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VII. SUMMARY OF TECHNICAL REPORTS / PAPERS PUBLISHED

VII.1 Yield determination of Soviet underground nuclear explosions

at_the Shagan River Test Site.

Introduction

The signing of the Threshold Test Ban Ereatyt(TEBT)-by the United
States and the Soviet Union in 1974, which-limits,the size of'under-
ground nuclear explosions, focusediattention»on methdds‘fotrestimating
the size of explosions. Since 1974, considerable research efforts have
been devoted to developing various methods of yield estimation, and
much progress has been achieved. Reviews of some of these developments
may be found in the report OTA-ISG-361 (1988) published by the U.S.
Congress, Office of Technology Assessment, and by Bache (1982),
Heusinkveld (1982),_Lamb (1988): and' Storey et al (1982).

In this paper, we focus on the problem of determining yields by
teleseismic methods for a set of explosions conducted at the Shagan
River test site near Semipalatinsk, USSR. We have analyzed all the
events reported by the ISC or NEIC to have occurred at this site
between 1965 and 1988, a total of 96 events. As a basis for the yield
estimation we have used body-wave magnitude (mp) determined from global
network data as well as two additional explosion source size esti-
mators. The first additional method: is the long-term level of the
reduced displacement potential, ¥,, which in this paper is measured
from the initial explosion-gemerated P pulse recorded at four UK array
stations. The second additional method is based on estimating the
energy of the Lg wave train recorded at the NORSAR and Grafenberg
arrays for each explosion. The emphasis of the paper is on assessing
the combined utility of these three methods to obtain relative yields
of explosions, but we will also briefly address the estimation of

absolute yields from the available seismic information.




The Shagan River test site

The principal Soviet testing area for nuclear explosions is located
near the city of Semipalatinsk in Eastern Kazakhstan. Marshall, Bache
and Lilwall (1985) identify three distinct test sites within this area:
Shagan River, Degelen Mountains and Konystan. After 1976, all of the
largest Soviet nuclear tests have been conducted at the Shagan River

site, and our discussions in this paper will focus on this area.

A review of available information on the tectonics and geology of the
Eastern Kazakhstan area can be found in Leith (1987). Geologically, he
describes the test area as located within the Kazakh fold system, which
is a complex of deformed Paeozoic rocks along the eastern edge of the.
so-called "Kazakh shield". Seismically, the region is characterized by
relatively modest earthquake activity, but it is noteworthy that some
of the explosions at the Shagan River test site have been accompanied
by a significant amount of tectonic release (Helle and Rygg, 1984;
Given and Mellman, 1986).

A map summarizing the surface geology of the Shagan River area is shown
in Fig. VII.1.1. This map is based on imagery from the SPOT satellite
as well as information available from the literature (Sukhonikov,
Akhmetov and Orloﬁ, 1973; Izrael, 1972; Peyre and Mossakovsky, 1982). A
particularly notéworthy feature is the presence of two apprdximately
parallel faults extending across parts of the test site. One of these,
the Chinrau fault, appears to show evidence of recent offset on SPOT

imagery to the region northwest of Shagan River (Leith, 1987).

Also identified from the satellite observations, and indicated on Fig.
VII.1.1, is a crater formed by the explosion of 15 January 1965. This
location has been used as a reference point in the relocation of
explosions in the test area (Marshall et al, 1985), using the Joint

- Epicenter Determination method described by Douglas (1967). In the
further analysis presented in this paper, we will refer to epicenters

calculated from this procedure to the extent such data area available,
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Data base

The data base for this study consists of seismic recordings for 96
presumed nuclear explosions at the Shagan RiVer:test area, occurring

from 1965 through 1988 and located by the ISC or NEIC.

Data sources are the four UK array stations: (Eskdalemuir (ESK),
Scotland, Yellowknife (YKA), Canada, Gauribidgggr (GBA), India, and
Warramunga (WRA), Australia, in a@Qition to the two 1arge arrays NORSAR

in Norway and Grdfenberg (GRF) in the Federal Republic of Germany.

The four UK arrays have been in Qgeratibn'éincg the mid-1960s and are
described in detail by Mowat and Burch (1977). Briefly, these are
medium-aperture arrays (lQ;3O km diameter), with 19 or 20 vertical-
component'Willmofe SP seismometers deployed in twoyroughly perpen-
diculaf lines. Their outputs are recor@gglon'analog or digital magpetié
tape. The sampling rate, for both digitéily recdrded data and digitized

analog data, is 20 samples per second.

The NORSAR array (Bungum, Husebye and Ringdal, 1971) was established in
1970, and originally comprised 22 suba;rays, deployed over an area of
100 km diameter. Since 1976 the number of operational subarrays has
been 7, comprising altogether 42 vertical-component SP sensors (type
HS-10) . In this paper, analysis has been restricted to data from these
7 subarrays; Sampling rate for the NORSAR SP data is 20 samples per

second, and all data are recorded on,digital magnetic tape.

The Grafenberg array (Hérjes and Seidl, 1978) wés established in 1976,
and today comprises 13 broadband seismometer sites, three of which are
3-component systems. The instrument response is flat to ﬁelocity from
about 20 seond period to 5 Hz. Sampling rapé‘is 20 samples per secohd,

and the data are recorded: on digital magnetic tape.
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Source size estimators

Network m, magnitude

Body-wave magnitudes averaged over a well-distributed global network
have traditionally been the most commonly used measure for yield
estimation purposes. In recent years the maximum-likelihood technique
(Ringdal, 1976; Christoffersson, 1980) has become widely accepted as a
means to obtain m, estimates that avoid bias due to detection threshold

characteristics at individual network stations.

Maximum-likelihood m, for the explosions in the present data base have
been computed at Blacknest applying the method of Lilwall, Marshall and
Rivers (1988). Note that this method uses a standardized set of
stations and includes individual station corrections for the Shagan
River area. The station observations given in the Bulletin of the ISC
have been used in these computations, except for events after 1986,

where the data have been obtained from the NEIC monthly earthquake data

report.

Reduced displacement potential, ¥,

The reduced displacement potential ¥(t) is a convenient mathematical
description of the source function of an explosion, assuming a
spherical wave in an ideal, infinite homogeneous, isotropic elastic
solid. It is directly related to the moment function Mg(t) of the
- explosion as follows (Mueller, 1973):

Mo(t) = 41 p vp2 B(t) (L

where p is the density of the medium and Vp is the compressional wave

velocity.

