
BLC 0.10 -0.06
coL 0.00 0.24 -0.04 0.12
COR 0.16 0.12
DAL 0.03 0.17
EDM -0.20 -0.23
FCC -9.03 -0.07
FFC 0.05 -0.02
FLO 0.00
FVM 0.12 0.18 -0.07 0.09
FSI 0.35 0.44
GOL -0.23 0.08 -0.15 0.09
JCT -0.08 -0.17 -0.08 -0.08
LHC -0.04 -0.12
LON 0.19 -0.04 0.21 -0.13
LuB 0.14 0.07 0.03 -0.08 _
MBC -0.26 -0.28 3
MSO 0.04 -0.09 0.01 -0.22
oGD -0.01 0.03 0.01 -0.06
oTT -0.2 0.07
OXF 0.12 0.19
PHC -0.35 -0.46
PNT 0.19 0.16
RES -0.03 -0.03
scp -0.18 -0.05 -0.06 -0.06
SES 0.18 0.23
SHA 0.05 0.18 0.06 -0.13 B
VIC 0.06 0.05 5
WES -0.10 -0.05 -0.06 C.00 ;
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TABLE 2
(continued)

NTS STATION CORRECTIONS

Yucca PAHUTE
R_ Love _R_ Love

ANTO .007

BCAO -0.18 -0.12
BOCO -0.05 -0.03
CTAO 0.08 0.09
GRFO -0.06 0.09
KONO 0.02 -0.03
MAIO -0.06 -0.10
MAJO 0.26 0.25
TATO -0.09 -0.12
Z0B0O 0.22 0.29

------
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particularly important for determining the tectonic release for many of
the events. Thus an event that appears isotropic using the Rayleigh
wave amplitudes at these stations actually has significant tectonic
release. it is important to consider how this bias arises in the
inversion procedure.

That some of the apparent bias is probably due to real propagation
effects can be seen by examining the events with the lowest tectonic
release events. Figure 10 shows the station corrections plotted as a
function of azimuth derived in three different ways. One way was to
use those events with normal Rayleigh-wave phase and invert Equation
7 with the constraint that these events have no tectonic release. This
is essentially the procedure used by Stevens (1986) and our results are
slightly different only because of differences in the frequency
bandwidths used in each analysis. Since this method includes events
with significant amounts of tectonc release, an azimuthal bias is to be
expected, if not necessarily observed. Another way to determine
station corrections is to use those two events, 2 December 1979 and 10
February 1984, that exhibit very low tectonic release as exhibited by
low ampli.ude Love-wave radiation. As seen in Figure 10 an azimuthal
component to the stations corrections (note KAAO, MAJO, KONO, SHIO
and CHTO) becomes necessary to make these two events appear
isotropic. However, these events are not isotropic since some Love
wave radiation is observed (no surface wave observations from Shagan
River events are not contaminated by tectonic release) and hence we
can conclude that an even larger azimuthal component to the
Rayleigh-wave corrections may be necessary. Neither of these two
methods makes use of the Love-wave amplitudes. Changes in the Love
wave amplitudes are related to asymmetry in the Rayleigh-wave radiation
pattern and can be used to remove any azimuthal bias that may be

present in the initial path corrections.

The bias in the corrections is determined by the relative excitation of
the Love and Rayleigh waves and the wide range of F-values and
Love-wave amplitudes of the events used in determining the corrections.
As a simple experiment, we assume that we can determine the maximum

and minimum of the Rayleigh wave radiation patterns. Then,
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SHAGAN RIVER STATION CORRECTIONS

@ Inversion results allowing tectonic release

m Inversion results, constrained explosion

O Results from constraining 2 Dec 1979 and 19 Feb 1984 events to be
explosions

FIGURE 10. Azimutha!l distribution of station corrections (ai in

Equation 17) for Shagan River events,
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1
max - 2r PR (So +S1) (18)

l -
R =P (So + $1)/ag (19)

where ap descrihes the amplitude bias of the correction factors; ideally

ap would be one. Similarly, the Love waves give

1

L P S; (20)

max _ °L

These equations can be combined to yield

2 1 1
[Ryax = (@r) Rpinl/ag = (Pp P /& (21)

Equation 21 shows how tne Rayleigh and Love wave biases are related.

1 1
Cbviously, PL, PR, and a, tradeoff directly. If only one estimate of

L
Lmax is available, then the excitation functions and both ap and a. will
tradeoff. With  several, weli~-determined  estimates of Lmax’
i 1 1
corresponding to a wide range of S; , ap and PR PL /aL can be

constrained independently. Although we do not prove it here, the
inversion technique using Equation 17 is analogous to the experiment
described above. Although there is no reason to expect that the path
corrections from Stevens, 1982 may have an azimuthal bias, we argue
that our inversion method gives the best unbiased estimates of the
amount of tectonic release, given the constraints that the ai's must sum

to zero and the prespecified soui'ce excitation.

