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ABSTRACT

A longstanding nuclear monitoring problemis prediction of regional S phases, particularly Lg. Observed Lgis
generally larger than predicted from a point source in a plane-layered earth model, particularly in high-velocity
source regions. Direct generation of shear waves by arealistic explosion sourceis alikely explanation of the Lg
amplitudes, although other explanations such as redirection of pS or scattering of Rg into Lg have been proposed,
and to date it has not been possible to conclusively and quantitatively resolve the mechanisms responsible. We
analyze several distinct sets of nuclear explosion records, complemented by nonlinear source and near field
scattering cal culations, which are coupled to regional waveform calculations, to quantify the effect of separate
mechanisms.

We use local records obtained under this contract by the Institute for the Dynamics of the Geospheres (IDG) for 15
Degelen and Balapan explosions to investigate the effect of source depth and location within the Semipalatinsk Test
Site (STS) on loca generation of Sg and Rg relative to P. The local Sg/Pg ratios span a broad range and correlate
well with regional S/P amplitudes recorded at the Borovoye auxiliary seismic station BRVK, at 650 km, suggesting
that the local Sg may be the major contributor to regional S. IDG has also delivered parametric information,
including depths and yields for nearly al of these events, and depths, yields, and near field waveform parameters
(peak velocity, rise time, positive pulse width, and arrival time) for 19 STS nuclear explosions from the 1960s and
1970s.

We also have extended previous work on Nevada Test Site (NTS) and Kazakh depth of burial experiments.
Specifically, we extend a comparison of vertical component P and Lg spectra of co-located overburied and normally
buried explosions at NTSto 3-components and to Lg coda. Interpretation of anull previously observed in vertical
component Lg spectral ratiosis complicated by a corresponding peak in the Lg spectra of the overburied events. The
null, however is clearly observed in the raw vertical component Lg spectra of normally buried events. It is somewhat
inconsistent in the horizontal component Lg, and it is not present at all in the Lg coda. Rg scattered to Lg in modal
scattering calculations for an NTS structure, however, is more prominent in the Lg coda time window (due to
excitation of slower modes) than in the Lg. Wave number synthetics for spherical and CLVD point explosions and
the modal scattering calculations also indicate that directly generated S and trapped pSin an NTS structure have
similar nulls and contribute more to the Lg spectra than does scattered compensated linear vector dipole (CLV D)

Rg. We are currently analyzing results of nonlinear source calculations for a normally buried and overburied
explosion.

We also extend analysis of Kazakh depth-of-burial explosion datato 3-components. We find distinct Sg, separate
from Rg, and extending to higher frequencies than Rg, on all 3-components of the local records of al three events.
Thelocal Sg is most prominent on the records of the two shallower events. Rg is till the dominant phasein near
regional (85 km) records at KUR, whereit is again preceded by a distinct S phase. These observations are consistent
with S generated by the source, trapped pS, and possibly S* being major contributorsto Lg.
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OBJECTIVE

The objective of this project isto determine the source physics and corresponding generation and evolution of local
and regional seismic waves from nuclear explosions. Thisis ajoint project between the Science applications
International Corporation (SAIC) and the Institute for the Dynamics of the Geospheres (IDG) in Moscow, Russia.

RESEARCH ACCOMPLISHED

Introduction

Lgisimportant to explosion yield estimation and earthquake/explosion discrimination, but the source of explosion
generated Lgis still an area of active investigation. A spherical explosion in awhole space generates no shear
waves. Thus, in the earth, shear waves from explosions must be generated by non-spherical components of the
source, due to some asymmetry of the source or source conditions, or tectonic strain release, or by conversion of P
and/or Rg wavesto S, particularly though surface Rg scattering and surface P-to-S conversion including generation
of S* (the strongly depth dependent nongeometric phase generated by conversion of the curved P wavefront).

In this project, we have been trying to constrain the source of Lg and other regional phases by examination of unique
data sets from historical Soviet nuclear explosions, combined with theoretical analysis and numerical modeling. We
examine local and regional data from these explosions to directly observe the generation, propagation and
attenuation of S phases and the Rg phase. Most of the proposed mechanisms for Lg generation have a significant
dependence on depth and/or scaled depth. We have excellent constraints on the yield and depths of the Soviet
explosions and so can examine this dependence directly. In addition to regional phase generation, we a so use new
Soviet data from explosions detonated close to earlier explosions to determine the effect of proximity to an earlier
event on coupling efficiency.