The long-term (static) level of Mg(t) is often denoted the seismic

moment of the explosion, and is a measure of the seismic source size.
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Thus, the long-term level of ¥(t), ¥,, can be used to estimate source

size, assuming that the sourcé faterial properties are known.

The method used in this paper for estimating ¥y is based on UK array

data and has been described in detail by Stewart (1988).

Lg mégnitude

The seismic Lg wave propagdtes if the contifiental lithosphere and can
be observed from large explosions asrfaf éﬁay'és 5000 km in shield and
stable platform areas (Nuttli, 1973; Baumgérdt, 1985). Lg is generally

considered to consist of a superposition of many higher-mode surface

waves of group vélocities néar 3.5 kmi/¢, and i€§ radiation is therefore

expected to be more isotropic than that of P waves. Thus, full
azimuthal coverage is not essential fér reliable determination of Lg
magnitude. Furtheérmore, Lg is nét affected by lateral heterogeneities
in the upper mantle, which can pfoducé strong focussing/defocussing
effects on P-waves, and theréfore contribute to a significant uncer-

tainty in P-based m, estimates.

Nuttli (1986a) showed that thé amplitudes of Lg near 1 second period
provide a stéble estimaté of magﬁitudé, mb(Lg) and expldsion yield for
Nevada Test Site explosions. He also appliéd his measurement methods to
Semipalatinsk explosions (Nuttli, 1@36b),Vuéing’available,WWSSN records

to estimate my(Lg) and yields of these events.

Ringdal (1983) first suggested a niéthod to determine Lg magnitudes
based on digitally recorded array data. The main idea‘was to improve
the precision of such estimates By averaging over time (computing RMS
values over an extended Lg'winaOW); fréquency (using a bandpass filter
?overing all frequencies with significant Lg energy) and space (by

averaging individual array eleménts). The miethod, which can also be
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used for P coda magnitude estimation, has been described by Ringdal and

Hokland (1987) and Ringdal and Fyen (1988).

Data analysis

Results from applying the analysis methods described in the preceding

section are summarized in Table VII.1l.1l. The following comments apply:

Origin times and epicentral information of each event are those
calculated at Blacknest using ISC and NEIC data for events up to and
including 1985, and are taken from NEIC listings for later events.

The magnitude (mp) values have been computed as earlier described.

For each event an indicator is given corresponding to a subdivision of
the Shagan River area into three main areas. These are defined by the
two faults marked on Fig. VII.1l.1 and an assumed prolongation of the
stippled lines indicated on that figure. The three areas are denoted
"NE" (Northeast), "TZ" (transition zone between the faults) and "SW"

(Southwest), respectiﬁely.

Estimates of log ¥, in Table VII.1.l are network averages using UK
array data. The number of stations available and standard deviations of
the estimates are listed for each event. Individual array measurements

for most of the events may be found in Stewart (1988).

NORSAR and Grdfenberg (GRF) Lg magnitude estimates are noise-corrected
array averages, obtained by applying individual bias corrections for
each array element. The number of operative array channels are given
for each event. Standard deviations of the array averages have been
computed taking into account both the number of sensors and the signal-
to-noise ratios (for details, see Ringdal and Fyen, 1988). Estimates
have been made for all events for which array recordings were avail-
able, except those with too low Lg signal-to-noise ratio to allow
reliable measurement. Table VII.1.1l also contains weighted averages

(discussed later in this section) of the NORSAR and GRF Lg magnitudes.




The Lg magnitude estimates in Table VII.l.l are, except for a few minor
revisions, consistent with those presented in earlier Semiannual '
Reports. We have not includgg corrections for gpicentral distance
differences in this paper, since these are small to begin with, and
also difficult to estimate accurately given the limited knéwledgehéf

local attenuation in the Shagan River area.

As noted by Ringdal and Fyen (1988), the Lg array estimates at NORSAR
and Grdfenberg may be made with very high precision, due to the large
number of channels (up to 42 and 13,'ré§pectively). Thus, the standafd
deviation across NORSAR of individual measurements is typicaliy 0.07
magnitude units for uncorrected data, and 0.033 units when individual
channel corrections are applied. Ibg’precisiqn of NORSAR averages are
thus better than 0.01 units for high SNR events, but somewhat poorer at
lower SNR. At Grdfenberg, the standard dgviatioh of the mean values is
typically 2-3 times that of NORSAR, depending on the number of
available channels. It should be noted that this high precision does
not necessarily imply a correspondingly high degree of accuracy in
estimating Lg source energy since the effeéts of near-source geology

remain unknown.

In the comparison which follows of the various source size estimators,
we will in particular focus on the subdivision of the Shagan River site
into apparently geophysically distinct subregions. Marshall et al
(1985) discuss this feature in detail, showing that explosions in the
northeast and southwest portions of the test site produce distinctly
different P waveforms when recordgd'at the UK arrays. We hote that
their northeast region also includes the area denoted by us as a
transition zone (TZ). We will pursue this subdiﬁision further by
analyzing the differences between P-based ggq Lg-based magnitude

measurements, and later discuss the implications for yield estimation.

Figs. VII.1l. 5 through VII.1.8 are scatter plots comparing pairs of

source size estimators.'ln’all these figures,'we use the following
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symbols for the three subareas: open squares (sw), filled squares (NE)

and crosses (TZ).

We first compare the two P-based estimators; m, and log¥,. Fig. VII.1.2
shows that they are quite consistent, with no systematic difference
between the SW, TZ and NE events. In assessing the scatter in this
plot, we must take into account that many of the ¥, estimates are based
on data from only one or two arrays (Table VII.1.1).

The least-squares fit to this data set, assuming no errors in my, is:
log ¥, = 1.1 my - 2.57 (+ 0.11) (2)

where the standard deviation of 0.11 refers to the set of residuals in

log ¥, relative to the straight line fit.

We next compare the two Lg-based measurements. Fig. VII.1.3 shows a
scatter plot of NORSAR versus GRF Lg magnitudes for all events (54)
measured at both arrays. The straight line represents a least squares
fit to the data, assuming no errors in NORSAR magnitudes, and is given

by
my o (GRF) = 1.15 - my g (NORSAR) - 0.90 (+ 0.042) (3)

We note that the two arrays show excellent consistency, although there
is some increase in the scattering at low magnitudes. There is no
significant separation between events from NE, TZ and SW areas with

regard to the relative Lg magnitudes observed at the two arrays.