The determination of the station corrections at NTS was inhibited by
the poor quality of the limited Love-wave data. Only data for events
subsequent to 1977 were available; fortunately, several of these events
showed little Love wave excitation, and so reasonable estimates of the
Ravieigh-wave station corrections were possible. The azimuthal

distribution of the path corrections for Yucca Flats is shown in
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Figure 11. There are systematic differences between the corrections
derived assuming an explosion source and those corrections obtained
allowing tectonic release but this is to be expected since there is
significant tectonic release present for most of the events. Although
the siation corrections do not scatter randomly about zero independent
of azimuth, there do not seem to be any adverse sin 2¢, cos 2¢
patterns in the corrections that indicate a bias possibly reiated to the
source mechanism.
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Yucca Flats Station Corrections

@ Inversion Results allowing tectonic release

O Inversion Results, constrained explosion

FIGURE 11. Azimuthal distribution of station corrections (rsni in

<

<

tEquation 17) for Yucca Flats events.
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IV. RESULTS

A. SHAGAN RIVER RESULTS

The inversion results for the Shagan River events are given in
Table 3. These results are presented assuming a thrust mechanism,
which ¢ives the maximum possible isotropic moment. Figures 12 through
15 show examples of the radiation patterns of several events with
increasing amounts of tectonic release, relative to the explosion
strength, at approximately the same orientation. in Figure 14,
sufficient tectonic release is present to make the event appear as a
strike .slip earthquake with a four lobed Rayleigh wave radiation
pattern, (although there is no difficulty distinguishing this event as an
explosion). For events containing the highest tectonic release, a two
lobed pattern re-emerges as seen in Figure 15. However, the maximum
amplitude of the lobes is rotated 900 relative to the low tectonic release

events and the polarity is reversed at all azimuths.

Three Shagan River events showed Love-wave polarities that differed at
several stations from the relative to the rest of the events. These
events are shown in Figures 16 through 18 and have tectonic release
orientations that significantly differ from the rest of the population. As
can be guessed from the station coverage shown in the figures, the
solutions of two of these cannot be considered very reliable. The
results from 14 December 1980 are, however, well constrained, and

represents a significant outlier from the normal population.

The mechanism of tectonic release is inferred by making a number of
assumptions. First, the mechanism is assumed to be a double couple.
Second, since two of the fault parameters must be constrained for each
event, it is assumed that the slip and dip angles are the same for each
event. Finally, my is assumed to reflect the isotropic part of the
source. The validity of this last assumption has been studied in the
literature by Bache and Lambert (1976), wallace et al. (1985), Lay et
al.(1984) and Burger et al. (1985) with varying results. There is little

evidence at Shagan River for any body wave amplitude anomalies that
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Table 3. Shagan River inversion results.

DATE My Mpe F  STRIKE logMp  m,
08/29/78 8.1 546 067 320 1591 595
09/15/78 113 325 029 327, 1605 599
11/04/78 8.7 533 061 324, 1594  5.56
11129/78 12.1 404 033 333 1608  6.07
06/23/79 176 646 037 320, 1625 622
07/07/79 7.5 1120 149 321 15.88t  5.83
08/04/79 18.7 622 033 321 1627  6.16
08/18/79 10.4 867 084 318, 1602  6.12
10/28/79 19.6 722 037 339, 1629  5.96
12/02/79 13.8 204 015 327. 1614 6.0l
12/23/79 8.0 232 029 322 1590  6.18
06/12/80 2.9 108 037 329, 15461  5.59
06/29/80 4.1 135 033 345 15611  5.74
09/14/80 212 1360 064 320 1633  6.21
10/12/80 15.4 449 029 333, 1619  5.90
12/14/80 12.7 563 044 307, 1610 595

k 12//27/80 2.8 454 162 322, 1545t  5.88
03/29/81 5.4 333  0.61 332 1574 5.6l
04/22/81 13.0 332 026 328 1611 605
09/13/81 18.1 637 035 316 1626  6.18
10/18/81 14.5 437 030 33l 1616  6.11
11/20/81 71 173 024 333, 15.85f  5.73
12/27/81 15.4 487 032 336 1619 631
04/25/82 14.6 482 033 334, 1617  61*

: 12/05/82 155 519 033 328, 1619 6.1

| 06/12/83 19.8 449 023 333, 1630 6.1
10/06/83 18.4 412 022 252, 1627t 6.0
10/26/83 213 856 040 318 1633 6.1
02/19/84 9.5 108 011 328, 1508 58
03/29/34 10.9 343 031 314, 1604t 5.9 ;
04/25/84 15.3 296 019 341 16.18 5.9 ;
07/14/84 19.2 494 026 333 1628 62
10/27/84 17.4 608 035 328 1624 62
12/02/84 12.7 877 069 333. 16.11f 5.8
12/16/84 22.7 665 029 334 1636 6.1
12/28/84 7.9 120 015 267. 1590t 6.0
02/10/85 16.1 327 020 326 16.21 59