New L ocal Semipalatinsk Data: Description and Analyses

The Russian Ingtitute for the Dynamics of the Geospheres (IDG) has provided two types of data. First is parametric
data, depth, yield, peak velocities, and rise times for 25 Semipalatinsk nuclear explosions (Table 1). Event selection
focused on sets of adjacent events to enable analysis of the effect of previous nearby events on the waveforms. IDG
also provided 275 unique seismograms for 17 nuclear explosions with time series extending past the Rg arrival
(Table 2). We are comparing local P, S, and Rg amplitudes with depth, yield, scaled depth, and with corresponding
measurements at regional distance (BRVK, 650 km).

The near field data from some events in close proximity to earlier events were indistinguishable from the earlier
events, however, afew events that were detonated close to an earlier event have distinctly different near field data.
In Table 1, those events that were both close to an earlier event and which had significantly different near field peak
vel ocity measurements than the earlier event are marked.

Figure 1 shows a map of part of the Degelen test site with 5 events marked (listed by number in Table 1). Peak
velocity vs. scaled range measurements (Figure 1, right side) show that events 13 and 14 have significantly lower
peak particle velocities than the earlier event that they were very close to: event 11. Event 15 was also close to event
12, but the effect on particle velocity is less clear than for events 13 and 14. The other two events marked in Table 1
were also close to an earlier event and had significantly reduced peak velocities.

Despite the significant effect on peak velocities for some eventsin the near field, there is no apparent effect on my,.
The events with reduced near field peak velocity fal right into the population of other explosionsin a plot of my vs.
yield (Figure 2) and are quite close to the magnitude/yield curve for thisregion (m,= 0.75logY + 4.45, where Y is
yield in kilotons; Murphy, 1995).
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Table 1. Near field tabular data collected by I1DG.

Date Yield Depth my, Event No. Near Lat Lon
(kt) (m) Earlier
Event
61/10/11 1.16 141 K4.78 49.772 77.995
62/02/02 16.9 265 5.63 49.778 78.002
64/03/15 23.6 245 A5.56 49.808 78.102
64/05/16 237 266 A5.55 11 49.775 77.988
64/06/06 1.05 75 K4.42 49.809 78.093
64/11/16 23 203 A5.64 49.809 78.133
65/02/04 17 262 A5.10 X 249.773 | *77.991
65/07/29 1.0 126 '45 249.773 | *77.991
65/06/17 12 178 A5.24 49.828 78.067
65/09/17 10 148 A5.22 49.812 78.147
65/10/08 15 204 A5.47 12 49.826 78.111
65/11/21 29 303 A5.61 49.819 78.064
65/12/24 6 228 A4.94 13 X 49.805 78.107
66/02/13 | 109-125 343 76.26 49.809 78.121
67/12/08 125 166 A5.31 49.817 78.164
68/09/29 75 358 A5.8 49.812 78.122
73/02/16 25 225 A5.48 14 X 49.816 78.116
79/05/31 8.5 183 A5.27 X 49.830 78.087
80/06/25 0.3 152 K3.70 15 49.826 78.099

my, from AWE, Khalturin et al (2001) or ISC

Table 2. Local/near regional data collected by IDG that contain Rg arrivals. SD stands for scaled depth,
column 6 liststhe number of distinct seismogramsfor each component (ther e are multiplerecordings
at many distances—we count these only once). Thelast column listslocation within Semipalatinsk, D
for Degelen or B for Balapan.