Fig. VII.1l.4 shows a subset of these data (35 events), using only
events for which we have the most reliable Lg estimates (at least 6
stations for each array, and estimated standard deviation of mp g less
than 0.04). We note that the scatter is significantly reduced (the
standard deviation in the vertical direction is now only 0.031 units,
compared to 0.042 units for the entire data set), thus emphasizing the

excellent consistency between NORSAR and Grifenberg.
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The slope (1.15) of the straight-line fit in Figs. VII.1.3 and VII.1.4
is slightly greater than i.OO, a tendency also noted by Ringdal and
Fyen (1988). The interpretation of this observation is sémewhat
uncertain; a possible explanatioen is scaling differences in the Lg
source spectrum (Kvarna and'Ringdal, 1988), in combination with the
response differences of the NORSAR and GRF imnstruments. It is interest-
ing in this connection to mnote that Patton (1988) observed significant
differences between stations in slopes for M(Lg) versus yield, when

studying a network of stations recording Nevada Test Site explosions.

In the comparison which follews of P and Lg-based magnitudes, we find
it convenient to use as reference a weighted average of the NORSAR and
GRF Lg magnitudes. This average is obtained by first using equation
(3) to adjust the GRF wvalues to "eguivalent" NORSAR magnitudes, and
then use the inverse variance obtained from Table VII.1l.l as weighting
factors in the averaging procedure. The resulting values, which we

denote mpg, are listed as the rightmost column in Table VII.1.1.

In Fig. VII.1.5, my is plotted versus mg defined above for all events
with both measurements available. Three lines, with slopes restricted
to 1.0, have been drawn, representing the three subregions. To obtain
improved reliability in caleulating the intercepts, we have in that
calculation used only events of Mg 2 5.5, and required that NORSAR Lg

measurements are available. The resulting relationships are:

SW region: mp = Mg + 0.05 (+ 0.041)‘7 o (4a)
TZ region: mp =mpg - 0.02 (£ 0.031) v (4b).

NE region: m, = mp, - 0.10 (& 0.047) (4e)

Taking into account the number of observations in each. group, the
~average bias estimates (my, -gng)‘aad,thaix-ptecisions are: 0.05 +
0.007 (SW region), - 0.02 + 0.009 (TZ region) and - 0.10 + 0.012 (NE
region). In light of the low standard deviations, the differences. in
bias values are highly signifiqant,‘and we npte that the NE and SW

regions differ by as much as 0.15 magnitude units in this regard.
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Fig. VII.1.6 shows a plot of mp g Versus "adjusted" m,, using the
regional correction factors given above. We note that the consistency
is excellent, although there are two outliers in the plot (Events 25
and 28 of Table VII.1l.1). Event 25 is small, and both the m, and mp g
measurements for this event are uncertaln. Event 28 has an mp g
measurement based on only 3 GRF channels, with no NORSAR data avail-
able, and is therefore less precisely determined than the majority of
data points. The standard deviation of the LN differences in
Fig. VII.1.6 is 0.050 magnitude units, which is reduced to 0.039 units

if the two outliers are disregarded.

Fig. VII.1.7 shows a comparison of ng'to log T, observations. We note
a tendency for the SW events to exhibit relatively larger values of

log ¥, than events from the other two regions. However, this bias is
less pronounced than that previously observed for m, versus mpp.
Partly, this is due to increased scatter in the data, since the

log ¥, measurements are based only on a few observations. Nevertheless,
it would appear that log ¥, is less sensitive than my, to regional bias
effects. This can be explained by the longer wavelengths used in log T,
measurements in combination with the fact that log ¥, to a large extent
avoids the pP contamination that may adversely influence m, measure-

ments.

Requiring at least 3 individual array measurements for log ¥,, and
using a slope of.0.9 suggested from Fig. VII.1l.2 and the general

consistency between my and Mg, We obtain the following two relations

(marked on the figure)

SW Dompg = 0.9 - log ¥, + 2.35 (+ 0.05) (5a)
NE and TZ : mpy = 0.9 - log T, + 2.43 (+ 0.075) (5b)

Note that the NE and TZ regions have been grouped together in this
case, as we in our analysis have not been able to identify any

systematic differences for this data set.




Fig. VII.1l.8 shows magnitude dlfferences my, - ng plotted as a function
of event location, using only evetits of my = 5.5 and requlrlng_NORSAR
Lg data to be avdilable. The subdivision of the test site_as earlier
discussed is marked on the figure. Thé systematic differences, in
particular betweén the NE and SW parts of the tést site, are clearly
seen. If we attempt to explain this anomaly as resulting from the .
systematic differénces in P récordings only, wé obtain a relative my, (P)
bias of about 0.15 mj units betwéen thesé two areas. We consider this a
realistic interpretatiom, sincé it is well known that P-waves are
subject to strong focusing effécts in the upper mantle, both underneath
the source and thé receiver. Howévér, the possibility of an m, (Lg) bias

contributing to the mentidned différence cannot be entirely ruled out. .

Yield estimation

Yield of the 15 January 1965 eXplosion

Determination of the dppropriate abSolute magnitude-yield relationship

for explosions at a specific tést site requires knowledge of the true
yields and testing conditicns of sofi¢ number of representative
explosions at that particular site. In the case of the Shagan River
nuclear test site, thus far, there has been a discussion in the
literature of the yield of only oné explosion. This explosion was
conducted on 15 January 1965 withiri the Soviet Peaceful Nuclear

Explosion program for the purpose of constructing a reservoir.

We have reviewed available data on this explosion, and obtained a yield

estimate which we will use in calibrating the various magnitude-yield
relationships. Clearly, in the absence of mdré'détailed calibration
data, the relationships will have & significant uncertainty. This
applies especially in the absolute yieéld levels, whereas the relative

yield estimates between explosions will be somewhat better constrained.

In TAEA proceedings, the yield of the 1965 eéxplosion is quoted as
"above 100 kt". Myasnikov et al (1970) indicates that the scaled

46




47

apparent radius is 51 m/ktl/3'4, which for a crater radius of 204 m
gives a yield of 111 kt. Myasnikov et al (1970) uses a scaled depth of
burst for this explosion equal to 50 m/ktl/3'4. The depth of emplaée-
ment is reﬁorted,to be 200 m (Kedrovskiy, 1970; Izrael, 1972; Myasnikdv'
et al, 1970),>Which corresponds tovthe same yield estimate. For the
purposes of the work presented here, the yield of the 15 January 1965
explosion is taken to be 111 kt. '

Available selsmic data |
|
Turning now to the question of relating this yield to the observed |
data, we first note that the 1965 explosion differs from all the other
explosions in our data base by not being fully contained. This means
that the interference effects between P and pP will be different for

this event and the others.