Units of M; and Mp are 1015 N-m
my's are from Marshall, Bache, and Lilwall (1984)
* After 04/25/82 my's are from NEIS

1 Indicates solutions with estimated errors > 0.06 in log M;
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SHRGAN RIVER: 12/02/79
SO: 6.21 S1: 0.41 S52: -0.87 x 1015 N-M

N

RZIMUTH VS. RVG. SPECTRAL AMPLITUDRE
Max imum amplitude= 1.36x 10~ M-s

FIGURE 12. Observed and calculated amplitude radiation patterns for
the Rayleigh waves (top) and Love waves (bottom) for the Shagan
River event of 2 December 1979. The observed amplitudes include all
path corrections and station corrections and an averaged over the
period range from 17-45 s. The amplitude scales are linear with the
value at the circle being the maximum amplitude indicated. The

amplitude scale is the same for both plots.
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SHAGAN RIVER: 08/04/78
SOt S.18 S1: 0.61 521 -2.93 x 105 N-H
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AZIMUTH VS. AVG. SPECTRAL AMFLITUDE
Max imum amplitude= 1.55x 107 M-g

FIGURE 13. Observed and calculated amplitude radiation patterns for
4ihe Rayleigh waves (top) and Love waves (bottom) for the Shagan

BT} [ e S e Y]

e

River event of 4 August 1979. See caption for Figure 12.
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| SHAGAN RIVER: 09/14/80

| $0: -0.32 Si: 1.08 $2: -6.98 x 1G'S N-M
l
|

ttia I aenene

RZIMUTH VS, AVG. SPECTRAL AMPLITUDE
Maximum ampl itude= 2.58x 10~ M-s

FIGURE 14. Observed and calculated amplitude radiation patterns for
the Rayleigh waves (top) and Love waves (bottom) for the Shagan
River event of 14 September 1980. See caption for Figure 12.
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SHAGAN RIVER: 07/07/78 ﬁ
SO: -6.41 S1: 0.71 S2: -5.96 x 10'S N-M :
]

N

AZIMUTH VS. RAVG. SPECTRAL RMPLITUCE §
Maximum amplitude= 2.36x 10° M-s -

FIGURE 15. Observed and calculated amplitude radiation patterns for
the Rayleigh waves (top) and Love waves (bottom) for the Shagan
River event of 7 July 1979. See caption for Figure 12.
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SHAGAN RIVER: 12/14/80
$0: 2.22 S1: -0.61 S2: -2.68 x 10 N-M

N

AZIMUTH VS. AVG. SPECTRAL AMPLITUDE
Max imum amplitude= 1.01x 10®° M-s

FIGURE 16. Observed and calculated amplitude radiation patterns for
the Rayleigh waves (top) and Love waves (bottom) for the Shagan
River event of 14 December 1980. See caption.for Figure 12.
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SHAGAN RIVER: 10/06/83
SU: 6.98 S1: -1.68 52: 1.18 x 1015 N-M ;

Couc 't

-

?

e

Gp Fgo

AZIMUTH VS. AVG. SPECTRAL AMPLITUDE .
Max imum amplitude= 1.72x 107° M-s

FIGURE 17. Observed and calculated amplitude radiation patterns for
the Rayleigh waves (top) and Love waves (bottom) for the Shagan
River event of 6 October 1983. See caption.for Figure 12.
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SHAGAN RIVER: 12/28/84
S0: 3.55 S1: -0.60 S2: 0.07 x 105 N-M

AZIMUTH VS. AVG. SPECTRAL AMPLITUDE
. Maximum amplitude= 0.79x 10 M-s

FIGURE 18. Observed and calculated amplitude radiation patterns for
the Rayleigh waves (top) and Love waves (bottom) for the Shagan
River event of 28 December 1984. See caption for Figure 12.
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correlate with tectonic release. However, thrust faulting would
introduce only subtie changes in the azimuthal radiation pattern and in
the teleseismic waveforms, while possibly increasing the overall
amplitudes significantly. This would lead us to overestimate the
isotropic moments from my,-

We assume My scales according to

m_=0.9logM +d (22)
since the data here cannot constrain the scaling. The value, d, for
each event should, therefore, be independent of the amount of tectonic
release present if the correct mechanism is used to obtain MI' Using
mb's from a study by Marshali et al., 1984, Figure 19 shows (0.9 log

MI - mb), plotted against the FT for two fault orientations, thrust

faulting (dip 450, slip 90°) and :blique-slip faulting (45, 45). The
oblique slip mechanism lowers the estimated moments for the "“average
event" (F = 0.3) by about 0.1 unit. Using the oblique mechanism, the
high F

population; some events appear to be implosions if this mechanism is

TH events are typically low with respect to the rest of the

proposed. Furthermore, the low F., , events are higher than the rest
under the oblique fault hypothesis.mThese observations slightly favor
the thrust fault mechanism over the oblique fauliing. The assumption
of thrust faulting further provides the upper bound on M' as can easily

be seen using the results of Section 11.