Date Time Yield | Depth | SD | Data | Range mg, Lat Lon Loc
t/r/z (km)
71/12/15 | 07:52:59 | 1.3- 146 | 1.07 | 3/9/9 7-77 | 7468 | 50.031 | 77.972 | D
15

85/06/30 | 02:39:05 | 100 527 | 093 | 0/6/5 | 49-88 | "5.92 | 49.857 | 78.659

85/07/20 | 00:53:16 76 466 [ 090 | 0/8/7 | 56-86 | "5.89 | 49.943 | 78.783

'87/05/06 | 04:02:08 18 174 | 054 | 0/9/9 | 13-83 '5.6 | 49.777 | 77.984

'87/07/17 | 01:17:09 78 267 | 051 | 1U7/6 | 15-84 '5.8 | 49.769 | 78.035

'87/10/16 | 06:06:07 11 82 0.65 | 0/8/8 | 19-76 '46 | 49.802 | 78.14

87/12/13 | 03:21:07 | 130 530 |[0.86 | 0/555 | 57-60 | "6.06 | 49.957 | 78.792

188/04/22 | 09:30:09 2 0/3/3 | 57-81 | "49 | 49.824 | 78.102

88/05/04 | 00:57:06 | 134 530 |0.85 | 0/6/4 | 53-84 | "6.09 | 49.931 | 78.741

88/06/14 | 02:27:09 5 271 [ 130 [ 0/7/6 | 67-89 | "4.8 [ 50.034 | 78.964

88/09/14 | 04:00:00 | 140 651 |1.03 | 3/7/7 | 60-94 | "6.03 | 49.879 | 78.823

88/11/12 | 03:30:06 17 --- 5/6/7 | 68-88 | "5.24 | 50.048 | 78.96

'88/11/23 | 03:57:09 | 19 204 | 063 | 6/9/9 | 1483 | '5.4 | 49.765 | 78.029

88/12/17 | 04:18:09 84 642 |1.20 | 6/6/6 | 67-98 | "5.83 | 49.879 | 78.924

89/01/22 | 03:57:09 | 108 580 |1.00 | 6/99 | 58-88 | "6.10 | 49.934 | 78.815

89/02/12 | 04:15:09 74 572 | 112 | 4/7/9 | 51-85 | "5.86 | 49.911 | 78.704

O|WWTVIO|WV(@(W@(W|O|WT|T|(O(w|w@

189/10/04 | 11:29:57 | 1.8 94 |063 | 587 | 1685 | 46 | 49.751 | 78.005

" More data from previously reported event, with longer time series that include Rg.

A and' indicate m, from the United Kingdom's Atomic Weapons Establishment (AWE) and the International Seismological
Centre (1SC), respectively.

Locations from Geoscience Australia s database (http://www.ga.gov.au/oracle/nukexp_form.jsp)
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Figure 1. Location of five Degelen explosions (left) and
peak particle velocity vs. scaled range (right).
Lines on the map show tunnelsfrom the tunnel
entranceto the shot location. Number isby the
entrance point. Red lines are fault locations.
Peak velocities arelower than istypical for
some eventslocated near previous events.

Figure 2. my vs. yield for theeventsin Table 1. Red
triangles mark the four events marked in
Table 1 asclose to another event and having
reduced near field peak velocities. The solid

5.5
lineisthe nominal my/yield curvefor this
" region from Murphy (1995). The effect of
g 5 : .
previous events on local peak velocities
(Figure 1) isnot observed in my,.
45
4.
¢ All Events
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Yield

Figure 3 shows local records of each of the Balapan explosions recorded at approximately 80 km (left) vs. the
corresponding record from BRVK, at approximately 685 km. Figure 4 shows the same for the Degelen explosions.
Both the local and regional records are normalized by the P-wave amplitudes. The Degelen records have much
larger Sn and Lg amplitudes relative to P, which may be explained by the relative source spectraof Sand P. That is,
the Balapan explosions are mostly at yields and depths where the corner frequencies of the predicted P and S source
spectrafall toward the left edge of the 0.5 to 2 Hz frequency band. The S spectral corners of the smaller Degelen
explosions are more likely to be to the right of the frequency band we are examining. Figure 5 shows the predicted P
and S-wave source spectrain granite (Mueller and Murphy, 1971; Murphy 2006) for the 74 and 5 kt Balapan
explosions. The predicted source spectra are consistent not only with larger regional S/P for Degelen than for
Balapan events, but also with the more distinct Sn and larger Lg from the smallest Balapan explosion (Figure 3,
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bottom trace) and smaller Sn and Lg for the largest Degelen explosion (Figure 4, top trace). It is also consistent with
the observations and conclusions of Fisk et al. (2005) regarding regional S/P from Lop Nor explosions. A second
important observation made from these new datais that local Sg/Pg ratios are positively correlated with regional S/P
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Figure 3. Overlain vertical and