Our ¥, measurements rely on the characteristics of the initial positive
P-pulse of the explosion, and are therefore less affected by the free
surface reflection. However, our my estimate of the 15 January 1965
explosion is likely bilased low. The actual bias may, from theoretical
considerationé, typically approach 0.1-0.2 my units (Marshall et al,
1979; McLaughlin et al, 1988).

We have reviewed available data for 46 Shagan River explosions recorded
at EKA, comparing the maximum pesdk-to-peak amplitude (c) (the phase
which is normally uséd for'magnitude estimation) and the initial zero-
to-peak amplitude (a). The average values of r = log (c/a) for
contained explosions were 0.78 (SW), 0.77 (TZ) and 0.72 (NE), with an

overall mean of r = 0.75. The corresponding value for the 15 January

1965 éxplosion was ¥ = 0,62,

Assuming that the initial pulse is unaffected by pP, this would suggest
that a correction factor of about 0.13 my units would be appropriate.
Since the uncorrected my value for the 1965 explosion was 5.87, we

consequently obtain an estimated m, value of 6.00 for a contained
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explosion of the same size as the 15 January 1965 event. We mnote that .
McLaughlin et al (1988) obfained a similar correction factor (0.13)
based on theoretical considerations, whereas their observational data
indicate a slightly higher value of 0.16 (M¢Laughlin, personal

communcation).

No Lg measurements are available for NORSAR or GRF for the 1965 event,
Nuttli (1986b) estimates mpg = 5.87 for this explosion, but we note
that his estimates for events before 1979 ténd to be lower (by 0.08
magnitude units on the average) than NORSAR ng observations, and his

value would therefore correspond to a NORSAR ng of about 5.95.

Our basic assumption will be that mpy, as a yleld estimator, is largely
independent of the geological variations within the Shagan River test
site. This suggests that a single yield-magnitude relationship would be

appropriate, and we ill in the following assune a relation of the form
mpg = 0.9 log Y + k (6)

where k will be estimated using data from the 15 January 1965 ex-
plosion. The slope of 0.9 in (6) is consistent with our previous
relations between log ¥,, m, and ng, taking into account that

log ¥, has previously been found to scale to logY with a slope of 1
(Stimpson, 1988; Gillbanks et al, 1989).

Since the NORSAR or GRF mpg for the 15 January 1965 explosioen is not
known, we need to estimate it indirectly, and then Iinsert the value in
(6) for Y = 111 kt in order to obtaln an estimate of k. For this
purpose, we use the previously discussed estimates of m,, log ¥, and

b (Nuttli), with the proper adjustments.for regional and other bias

factors.




(i) For my, the value of76.00 for an explosion in the TZ region

corresponds (by 4b) to mpLg = 6.02,

(ii) For log ¥,, the value of 3.87 in the TZ region corresponds

(by 5b) to mpg = 5.91.

(iii) For Nuttli’s MLgs the value of 5.87 corresponds, as earlier

mentioned, to NORSAR mpg = 5.95,

The average (5.96) of these three values is then taken as our best

estimate of mpg for a fully contained explosion of Y = 111 kt. Inserted

in (6), this gives k = 4.12, 1.e.:

Mg = 0.9 1ogY + 4.12

(7)

In line with our previous considerations, the formula (7) will then be

applicable to the entire test site and this enables us to estimate

yields for all explosions for which mLg has been determined.

Supplementary yield estimates from mp and log ¥, can now be calculated

by using (7) in conjunction with the regionally based formulas (4a-c)

and (5a-b).

We obtain, by direct substitution for mb:

SW region : my = 0.9 - log Y + 4.17
TZ region : my = 0.9 - log Y + 4.10

NE region : mp = 0.9 - log Y + 4.02

and for log VT,:

SW region : log ¥, = log Y + 1.97
NE and TZ regions : 1og’\I!°° = log Y + 1.88

(8a)
(8b)
(8¢c)

(9a)
(9b)
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We note that the constant terms in equations (9a-b) are between the
values earlier determined fgr water-saturated rock at the Nevada Test
Site (Gillbanks et al, 1989) and granite at the French test gite in S.
Algeria (Stimpson, 1988), which wére 1.8 and 2.0, reéﬁectively.

Table VII.1.2 suxﬁmarizes yi.él,d estimates of individual Shagan River ex-
plosions, using the formulas developed eérlier; Both P and Lg-based
estimates are listed, tgggthe; with‘ghgir (lqgg;ithmic) average value
for each event. The PFbased yields represent a Weighted average between
my and log ¥, estimates, u§iﬂgv§h§ inﬁefée Yariaﬁces as Weighting
factors. Here, we use for log Ve, the standard deviatidns listed in
Table VII.1.1, and for m, a standard deviation of 0.04, which is the
average of the deviations relative to NORSAR my,(Lg) within each of the

three regions.

Discussion

A method, combining several measyrements of the radiated seismic energy
of underground nuclear explosiong, has been deVeloped which offers the
possibility for precise yield estimates in a relative sense. A reliable
assessment of the results p:eseptgd here would require access to
independently measured yields,>which, with thé excéption of the data on
the 1965 explosion given here, currently is not available. We note,
however, that the yield estimate quoted by Sykes and Ekstrém (1989) of
115-122 kt for the explosion ef 9/14/88 compares closely with the
values of 113-117 kt derived indgpén@ently in this study.

It has been noted in this paper that the estimation of the absolute
values of the yields by the method presented here relies on knoWledge
of the yield and geophysical conditions of a single explosion. The
estimation of absolute yields by this method xelies on a number of
critical assumptions, including the assumption ;hat the yield value
taken in this study is the appﬁopriate yield, the assumption of
correcting the bodywaves for depth of burial effects, the assumption of

the equivalent Lg value of the 1965 explosion, and the assumption that

50




51

the corrected magnitude values for the 1965 explosion are representa-
tive of explosions in that area. Incorrect assumptions in these areas
would lead to different yield‘estimates than those given in Table
VII.1.1. For instance, a 10% increase in the assumed yield of the 1965
explosion would result in a 10% increase in the predicted yields in '

Table VII.1.1.