A perhaps more convincing comparison of (0.9 log MI - mb) and the

amount of tectonic release is apparent if we regionalize the events and

restrict the analysis to those events that occur in the southwest part of
the test site. Figure 20 shows a map of the events using locations frow
Marshail et ai., 1984. Figure 271 shows the correlation between log MI
and mb and the basis of the regiona.ization. Bache et al., 1985 have
documented spectral and waveform differences between the southwest

and northeast regions of Shagan River. Figure 22 shows only the
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FIGURE 19. . Variation of my, - iog M' reiation at Shagan River as a
t function of F for two possible tectonic release mechanisms: thrust (dip
= 45°, slip = 90°) and oblique (dip = 45°, siip = 45°). F is caiculated
assuming a thrust mechanism for both cases. If correct mechanrism is
chosen, and all events are similar, then there should be no apparent

]
trend in the quantity 0.9 log M' - my with F .
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Shagan River Events

1883-84 tocations from NEIS

50.08 ] 1 i ¥ ¥ ] 1 . a
5 km
- ————— 012/27/80 -
50.04 L O High log M |- My e |
® Normal log M, - my R
D LowlogM, - m . :
I 7'b o3/29/81 4
50 Oo = . 1982'84 Events ¢
. Ds/29/78 y :
12/02/84) @
" 06/12/80 |
- O1or28/79
= 49.96 } 12/16/84 o 1011280 O :
~ 12978 @  @10/27/84 Q@ 4/25/64
- 6/29/80 @ Ds/18/79 .
10/06/83 3/29/84 @ 9
49.92 12/27/81 (Ra9/14/80 @ 12/05/82 3
Ser O 101881 ® 91578 @ Y2658 7 2
12/23/79 @5/13/81 ;
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78.72 78.80 78.88 78.96 79.04 ﬁ
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Long, E g
1978-82 Locations from Marshall, Bache, and Lilwall (1984) ‘3‘;
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FIGURE 20, Location of Shagan River events.
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N KASAS SORE

SHAGAN RIVER
16.4 v T ' ' Y ,
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16.1 ] :
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g :
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15.4 2 I i A Y 4 N 4 ‘i‘g
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m
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. FIGURE 21. my | for Shagan River events. The line
represents the best fit to all events and is given by the equaticn m, -

0.9 log MI - 8.48.
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o1 Shagan River
® Thrust Southwest Events
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8.0 ] ] | |
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F (thrust)
FIGURE 22. Variation of my, - log MI relation at Siagan River as a

function of F for two possibie tectonic release mechanisms for the
southwestern Shagan River events prior to April 1982. See caption,

Figure 23.
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southwestern events for which consistent my, measurements are
available. There is now a more apparent trend with f for the oblique
slip model that disappears when a thrust fault is assumed. If we

disregard the recent events, for which only NEIS m_'s are avuailable,

then the events with high (0.9 log Ml - mb) are ezclusi\/ely in the
northeast part of the test site, which may suggest that the material
properties are significantly different, or that the tectonic release
mechanism varies. That the tectonic release mechanism occasionally may
change significantly at Shagan River is implied by the three events
shown in Figures 16 - 18. The most extreme deviation is the event of
28 December 1984, apparently located far to tne southwest and
apparently with a radiation pattern that is rotated about 90o for the
rest of the evants.

The Shagan River observation can be interpreted with other, equally
plausible assumptions. For instance, the fault plane (e.g., strike and
dip) can be fixed and the slip angle on the fault allowed to vary.
Another model would be to allow my to reflect both the isotropic part of
the source and some part of the tectonic release component. At Shagan
River, the predominate orientation of the tectonic release would tend to
enhance the m, - This model would require some currently unavailable
method of estimating the time function of the tectonic release, but may

explain some events with anomolously low MI relative to m The log MI

derived here by assuming thrust faulting estimates the rt:maximum effect
of tectonic release on the surface wave amplitudes under the assumption
that the source mechanism of the tectonic relcase is a double couple.
Because it is a maximum estimate, it is probabiy biased high, aithcugh
as we have seen, some eveats clearly require thrust faulting tc explain

the source as an explosion combined with a double couple.