Hilbert transformed radial
recor ds of Balapan
explosions (the closest
record to 80 km distance
for each event isplotted).
To highlight Sthelarge Rg
isnot plotted (left). Vertical
recor ds of the same events
at BRVK, at 680 to 690 km,
areplotted on theright.
Both local and regional
records are nor malized by
their P-wave amplitudes.
Yieldsand depthsarenoted
to theleft of thetraces. Sn
isnot prominent, and Lgis
relatively small except for
the smallest events.

Figure 4. SameasFigure 2, but

for Degelen explosions. Sn
and Lg are prominent and
lar ge, except for the
largest events, which
appear more similar tothe
Balapan explosion
records. Thedifferencein
S/P ratios may be
accounted for by Pand S
sour ce scaling (Figure5).
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[—BKP || Figure5. P and S source spectra for the 74 Kt, 572 m
5KtS || depth (2/12/89) and the 5 Kt, 271 m depth
—— 74 KRy (6/14/88) Semipalatinsk explosions. The P

— spectrum isa Mueller Murphy granite

sour ce; the S spectrum isthe Mueller

M ur phy sour ce with the P wave speed
replaced by the S wave speed, which shifts
the spectrum to lower frequency for the S
phase. This causesthe Swavesto appear to
grow relativeto P with decreasing explosion
yield.

o
o
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New Analysisof NTS Records

Patton and Taylor (1995) attribute a consistent spectral null at 0.55 Hz in the ratio of Lg spectra from normally
buried to overburied explosionsto CLVD generated Rg scattering to Lg. We extend analysis of the data used by
Patton and Taylor to 3-components and to coda spectra, and use nonlinear source calculations, modal calculations,
and wavenumber integration to model the results. Patton and Taylor (1995) normalized the vertical component Pg
and Lg spectra of three normally buried explosions by those of two nearby overburied explosions to isolate the
effects of spall. We do not use spectral ratios, because a spectral peak at 0.55 Hz in the overburied events’ spectra
causes a corresponding null in spectral ratios, which makes interpretation ambiguous. Table 3 lists the distances
from the normally buried events to each of the overburied events, yields based on m,(Lg), depths, scaled depths, and
which components were available at each of the four Lawrence Livermore National Laboratory (LLNL) stations
used for the five events used by Patton and Taylor.

Figure 6 shows the network averaged spectrafor Pg, Lg (3.6 to 3.0 km/s), and Lg coda (3.0 to 2.0 knv/s), for all three
components. Thereisaclear spectral null in the vertical component Lg, and less distinct but similar nullsin Baseball
and Caprock’s, but not Glencoe'sradial Lg. Thereisno clear corresponding null in the tangential Lg spectra,
although Baseball hasa null at slightly higher frequency. There are no corresponding nullsin any component of the
Lg codafor any of the events.

Table 3. M etadata and availability of 3-component data from NTS eventsused in Taylor and Patton (1995) to
investigate the effects of spall. The fifth column, SD, indicates scaled depth.

Dist' | Dist® | Y=y(m,) | Depth | SD ELK MNV LAC KNB

(km) | (km) (m) 412km | 238km | 301 km 287 km
Caprock | 0.34 | 1.36 264 600 | 0.77 - TRZ | TRZ N,Z
Baseball | 2.14 | 0.45 117 564 | 094 | TRZ | TRZ | TRZ TRZ
Glencoe | 297 | 2.06 101 610 | 1.07 N,Z TRZ | TRZ EZ®
Techado | - 1.70 2.89 533 | 307 | TRZ | TRZ | TRZ Z
Borrego | 1.70 - 0.868 564 | 485 | TRZ | TRZ | TRZ TRZ

Distance from Techado
2 Distance from Borrego
3 East component exists but is extremely poor quality