Our measurements on ¥, show general consistency with maximum likelihood
m, estimates from a global network, and have the advantage of requiring
only a few stations for reliable measurement. Furthermore, the
- assoclated estimates of P-pulse rise time and duration provide
important information related to source corner ffequency and near-
source geology. These parameters, as discussed by Stewart (1988), are
useful for identifying Systematic differences between the NE and SW
Shagan areas, although determining the source of these differences
would require more information on site geology than is currently

available.

The ) measurements presented in this paper, based on NORSAR and
Grafenberg array recordings, show excellent promise to provide very
precise relative yields of individual explosions, but would again
require calibration data to determine more reliably the absolute
yields. Part of the reasons for this high precision lies in the fact
that our Lg magnitudes, as discussed before, are based on averaging the
observed Lg signals both in time, frequency and space. The basic
assumption is that Lg generation at the source is largely azimuth

independent and also independent of local variations in geology.

Because of the large distances (more than 4000 km) from Semipalatinsk
to NORSAR and Gréfenberg, reliable measurements of Lg magnitudes can
only be made at these arrays for explosions of approximately my = 5.5
or greater. This corresponds to about 30-40 kilotons for fully coupled
explosions, depending on the location within the test site. In order to
apply the method to smaller events, seismograph stations at shorter

epicentral distances, with good Lg propagation paths, must be avail-
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able. Again, each station must be individually calibrated in order to

obtain reliable-estimatés.

This paper has demonstrated that’observétions from three distinct
subregions of the Shagén site QhowVSyétématic differehces, supporting
and exfending earlier studies (e.g., Marshall et al, 1985), suggesting
that the NE and $W areas are characterized by different geophysical
properties. In particular, the P-Lg magnitude bias shows systematically

different behavior for these regions.

This variation, as illustrated in Fig. VIi.l.ﬁ, is in fact quite
smooth, and indicates a knowledge of precise e@icenfer location would
make possible, thirough intér@oiation,‘tﬁ obtafn an estimate of P-Lg
bias also for events for which Lg magnitudes are not a&ailable. Such
events could be low-magnitude explosions, "double" explosions (for
which Lg magnitude would repreéemt the combined_yields), explosions
followed by large earthquakes causing interference with the Lg
wavetrain or events eoccurring during outage times for the stations

reporting Lg measurements.

It is noted that the current bilateral negotiations on nuclear tésting
offer the possibility for validated yields of future exp10310ns at the
Shagan River nuclear test site. Such additional yield information is
invaluable in testing, and modifying if necessary, the teleseismic

yield estimation method developed in this.report.

F. Ringdal
P.D. Marshall, MOD PE, UK
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10

ORIGIN ORIGIN LAT LON . MB LOG *x%x NORSAR *#%=x* krxkk GRF ***aa
DATE TIME RDP N STD M(LG) N STD M(LG) N STD
01/15/65 5 59 58.4. 49.940N 79.010E 5.870 3.87 1 0.14 - - - - - -
06/19/68 5 05 57.3 49.982N 79.003E 5.280 3.31 4 0.07 - - - - - -
11/30/69 3 32 57.1 49.913N 7B.961E 6.020 4.00 2 0.10 - - - - - -
06/30/71 3 56 57.4 49 .949N 78 .986E 4.940 2.98 4 0.07 - - - - - -
02/10/72 5 02 57.5 50.014N 78.878¢ 5.270 3.22 2 0.10 - - - - - -
11/02/72 1 26 57.6 49.923N 7B.815E 6.160 4.38 1 0.14 6.118 42 0.014 - - -
12710772 4 27 07.3 50.001N 78.973E 5.960 4.36 2 0.10 6.116 42 0.009 - - -
07/23/73 1 22 57.6 49.962N 78.812E 6.170 - - - 6.199 40 0.006 - - -
12/14/73 7 46 57.2 50.044N 78.987E 5.790 3.84 1 0.14 5.868 42 0.033 - - -
04/16/74 5 52 57.4 50.041N 78.943E 4.350 2.25 1 0.14 - - - - - -
05/31/74 3 26 57.5 49_950N 78B.852E 5.810 3.88 1 0.14 - - - - - -
10/16/74 6 32 57.6 49.979N 78.B98E 5.410 3.17 3 0.08 5.411 42 0.024 - - -
12/27/74 5 46 56.9 49 .943N 79.011E 5.500 3.07 3 0.08 5.708 42 0.056 - - -
04/27/75 5 36 57.3 L9.949N 78B.926E 5.510 3.55 3 0.08 5.547 42 0.057 - - -
06/30/75 3 26 57.6 5S0.004N 78.957E 4.520 2.40 3 0.08 - - - - - -
10/29/75 4 46 57.3 49.946N T78.878E 5.610 3.42 4 0.07 5.629 42 0.046 - - -
12/25/75 S 16 57.2 50.044N 78.814E 5.690 3.59 4 0.07 5.801 42 0.035 - - -
04/21/76 5 02 57.2 49.890N 78.827E 5.120 3.02 3 0.08 - - - - - -
06/09/76 3 02 57.2 L9.989N 79.022E 5.070 3.08 3 0.08 5.199 42 0.089 - - -
07/04/76 2 56 57.5 49.909N 78.911E 5.850 3.89 1 O0.14 5.810 42 0.009 5.783 4 0.024
08/28/76 2 56 57.5 49 .969N  78.930E 5.740 3.68 3 0.08 5.735 41 0.013 5.653 3 0.052
11/23/76 5 02 57.3 50.008N 78.963E 5.790 3.81 3 0.08 - ~ - 5.792 3 0.057
12/07/76 4 56 57.4 49.922N 78.846E 5.800 3.80 2 0.10 - - - 5.702 '3 0.088
05/29/77 2 56 57.6 49 .937N ° 78.770E 5.750 3.80 1 0.14 . 5.677 41 0.035 5.573 3 0.038
06/29/77 3 06 58.8 50_006N 78.869E 5.200 3.04 4 0.07 5.077 40 0.091 - - -
09/05/77 3 02 57.3 50.035N 78.921E 5.730 3.93 3 0.08 5.897 40 0.017 5.769 3 0.036
10/29/77 3 07 02.5 50.069N- 78.975E 5.560 3.75 3 0.08 5.792 41 0.043 5.685 3 0.041
11/30/77 4 06 57.4 49.958N 78.885E 5.890 3.92 2 0.10 - - C - 5.716 3 0.041
06/11/78 2 56 57.6 49_.898N 78.797E 5.830 3.87 4 0.07 5.752 39 0.029 5.724 4 0.039
Q7,05/78 2 46 57.5 49.887N T78.B71E 5.770 3.82 4 0.07 5.794 39 0.010 - - -
08/29/78 2 37 06.3 50.000N 78.978E 5.900 3.98 4 0.07 6.010 39 0.008 6.010 6 0.:022
09/15/78 2 36 57.4 49.916N 78.B79E 5.890 3.96 3 0.08 5.908 38 0.018 - - -
11/04 /78 5 05 57.3 50.034N 78.943E 5.560 3.66 4 '0.07 5.697 39 0.080 5.636 6 0.080
11/29/78 4 33 02.5 49_.949N 78.798E 5.960 4.08 3 0.08 5.973 39 0.013 .5.886 2 0.075
02/01/79 4 12 57.6 50.090N 78.870E 5.290 3.30 3. 0.08 - - - - - -
06/23/79 2 56 57.5 49.903N 78.855E 6.160 4.08 3 0.08 6.056 21 0.009 6.123 4 0.021
Q7/07/79 3 46 57.3 SO0.026N 78.991E 5.840 3.73'3 0.08 5.969 38 0.008 5.938° 7 0.021
08/04 /79 3 56 57.1 49.894N 78.90C4E 6.130 4.13 4. 0.07 6.099 39 0.008 6.117 9 0.015
08/18/79 2 51 57.1 49.943N 78.938E 6.130 4.13 4 0.07 - - - 6.145 7 0.017
10/28/79 3 16 56.9 49.973N 78.997E 5.980 3.92 2 0.10 6.053 34 0.010 6.046 8 0.023
12/02/79 4 36 57.5 49.891N 78B.796E 5.990 3.84 2 0.10 5.917 28 0.021 5.938 11 0.025
12723779 4 56 57.4 49.916N 7B.755E 6.130 3.92 1 0.14 - - - 6.045 9 0.021
04/25/80 3 56 57.5 49 973N 78.7S5E 5.450 3.46 3 0.08 - - - - - -
06/12/80 3 26 57.6 49.980N 79.001E 5.520 3.55 3 0.08 - - - 5.371 11 0.105
06/29/80 2 32 57.7 49.939N " 78B.815E 5.690 3.71 4 Q.07 5.683 16 0.026 5.746 8 .0.046
09/14 /80 2 42 39.1 49.921N 78.802E 6.210 4.36 1 0.14 - - - . - - -
10/12/80 3 34 14.1 49.961N 79.028E 5.880 3.95 4 0.07 5.925 28 0.013 5.933 13 0.034
12/14 /80 3 47 06.4 49.899N 78.938E  5.930 3.98 4 0.07 5.929 28 0.018 5.944 10 0.027