Several examples of the radiaticn patiern of NTS events are given in
Figures 23 through 26. There is considerable variability in the data
quality from these events that is evident in the scatter between
observed data and the computed radiation patterns. While no event was
unambiguously phase reversed, the initial phase estimates were not

nearly as consistent as the Shagan River data. In addition the time
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NTS : 04/05/77
S0: 3.08 Si: -0.14 S2: -0.78 x 10'S N-M

-

AT
LA
:

¢l

-

i b

AZIMUTH vS VY3, SPECTRAL AMPLITUDE
Maximur cs~litude= 0.74x 10° M-«

o

FIGURE 24. Observed and calculated amplitude radiation patterns for
the Rayleigh waves (top) and the Love waves (bottom) for the NTS
r event, MARSILLY. See caption, Figure 12.
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NTS : 06711778
S0t 7.81 S1: -0.55 52t -0.98 x 10/ N-H
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AZIMUTH VS. AVG. SPECTRAL AMPLITUDE |

Maxtmum amplitude= 1.71x 10~ M-s
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FIGURE 25. Observed and calculated amplitude radiation patterns vor

the Rayleigh waves (top) and the Love waves {(bottom) for the NT5

A
/4

event, PEPATO. See caption, Figure 12.
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NTS : 08/06/783
SO0: 8.38 S1i -0,95 521 ~2,58 x 1015 N-N

AZIMUTH VS. AVG. SPECTRAL AMPLITUDE
. Maximum amplitude= 2.12x 10° M-s

-

AW R SRR TR e,
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FIGURE 26. Observed and caiculated amplitude radiation patterns for
the Rayleigh waves (top) and the Love waves (bottom) for the NTS
event, HEARTS. See caption, Figure 12,
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domain wave-forms vary much more at NTS, both between Pahute Mesa
and Yucca Flats and within each subregion. This qualitative
observation may be a result of the bhigher frequencies in the
observations due to instrumentation. Some events scatter more than
others, as for example the event Marsilly, Figure 24. This event has
anomalously low 20 s surface wave amplitudes, by almost a factir of 2,

relative to its my, suggesting much lower coupling at the long periods.

| The NTS resuits are given in Tables 4 and 5. For the NTS events, Ml
is determined by assuming a strike-slip fault mechanism. This is in
agreement with conclusions reached by previous investigators (e.g.,
Aki and Tsai, 1971; Toksoz and Kehrer, 1972; Wallace et al., 1985). We
can examine the range of feasible fau:lt mechanisms by observing how
(0.9 log Ml - mc) varies with FSS’ the F-value derived by assuming a
strike slip mechanicm. The mb's forming the NTS events were provided
by J. Murphy (personal communication). Figures 27 and 28 show (0.9
leg M' - mb) VS, FSS for three assumed fault mechanisms for the
tectonic release: strike-slip faulting (dip 90, sitp 90), oblique thrust
faulting (45 30), and oblique normal faulting (45, -30). There :s
consideratle scatter in the correlation between log M' and My, and it is

I Y e R S o S R W NI T S W SL S
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difficult to evaluate the significance of any trend. We simply conclude
from these figures that strike slip faulting explains the data as well as
any mechanism. The high values of log MI relative to m_ at Pahute

b
Mesa suggests that some normal component may be present.

o e

BN

e

The overali correlationn between my and M‘, assuming a strike-slip
mechanism, is shown in Figure 29. As at Shagan Kiver, there appears
to be some regional differences in the correlation based on subregion at
NTS, althcugh log Ml still scatters over a range of 0.4 at both Yucca
Flats and Pahute Mesa. We attribute this tc either inhomogeneities in
thz relative coupling at NTS or variations in the tectonic release
mechanism Either alternative cannot be explored further within the

perioa range we are using; analysis at higher frequencies will be
necessary.
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TABLE 4

PAHUTE MESA

Log
M'_ MI F MDC STRIKE m,

SCOTCH 28.8 1.46 0.40 11.4 9 5.58
STILTON 18.2 1.26 0.26 4.8 a5 5.80
STINGER 14.8 1.17 0.35 5.1 91 5.66
SLED 15.9 1.20 0.27 4.2 74 5.87
PURSE 23.2 1.37 0.28 6.4 68 5.77
ALMENDRO 55.8 175 0.38 21.0 79 6.17
TYBO 39.9 1.60 0.21 8.3 69 6.01
MAST 49.0 1.69 0.38 18.6 90 6.04
CHESHIRE 44.9 1.65 0.50 24.3 80 5.86
ESTUARY 58.5 1.77 0.35 20.2 79 5.92
POOL 31.7 1.50 0.45 14.2 82 6.01
BACKBEACH 9.4 0.98 0.23 2.2 92 5.49
PANIR 8.3 0.92 0.26 2.2 52 5.65
FARM 8.7 0.94 0.42 3.7 87 5.57
PEPATO 13.3 1.13 0.08 1.1 78 5.58
SHEEPSHEAD 9.6 (.98 0.13 1.3 84

KASH 13.4 1.3 0.17 2.3 78 5.7
TAFI 12.6 1.16 0.15 2.0 71

15
Units of MI are 10 N-m.

mb's from Murphy (personal communication)
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TABLE 5 .