Modal simulations for an NTS structure indicate that, even for instantaneous scattering of all Rg to higher modes,
the scattered Rg contributes more to the Lg coda time window than it does to Lg. This suggests that if the observed
null is due to scattered CLV D Rg, the null should also be prominent in the Lg coda. The absence of the null in the
coda spectra raises the question of which other sources of Lg could account for the observed null. Figure 7 shows
the contributions to Lg from trapped pS, direct Sfrom a CLVD source, scattered explosion Rg, and scattered CLVD
Rg, all calculated for an NTS structure. The spherical explosion sourceis at 500 m depth, and the CLVD is half the
moment of the explosion and is at 300 m depth. The scattered Rg contributions assume instantaneous scattering of
al Rg energy into higher modes, with the distribution determined by a vertical point force (Stevens et al., 2005).
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Time series are on the left and spectra on the right. Each of the contributions has a null in the same frequency band,
but the amplitude of CLVD Rg contribution is approximately an order of magnitude smaller than that of other
sources of Lg.

Actual nuclear explosion sources have some spatial and temporal distribution, which could affect their spectral
shape. Figure 8 shows the regions of permanent nonlinear deformation and cracking from 2D nonlinear calculations
of the Baseball and Techado sources. It also shows the Lg spectra of the Baseball (blue) and Techado (red)
calculations compared with the sum of a spherical point explosion and a CLVD of half the explosion’s size (black,
dashed). The Lg of al three share a 0.55 Hz null. The common Lg spectral nulls demonstrate that the trapped pS and
direct S from the nonspherical parts of the source are sufficient to explain the observed spectral nulls, and that the
nulls persist for a more realistic distributed source. This analysis demonstrates that Lg spectral nulls can be
generated by direct Sand pSinan NTS structure, but, because increased scattering in the coda could obscure nulls
there, the lack of nullsin Lg coda aoneisinsufficient to rule out other possible mechanisms.
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Figure 6. Network average Pg, Lg, and L g coda spectra for all 3-componentsfor Baseball (red), Caprock
(purple), Glencoe (blue), Techado (aquamarineg), and Borrego (green). The 0.55 Hz, black, vertical
line showsthe vertical component Lg spectral null position for the normally buried events. The null
isnot observed in theLg coda, or asconsistently in other componentsof Lg.

Vertical Seismograms at 500 Km: NTS Lg Spectra at 500 Km: NTS
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Figure 7. Contributionsto the time serieswithin the L g window (left) and their spectra (right). Trapped pS
(red), spherical explosion Rg to Lg scattering (maroon, upper bound), direct Sfrom a CLVD (green),
and CLVD Rgto Lg scattering (blue, upper bound) share a common spectral null, but the scattered
CLVD Rg contributeslessthan the others. The black spectral curveisthe sum of all the
contributions.
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Figure 8. Permanent nonlinear defor mation (left column) produced by 2D L agrangian finite-difference
simulations of the sour ces of Baseball (top) and Techado (bottom). The simulation for Techado
produces a nearly spherical area of permanent defor mation and no cracks. Cracks predicted by the
Baseball simulation are shown in the upper right. Lg from these nonlinear source calculationsfor the
Baseball (blue), Techado (red), and the sum of an explosion and a CVLD of half the explosion’ssize
(black, dashed). The vertical black lineindicates 0.55 Hz.

New Analysis of Kazakh Depth of Burial Experiments

Three 25-ton explosions were detonated at Balapan to investigate the effect of burial depth (Glenn and Myers,
1997). Myerset al. (1999) attribute spectral differences between regional P/S amplitude ratios to depth dependent
differencesin Rg, which is assumed to scatter to S. Patton et al. (2005) suggest that m,(Lg) differences they observe
at 415 km are due to differences in the amount of Rg available from each explosion for scattering to Lg near the
source. The observed regional phase amplitudes may also be explained by differencesin S directly generated at the
source, due to structure and lack of containment for the shallow event. Direct generation of S from the explosions
that reproduces the observed regional S/P ratios would predict Sg distinct from Rg near the source, and local S/P
ratios consistent with regional S/P. To evaluate this prediction, we extend the previous work by examining 3-
component local records to identify local Sg. We aso examine an additional record at 85 km to investigate the
persistence of Rg.
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Figure9. Tangential (upper) and
overlain vertical and Hilbert
transformed radial (lower)

- recor ds of the 50, 300, and
550 m depth events (from left
“ toright), filtered from2to 5

Hz. All threerecordsin each
set sharethe same scale.
Recordsareat 17.3, 12.7, and
12.7 km respectively, and are
plotted from origin timeto
1.5 km/s group velocity. In
each, adistinct Sg precedes
the Rg (off azimuth for the
! 300 m depth event). Sgis

w mor e commonly observed
L [y

and larger for thetwo

R R I | | \ L | Ly \ \ shallowest explosions. Rgis
smallest for the degpest

event.