Table VITI.1.1. List of presumed explosions from the Shagan River area used in this
study. The table includes, for each event, date, origin time, latitude, longitude,
mp, (maximum likelihood), log ¥, (with number of stations and standard deviation of
estimate), NORSAR and Gridfenberg MLg (including number of available channels and
estimated precision of measurement), a weighted average of MLgs adjusted to NORSAR
Mg scale and a region identifier. (Page 1 of 2)
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No. ORIGIN ORIGIN LAT LON MB LOG **% NORSAR **=xx* REKAX GRF *xx%x FINAL suB-

DATE TIME RDP N STD M(LG) N STD M(LG) N §TD M(LG) REGION
49 12727/80 46 9 8.1 50.057N 78.981E 5.870 3.89 3 0.08 5.939 27 0.014 5.885 11 0.034 5.933 NE
50 03/29/81 4 03 50.0 50.007N 78.982E 5.490 3.38 3 0.08 5.556 28 0.085 5.437 11 0.184 5.548 NE
51 04/22/81 1 17 11.3 49.885N 78.810E 5.940 4.07 3 0.08 5.908 28 0.022 5.956 11 0.027 5.929 SW
52 05/27/81 3 58 12.3 49.985N 78.980E 5.300 3.32 4 0.07 5.456 27 0.015 - - - 5.456 NE
53 09/13/81 2 17 18.3 49.910NK 78.915€E 6.060 4.18 4 0.07 6.113 29 0.008 6.106 9 0.015 6.108 T2
54 10/18/81 3 57 02.6 49.923N 78.859E 6.000 4.05 4 0.07 5.985 34 0.010 5.956 9 0.021 5.981 Sw
55 11/29/81 3 35 08.6 49.887N 78.860E 5.620 3.53 4 0.07 5.581 28 0.102 5.511 12 0.192 5.580 sw
56 12/27/81 3 43 14.1 49.923N T78.795E 6.160 4.19 2 0.10 6.074 34 0.009 6.092 10 0.020 6.075 SW
57 04725782 3 23 05.4 49.903N 78.913E 6.030 4.16 2 0.10 6.077 35 0.008 6.058 11 0.017 - 6.072 T
58 07/04/82 1 17 14.2 49.960N 78.807E 6.080 4.24 2 0.10 Co- - S - - - - sw
59 08/31/82 1 31 00.7 49.924N 78.761E  5.200 3.03 4 0.07 - - - - - - - su
60 12/05/82 3 37 12.6 49.919N T78.813E 6.080 4.01 3 0.08 5.990 31 0.019 6.002 13 0.020 5.996 sw
61 12/26/82 3 35 14.2 50.071N 78.988E 5.580 3.60 4 0.07 5.658 39 0.050 5.597 13 0.067 5.655 NE
62. 06/12/83 2 .36 43.5 49.913N T78.916E 6.020 - - - 6.072 25  0.009 - - - 6.072 Tz
63 10/06/83 1 47 06.5 49.916N TB.764E 5.950 - - - 5.870 19 0.033 5.843 13 0.043 5.868 Su
64 10/26/83 1 55 04.8 49.901N 78.828E 6.040 3.92 3 0.08 6.000 33 0.021 6.036 13 0.021 6.016 SwW
65 11/20/83 3 27 04.4 50.047N 78.999E 5.330 3.44 1 0.14 5.409 30 0.170 - - - 5.409 NE
66 02/19/84 3 57 03.4 49.8B85N TB8.745E 5.770 3.71 3 0.08 5.725 29 0.038 - - - 5.725 sw
67 03/07/84 2 39 06.4 50.049N 78.954E 5.560 3.56 1 0.14 5.698 29 0.065 5.575 12 0.108 5.680 NE
68 03/29/84 5 19 08.2 49.912N 78.955E 5.860 3.73 1 0.14 5.897 29 0.012 5.957 13 0.043 5.902 T2
69 04/25/84 1 09 03.5 49.929N 78.870E 5.900 - - - 5.870 35 0.008 5.803 13 0.031 5.867 swW
70 05/26/84% 3 13 12.4 49.969N 79 .006E 6.010 4.10 3 0.08 6.072 33 0.007 6.128 13 0.015 6.079 NE
71 07/14/84 1 09 10.5 49.893N 78.884E 6.100 3.97 1 0.14 6.054 32 0.007 6.064 12 0.015 6.054 sw
72 09/15/84 6 15 10.1 49.985N 78.883E 5.040 - - - - - - - - - - Sw
73 10727784 1 50 10.6 49.920N T78.777E 6.190 4.13 3 0.08 6.085 33 0.011 6.145 13 0.016 6.098 SW
74 12/02/84 3 19 06.3 49.989N 79.011E 5.770. 3.80 2 0.10 5.880 29 0.020 5.860 12 0.036 5.880 NE
75 12/16/84 3 55 02.7 49.926N T78.B20E 6.120 4.06 2 0.10 6.048 29 0.010 6.038 13 0.014 6.043 su