YUCCA FLATS

.
D RS

Log
Ml Ml F MDC STRIKE m,

CORDUROY 12.7 1.1 0.39 4.9 82 5.53

DUMONT 12.3 1.09 0.40 5.0 85 5.68
COMMODORE 22.3 1.35 0.28 6.1 84 5.81

ZAZA 18.5 1.29 0.25 4.9 99 5.75
LANPHER 7.0 0.85 0.15 1.0 104 5.66

NOGGIN 10.9 1.04 0.36 3.9 75 5.77
CALABASH 6.8 0.83 0.40 2.8 9N 5.61

FLASK 3.6 0.55 0.07 0.23 93

TiJERAS 10.2 1.01 0.05 0.50 56 5.5
CARPETBAG 13.4 1.13 0.27 3.6 98 5.82

OSCURO 11.6 1.07 0.10 1.1 84 5.67
STARWORT 4.17 0.62 0.07 0.26 61 5.47
ESCABOSA 15.0 1.18 0.18 2.6 69 5.66
PORTMANTEAU 9.3 0.97 0.33 3.1 94 5.72
TOPGALLANT 6.6 0.82 0.25 1.7 86 5.70

MIZZEN 11.6 1.06 0.03 0.33 56 5.63
CHIBERTA 13.9 1.14 0.10 1.5 67 5.74

ESROM 11.1 1.05 0.45 4.9 79 5.67
KEELSON 9.0 0.96 0.26 2.3 78 5.65

STRAIT 16.1 1.21 0.20 3.3 87 5.84
MARSILLY 5.3 0.72 0.15 0.80 85 5.68 :
SCANTLING 1.1 1.05 0.07 0.82 88 5.61
LOWBALL 6.7 0.82 0.1 0.73 66 5.60 i
SANDREEF 17.7 1.25 0.32 5.5 33 5.81 ;
FARALLONES 10.8 1.04 0.15 1.7 93 5.77

ICEBERG 10.6 1.02 0.08 0.77 70 5.65 e
QUINELLA 6.8 0.83 0.10 0.67 79 5.60 t’:ﬁ
RUMMY 14.1 1.15 0.27 3.8 73 L:
HEARTS 14.3 1.16 0.19 2.8 80 5.84 §

15
Units of MI are 10  N-m. [
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Yucca Flats
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. FIGURE 27. The wvariation of log Ml - m, refations with F at Yucca

Flats for three possible mechanisms of tectonic release: strike slip
faulting (dip = 90, ship = 0) oblique normal faulting (dip = 45, slip =
-300) and oblique thrust faulting (dip = 45, slip = 300). For each
event the same F is used; F is calculated using the strike slip tectonic
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FIGURE 28. The variation in log M' - my relations with Fl at Pahute
Mesa for three possible mechanisms of tectonic release. See caption,
Figure 27.
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FIGURE 29. Log M' vs m_ at NTS.
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: V. DISCUSSION

| .

Several authors (Evernden and Filson, 1971; Marshall and Basham, 1972,
Sykes and Cifuentes, 1984; Sykes and Wiggins, 198€) have noted that

Ms correlates well with vyield independent of test sites and have used

Ms to calibrate m, - yield relations for several regions. Our results,

in terms of log M', can be used in place of Ms to compare m, \vs. MI

b
| relations between the U.S. and Soviet test sites. The use of the

isotropic moments determined in our ane'ysis should have several

S

advantages over previous calibration studies using MS’ The effects of

propagation are removed from the observed spectral data using
dispersion and attenuation corrections derived for each source to
receiver path from direct observation of surface-wave propagation
properties. Differences in source excitation are accounted for using
the best available estimates of source structure. The excitation of Love

and Rayleigh waves are related through a specific model using the

radiation patterns to estimate the nonisotropic effects, rather than

using an average Love to Rayleigh wave amplitude ratio that is very

Regs

dependent on station coverage and that doces not account for changes in
the orientation of the tectonic release. The weakness in these results,
as in any source amplitude estimate at long petiods, is that the
nonisotropic and explosion components for each event cannot be
unambiguously resolved. These results, in terms of Sy, 3; and Sj,
represent the most information available at 20 s periods, while the
log MI values rely on intarpretation.