Figure 9 shows one 3-component set of local records for each event, filtered from2to 5 Hz, at 17.3, 12.7, and
12.7 km distance respectively for the 50, 300, and 550 m depth events. All records for each 3-component set are
plotted on the same scale. Sg is distinguishable on all three components of records from all three events. Record
sections (not shown due to space limitations) show that these Sg observations are not unique to just the records
shown, and that Sg is generally most prominent on the records of the two shallower events. The Sg persiststo
frequencies greater than those of Rg, suggesting that they are not merely scattered from Rg.

Differences in source parameters besides depth, and the multiplicity of mechanisms that have some depth
dependence complicate interpretation of the observed differencesin S-wave generation between explosions. The
shallowest explosion, which cratered, took place in “aweak shale” (Glenn and Myers, 1997), while the other two
explosions were in granite. For the shallowest explosion, S*, the cratering, and more generally the asphericity of the
yielding region, which generates shear waves directly, should all contribute to generate more shear waves than come
from the deeper explosions. Although the two deeper explosions are very overburied, so we might not normally
expect much asphericity, accel eration records show evidence of spall at depths associated with weak zones in both
cases (Patton et al., 2005). Also, the P-wave velocity of the weak shale isless than the mantle shear wave velocity,
and so the surface pS converted phase should be trapped and contribute significantly to Lg. Trapping of pSisless
certain for the deeper sources, where source P-wave velocities are near the mantle S-wave velocity.

The importance of scattered Rg as a source of S depends on the rate of near source Rg scattering. Modal scattering
upper bound calculations for a Degelen structure, similar to those in Figure 6, indicate that even if all CLVD Rgis
scattered instantaneously at the source, it contributes lessto Lg above 0.5 Hz than does direct S from the same
CLVD. Ongoing work includes similar calculations for the structure local to these events at the event depths with
more realistic rates of Rg scattering. Myers et al. (1999) observe that Rg is rapidly attenuated at < 20 km. We
however observe that for all three explosions, below 2 Hz, Rg is still the dominant phase at KUR, 85 km distance
(Figure 10). The Rg, arriving at approximately 30 s, is so dominant at 0.5 to 1 Hz that it is almost the only phase
visible. At 1-2 Hz it is still larger than P and as large as the S phase, which arrives at approximately 20 s. This
observation provides alimit on the energy available for near source scattering of Rg to regional S.
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CONCLUSION AND RECOMMENDATIONS

We have collected extensive new data sets, including depths and yields, from the Semipalatinsk test site. These have
proven useful in demonstrating decreased local peak velocities for some events located near previous explosions,
although there is no apparent corresponding effect on my,. Comparison of the new local records with regional data
indicates that local Sg/Pg amplitudes correlate positively with regional S/P. That and the existence of distinct Sg,
separate from Rg, for all events suggest that the source of Sg could be the same as that of Sn and Lg. Decreased S/P
ratios for larger events can be explained by yield and depth dependent differences in source spectra.

Analysis of data from adjacent normally and overburied NTS events, and of the Kazakh depth of burial experiments,
both previoudly interpreted as supporting Rg scattering to Lg, indicates that direct generation of S at the sources
could also explain the observations. Numerical simulations, including modal scattering calculations, indicate that for
the NTS events, both pS and direct S from a CLVD should contribute more to Lg than does scattered Rg from a
CLVD. Nonlinear source calculations demonstrate that spectral nulls associated with pS and direct Sfroma CLVD
are preserved for a more realistic distributed source. For the Kazakh depth of burial explosions, similar calculations
indicate the same conclusion for the direct CLVD S, but further simulations at the depth of each explosion should be
performed. For these calculations, Rg decay from local records and KUR should be employed to constrain the upper
bound on Rg energy available for scattering to Lg.
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