76 12/28/84 3 50 10.7 49.866N 78.703E 6.000 4.00 3 0.08 5.985 35 0.009 5.947 13 0.021 5.980 SW
77 02/10/85 3 .27 07.5 49.888N 78.7B1E 5.830 3.82 4 0.07 5.803 40 0.024 5.801 13 0.058 5.806 Su
78 04725785 0 57 06.5 49.914N 78.902E 5.840 3.65 2 0.10 5.858 29 0.045 5.838 9 0.047 5.859 T2
79 06/15/85 0 57 00.7 49.898N T78.B45E 6.050 3.99 1 0.14 5.976 30 0.009 6.031 13 0.017 5.987 sw
80 06/30/85 2 39 02.6 49_.848N 78.658E 5.920 3.95 2 0.10 5.931 30 0.009 5.906 13 0.017 5.928 sV
81 .07/20/85 0 53 14.4 49_936N 7B.785E 5.890 3.86 2 0.10 5.861 37 0.013 5.870 12 0.031 5.865 sw
82 03/12/87 1 57 17.2 49.939N 78B.823E 5.310 3.28 4 0.07 5.218 33 0.076 - - - 5.218 SW
83 04/03/87 1 17 08.0 49.928N 78.829E 6.120 4.07 4 0.07 6.052 33 0.008 6.127 11 0.017 6.063 SW
84 04/17/87 1 03 04.8 49.886N 78.691E 5.920 4.00 4 0.07 5.901 33 0.020 5.915 12 0.026 5.910 su
85 06/20/87 0 53 04.8 49.9138 78.735E 6.030 4.003 0.08 5.972 36 0.007 5.947 10 0.028 5.971 SW
86 08/02/87 0 58 06.8 49.880N 78.917E 5.830 3.97 3 0.08 5.871 30 0.011 5.853 11 0.022 5.871 SW
87 11/15/87 3 31 06.7 49.871N 78.791E 5.980 4.02 & 0.07 5.974 37 0.008 5.984 13 0.022 5.975 sw
88 12/13/87 3 21 04.8 49.989N 7B .B44E 6.060 4.17 2 0.10 6.093 31 0.010 6.067 12 0.015 6.082 S«
89 12/27/87 3 05 04.7 49._864N 78.758E 6.000 4.08 2 0.10 6.046 31 0.011 6.033 13 0.019 6.042 su
90 02/13/88 3 05 05.9 49.954N 78.910E 5.970 4.01 3 0.08 6.042 26 0.009 6.045 13 0.029 6.042 T2
91 04/03/88 1 33 05.8 49.917N T78.945E 5.990 4.15 2 0.10 6.063 31 0.007 6.071 13 0.014 6.063 T2
92 05/04/88 0 57 06.8 49.928N T78.769E 6.090 4.06 3 0.08 6.044 31 0.008 6.068 13 0.020 6.046 SuW
93 06/14/88 2 27 06.4 50.045N 79.005E 4.800 2.55 2 0.10 - - - - - - - NE
94 09/14/88 4 00 00.0 49.870N 78.820E 6.030 4.05 2 0.10 5.969 37 0.010 5.970 12 0.043 5.969 SW
95 11/12/88 3 30 03.8 50.056N 78.991E 5.200 - - - - - - - - - - NE
96 12/17/88 4 18 06.8 49.818N 78.910€ 5.800 - - - 5.801 37 0.018 - - - 5.801 T1

Table VIT.1.1. (Page 2 of 2)
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NO  DATE REG LG P COMB
1 01/15/65 Tz -
2 06/19/68 NE - 26 26
3 11/30/69 Tz -
4 06/30/71 TZ -
5 02/10/72 NE - 24 24
6 11/02/72 SW 166 168 167
7 12/10/72 NE 165 159 162
8 07/23/73 Tz 204 200 202
9 12/14/73 NE 88 93 90
10 04/16/74 NE - 2 2
11 05/31/74 T2 - 81 81
12 10/16/74 Tz 27 26 27
13 12/27/74 NE 58 36 46
14 04/27/75 Tz 39 39 39
15 06/30/75 NE - 4 4
16 10/29/75 T2 47 44 46
17 12/25/75 NE 74 66 70
18 04/21/76 SW - 11 11
19 06/09/76 NE 16 15 15
20 07/04/76 SW 76 74 75
21 08/28/76 Tz 62 66 64
22 11/23/76 NE 77 91 84
23 12/07/76 SW 63 65 64
24 05/29/77 SW 51 58 54
25 06/29/77 NE 12 19 15
26 09/05/77 NE 90 85 88
27 10/29/77 NE 66 55 60
28 11/30/77 Tz 65 99 80
29 06/11/78 SW 66 72 69
30 07/05/78 SW 72 62 67
31 08/29/78 NE 126 123 125
32 09/15/78 SW 97 85 91
33 11/04/78 NE 56 53 54
34 11/29/78 SW 114 103 108
35 02/01/79 NE -
36 06/23/79 Sw 145 155 150
37 07/07/79 NE 113 97 105
38 08/04/79 Sw 158 149 154
39 08/18/79 Tz 169 180 174
40 10/28/79 NE 140 144 142
41 12/02/79 Sw 102 100 101
42 12/23/79 SW 136 145 140 -
43 04/25/80 SW -
44 06/12/80 NE 47 46 47
45 06/29/80 SW 58 50 54
46 09/14/80 SW - 189 189
47 10/12/80 NE 102 117 109
48 12/14/80 TZ 104 112 108