If we compare the log M, versus my correlation, shown in Figure 21

|
with a similar ccrrelation of MS versus mg (say, for instance, that of
Sykes and Cifuentes, 1984) we find that, overall, there is little
improvement in the scatter. Although disappointing, this is not

surprising. Two-thirds of these events have an F-value between 0.25

o | Eeatcasndy

and 0.4 where the typical MS correction due to tectonic relezse is

between 0.2 and 0.4. With a careful method of simultaneously ?g‘
estimating station corrections and Ms, the effects of the average )

radiation pattern would be absorbed into the station corrections. The
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o

correlation between mb and MS should be similar to the correlation

between my and log M! for these events. The scatter in this subset of

events is as large as the scatter in the entire population and,
therefore, correcting for tectonic release will not dramatically improve
the correlation between long-period and short-period measures of
| b (or Ms and
mb) cannot be resolved with the tectonic release models presented here.

explosion strength. The scatter between log M, and m

Although our results do not increase the precision of yield estimates
they do provide a more accurate and realistic picture of the source
processes at long periods. We have eliminated many of the
uncertainties arising from oversimplified attempts to remove propagation
effects and we can now begin to attribute anomalous m, - log M|
behavior to real variations in the source spectra. For example two
closely located events in the southwest part of Shagan River, 23
December 1979 and 27 December 1981, show anomalously low amplitude
surface waves, relative to their mb's. Since our values of Ml are the
maximum possible, their behavior can only be explained by tectonic
release if most of the other events at Shagan River show a substantial
amount of strike slip component, more than tt : oblique-slip model
considered earlier. These events inust represent real variations in the

relative coupling between the long and short periods.

1

o
o~
o

The total effect of the tectonic release is illustrated in Figure 30 by a

2,
ol

Jedler Vo,

comparison of isotraopic moments derived in three ways. Two sets of

oo 2 &
Ry P
ééf;..‘

results, those that include tectonic release with thrust and oblique-slip

faulting, are different interpretations of the same inversion results.

Z5) )

The third set of results was derived by inverting observations from
those events with F-values less than 0.4 for station corrections and
source parameters while constraining each event to be isotropic. This
last population should be directly comparable to a conventional MS
determination. For the typical event (median F-value of 0.33), tectonic
release reduces the overall amplitude of the Rayleigh waves, as

3 measured by M by 0.3 assuming a thrust mechanism, and 0.2,

SI
assuming an oblique-slip mechanism.

o,
. K
- [ .= ¥ 3 g™ 0™ NP LY LSRR VI R T L0, S TR IS T PR TG T G TS TR A TS A TN W Tt W Lt W S A e W e T
|2 SR N AT R RS I N RS AN A AN AT I R A W A OEREACAN WEANE WA SO ISR A PAE W R ORNOR BRI ERS a FRNe

__________




AR
,-(\c.fnn ff ..-.f.l{

SR

‘« 7 [ .wmu
-“ QQ\
N
; 2 .
2z 'S
m. @ sy
oh
. c .
- \.
m ' ' ' 58 994 03 8 o
' e vesveeresseeseseeseesasaseasssesssssessssenaesanns] V8 990 82 Q o
R ="' s809a 9 c
4 .%. ¥6 200 20 (1)) A
3 P 38 |rewor2 - g
= 4 S | vginr e ® -l
" = o jygidvse "
5 o 7 |veEne2 - N
m c £ |v8ass6l S o
& < 23 |eawose 2
5 @ m % |earoso o 5
o & E£D55 |esura - oy
% ¢y T OO (eedeasy - i
¥ *—i o] ?  ®.0. |zsmvse "
m i o1 1 oA
3 12900 £2 5 2
] 19 AON 62 - “t
% 18120 81 N
19 dog ¢i - S
m 18 1dy 22 = R
A 18 /81 62 & e
5 0g 02q 22 9 n
i o o] 08 93¢ ¥4 > i
b eerszreeerreee T @i sssssssssssrsssssssssessesssesssssseeneseessessnsnons| 08 PO 5 o
k 08 das pi © e
m o o] 08 unp 62 c M
[SUTVNTRINURNNY. _vorovroers SOURIRUPOURRNII ...jogunr 2i o I
w 64990 €2 R ke
: 6£92Q 20 & v
S e O e Qi eter oot renere s .|6Lwose a )
= 6L Bny a1 £ !
5 6¢ Bny 0 m b
3 ceneeeenrezs e ST veemeneen T T | 6120 DR
4 0L U €2 ok
' 8L AON 62 i
i Y e eeeeereeeereseesesesssnessesesnsesasesenaesf B4 AON 70 o %
: 8. 89S 51 ) i
5 @t 8. 50y 62 w -
] 1 £ 1 1 1 1 o e
5 ¥'9t rAL 1% o'st 8'G} 9'G4 y'Gl 'St 2 =0
u ) .
u _2 OO— H (.%.H..
u W
| =
i ¥
m >
1 vl
! &
1 5
i w2
3




Bt - ——— -——— o ¥ T A R T S ST T T A W SO T A U I W ol WA @ SO IR VRS TR IR TTIR W S AT AW L S AR WAL
. R - T T Y T e o T

55

At NTS, the assumption that strike-siip faulting as the model for the
tectonic reiease - suggests that log Ml and Ms will represent the
explosion size equally well for the events studied here if the azimuthal
coverage is adequate. However, the three parameter source model is
better able to account for well-observed, systematic wvariations in
amplitudes due to tectonic release. Figures 31 and 32 compare log MI
derived from inverting Equation 17 for source parameters with and
without tectonic release. The two measurements are very similar, which
indicates that M_ and log M' should correlate with yield at NTS to the

S
same precision.

A direct comparison of the largest events al each lest site reveals that,
assuming a thrust-fault tectonic release mechanism, Iog M' of the
largest Shagan River explosions (~16.3) is about 0.1 higher than the
largest Yucca Flals events and about 0.15 higher than the largest
Pahute Mesa events. With the oblique-slip mechanism the largest events

at Shagan River are comparable to the largest NTS events.

The m, Vvs. M' relations from NTS are summarized in Figure 29. For a
given MI’ my from an event at Yucca Flats is 0.2 magnitude units lower
! than one at Pahute Mesa. This feature may be explained by changes in
the P-wave velocity in the vicinity of the shot point. |If Poissons ratio
is the same for the two areas, than Stevens and Day (1985) show that

D (mb - log MI) = D log ( pa{3 ) 1/2 (23)

If d goes from 2.5 at Yucca to 3.5 at Pahute the observed differences
can be explained. This is a result of changes in the body-wave
excitation and so we might expect my - yield relations to show a similar

discrepancy .

Direct comparison of the overall NTS and Shagan River mb-Ml relations
can give an estimate of the difference in My between similar sized

events al the two test sites. Table 6 compares the my - M' relations

tor three regionalizations at NTS and at Shagan River. For a given
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FIGURE 31. Comparison of log M’ for the Yucca Flats events.
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TABLE 6

My - log Mi RELATIONS AT NTS AND SHAGAN RIVER

SHAGAN RIVER

13 Southwest events with error in lcg M, < 0.06 (13)
and consistent my (from Marshall et al. 1984)
m,, = 0.9 log Ml - 8.43 (o = 0.11)

27 All events with error in log MI < (.06 (275
m = 0.9 log M, - 8.49 (o = 0.14)
%

37 events
my = 0.9 log M‘ - 8.48 (g = 0.16)

N7S

16 Pahute Mesa events:
my, = 0.9 Ing M‘ - 8.2 (o

0.15)

27 Yucca Flats events:
= 0.9 Ing Ml -8.75 (o

0.13)

o POy | PSR

43 NTS events:
my = 0.9 ing MI - 8.81 (o

Hi

0.16)
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M,, an event at Shagan River has an my that is about C.3 higher than
an event at NTS. This m, bias is consistent with previous estimates,
including those derived from Sykes and Cifuentes, 1984, Marshall et
al., 1979 and Der et al., 1985.
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Vi. SUMMARY AND CONCLUSIONS

Ladacain Zob sty aub T 1o as banat S e o S0 Riuini At

The lorg-period (~20 s) Rayleigh and Love waves for 37 events at
Shagan River and 47 events at NTS are inverted for source parameters
using the best available information on propagation for each
source-receiver path and on excitation for each source region. At
these periods, a three parameter source model is sufficient to describe
; the Rayleigh and Love wdve amplitude and phase radiation patterns.
However, the scatter in the source amplitudes dominates the radiation

patterns of the surface waves, and additional station correction factors

are necessary. These corrections are derived by simuitaneously
inverting many events from each test site for both the source
parameters and station corrections. The inclusion of both Love and
Rayleign waves for events with a widge range of relative Love tlo
Rayleigh wave excitation reduces possible bias i the station
corrections. This feature is important because no events at either test
site are free from tectonic release effects.

The three source param=ters Jdo not constrain the size of the explosion

source and further interpretaticn is necessary. In this study, My is

assumed to reflect the explesion size. For an assumed tectonic release

mechanism, we assume that there should be no correlation betwsen (0.9
iog M' - mb) and the amount of tectonic rzlease present. At Shagan
River, the tectonic release mechanism must inciude &z substantial

thrust-faulting component; at M7T3, a strike slip fault model for the
tectonic release is appropriate.

LA

With the thrust fault model, the Rayieigh waves from the typical
(median) event (F = M',‘MD(. = 0.33) at Shagen River are reduced in
ampiitude by the effects of tectonic release by 0.3 as measured by Ms

bt

§
s,

(or log M')‘ The overa!! correlation between log M, and "™y at Shagan

] 5”‘
River is not expected to be any better than MS and m - At NTS, log '5_;{
M', ager'ved assuming tectonic release, is very simiiar to log M, derived )

7

SRS

assuming no tecltonic release. We do not anticipate any differe.sce in

the overall precision of yieid estimates using log Ml or MS at NTS.
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The explosion moments of the largest events at Shagan River are
slightly higher (8 log Ml = 0.1) than the largest events analyzed from
: NTS. my at Pahute Mesa is 0.2 higher than an event at Yucca Flats
with a similar Ml' For a given MI’ an event at Shagan River is

. expected to have an My that is 0.32 higher than an event at NTS.
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