Table VII.1.2. Estimated yields for the explosions of Table VII.1.1, as
discussed in phe text. For each évent (except for Event 1, see text),
we list a) yield estimate based on Lg waves (NORSAR and GRF), b) yield
estimate based on P waves (m, and log ¥,) and c¢) a combined estimate,
obtained by logarithmic averaging of a) and b). (Page 1 of 2)
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EVENT ESTIMATED YIELDS
NO  DATE REG LG P COMB
49 12/27/80 NE 103 111 107
50 03/29/81 NE 39 40 40
51 04/22/81 SW 102 98 100
52 05/27/81 NE 31 27 29
53 09/13/81 TZ 162 161 162
54 10/18/81 Sw 117 111 114
55 11/29/81 SW 42 40 41
56 12/27/81 SwW 149 163 156
57 04/25/82 TZ 148 146 147
58 07/04/82 SW - 139 139
59 08/31/82 SW -
60 12/05/82 Sw 121 128 124
61 12/26/82 NE 51 54 52
62 06/12/83 Tz 148 136 142
63 10/06/83 SW 87 95 91
64 10/26/83 Sw 128 113 120
65 11/20/83 NE 27 29 28
66 02/19/84 SW 61 59 60
67 03/07/84 NE 54 51 53
68 03/29/84 TZ 95 89 92
69 04/25/84 SW 87 84 85
70 05/26/84 NE 150 163 157
71 07/14/84 SW 141 136 138
72 09/15/84 SW -
73 10/27/84 SW 158 169 163
74 12/02/84 NE 90 87 89
75 12/16/84 SW 137 143 140
76 12/28/84 SWw 117 108 112
77 02/10/85 SW 75 70 72
78 04/25/85 Tz 85 81 83
79 06/15/85 Sw 119 121 120
80 06/30/85 SW 102 89 95
81 07/20/85 SW 87 81 84
82 03/12/87 SW 17 19 18
83 04/03/87 SW 144 141 143
84 04/17/87 SW 98 92 95
85 06/20/87 SW 114 115 114
86 08/02/87 SW 88 75 81
87 11/15/87 Sw 115 105 110
88 12/13/87 SW 151 130 140
89 12/27/87 Sw 137 111 123
90 02/13/88 Tz 137 123 129
91 04/03/88 Tz 144 133 138
92 05/04/88 Sw 138 133 136
93 06/14/88 NE -
94 09/14/88 SW 113 117 115
95 11/12/88 NE - 20 20
96 12/17/88 TZ 74 77 76

Table VIT.1.2. (Page 2 of 2)
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Fig. VIT.1.1. Surface geology of the Shagan River area. The crater from the 15
January 1965 explosion is indicated. Note the two faults marked on the figure.
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MAGNITUDE COMPARISON
- SHAGAN RIVER EVENTS
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Fig. VIT.1.2. Array network log ¥, plotted against maximum likelihood

m,. Open and filled symbols denote SW and NE events, respectively,
whereas crosses denote TZ events. The line drawn through the data is
the best least squares straight line, assuming no error in m. The

dotted lines correspond to plus/minus two standard deviations in the
vertical direction.
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MAGNITUDE COMPARISON
SHAGAN RIVER EVENTS
S= 1.1§ I=-0.902 D= 0.042 N= 54

GRF M(LG)
6.4

5.2
-
-

5.2 5.4 5.6 5.8 6.0 6.2 6.4
NORSAR M(LG)

Fig. VII.1.3, Grafenberg my, plotted against NORSAR mpg. The line -
drawn through the data is the best least squares fit, assuming no error
in NORSAR mj,. The dotted lines correspond to plus/minus two standard
deviations. Note the consistency between SW events (open symbols), NE
events (filled symbols) and TZ events (crosses). '
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MAGNITUDE COMPARISON
SHAGAN RIVER EVENTS
S= 1.15 [=-0.896 D= 0.031 N= 35

GRF M(LG)
5.8 6.0 &F 6#

5.6

5.6 5.8 6.0 GE; &;
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Fig, VII.1.4. Grafenberg mLg plotted against NORSAR my ., for well-

recorded events, i.e., requiring at least 6 sensors available, and a

- precision of measurement better than 0.04 for each array. Note the
reduction in scatter compared to Fig. VII.1.3,




-—\ _ .'o'
O ] TZ. .
o _] NE—» y \
< oS SW
e

© _.
g ” -
U) - ”
-
.
.
’ -
4 »
.' ’
. K o
»
- i .
- AR+
R
s) <
. 0‘
a' 4' ’
:' "
* > ’
S
.
.
< o0
o o
3 ’ e R
[7s] e
. .
td “
.
) .
.
o_)
N C
75

T 1 T
5.0 5.2 54 5.6 5.8 6.0 6.2 6.4
ISC MB

Fig. VI1,1.5. NORSAR/GRF mL plotted agalnst maximum likelihood my.
Note the differernice between §W events (open symbols), NE events (filled
symbols) and TZ events (crosses). A stralght line has been fitted to
each of these three subsets, with a slope restricted to 1.00.
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MAGNITUDE COMPARISON
' SHAGAN RIVER EVENTS
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Fig. VIT.1. 6. NORSAR/GRF my, plotted against "adjusted m,", i.e., m,
values adjusted for average bias in each of the three subregions. Note
the excellent correspondence, with the exception of two outliers as
discussed in the text.
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Fig. VIT.1.7. NORSAR/GRF mj, plotted against network averaged log ¥,
requiring at least three sta%i

stippled lines (slope of 0.9) reptresent linear fits to the SW events
and the NE/TZ events, respectively. Symbol conventions are as in Fig.
VII.1.2. '

on observations for the latter. The two’
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Fig. VI1.1.8. Plot of magnitude residuals (maximum likelihood my minus
my,) as a function of event location for events of my = 5.50. Only
evénts with NORSAR data available have been included. Plusses and
circles correspond to residuals greater or less than zero, respec-
tively, with symbol size proportional to the deviation. Location
estimates are those in Table VII.1l.1l, and only events prior to 1986
(which have the most precise locations) have been included. Note the
systematic varjiation within the Shagan River areas, with different
patterns in the three subregions.
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