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SUMMARY 

This report has provided a summary of the results of a joint research program 

which has been carried out by scientists ft"om Maxwell Technologies, Inc. and the 

Russian Institute for Dynamics of the Geospheres (IDG) in an attempt to derive 

improved, quantitative constraints on the transportabiUty of various regional 

discriminants as they apply to the identification of underground nuclear explosions 

under the CTBT. In particular, regional seismic data recorded from Soviet PNE 

tests and nearby earthquakes and mining events have been collected and analyzed 

to further test the applicability of various proposed discriminants over the wide 

ranges of source and propagation path characteristics sampled by these tests. 

The development of a seismic source summary for 122 Soviet PNE tests was 

described in Section 2, including how exact origin times and locations have been 

conpiled for 69 of these explosions. In addition, exact locations and seismically 

based origin times with estimated accuracies of ±0.5 seconds were presented for 8 

other explosions, yielding a final database of source parameters for 77 Soviet PNE 

tests which are accurate enough for use in highly detailed seismological 

investigations. 

Regional seismic data recorded at the Borovoye Geophysical Observatory in 

Central Asia from a number of Soviet PNE tests and nearby earthquakes and 

mining events were analyzed in detail in Section 3. These data were processed to 

obtain estimates of the spectral composition of the regional phases Pn, Pg, Sn and Lg 

over the frequency band 0.5 to 5.0 Hz, and the resulting spectral data for the 

various source types were statistically analyzed to assess the level of 

111 



discrimination capability provided by data from this station. This discrimination 

analysis was extended in Section 4 to include an evaluation of the PIDC prototype 

high frequency (6-8 Hz) Pn/Lg spectral ratio discriminant using broadband, regional 

seismic data recorded from a number of Soviet PNE tests at both the Borovoye 

station and at a variety of temporary stations specifically deployed to record those 

explosions. 

A comparison of near-regional seismic data recorded from nearby Degelen 

Mountain nuclear and chemical explosions was presented in Section 5, where the 

seismic source characteristics of these two types of underground explosions were 

compared and contrasted. Broadband data recorded at stations located at distances 

of 39 and 84 km from the Degelen test were processed to estimate the relative 

spectral con^ositions of the P, S and Rayleigh wave phases and these spectral data 

were used to assess the characteristics of the different explosion sources, as well as 

that associated with the release of tectonic strain energy which was apparently 

triggered by the chemical explosion. 

An analysis of the characteristics of the explosion aftershocks observed following 

selected Soviet PNE tests was described in Section 6, where data recorded 

following 13 such explosions were described and compared with corresponding 

data recorded from a large number of NTS underground nuclear explosions. In 

particular, the distributions of aftershock activity as ftinctions of magnitude and 

time after these explosions were analyzed to assess their potential utility for use in 

onsite inspections under the CTBT. 

IV 



CONVERSION TABLE 
Conversion Factors for U.S. Customary to metric (SI) units of measurement, 

MULTIPLY   —►BY    ► TO GET 
DIVIDE TO GET ■< ±J ^   V XJ^J_l 

angstran I'.OOO 000 X E -10 meters (m) 

atnosphsre (normal) 1.013 25 X E +2 kilo pascal (kPa) 

bar 1.000 000 X E +2 kilo pascal (kPa) 

bam 1.000 000 X E -28 mster^ (ra^) 

British thermal unit (thernoGhatiical) 1.054 350 X E +3 joule (J) 

calorie (thermocharlcal) 4.184 000 joule (J) 

cal (thermDchatiical/crf) 4.184 000 X E -2 msga joule/nf (MJ/m^) 

curie 3.700 000 X E +1 *giga bacquerel (GBq) 

degree (angle) 1.745 329 X E -2 radian (rad) 

degree Fahrenheit tk = (t°f + 459.67)71.8 degree kelvin (K) 

electron volt 1.602 19 X E -19 joule (J) 

erg 1.000 000 X E -7 joule (J) 

erg/second 1.000 000 X E -7 watt (W) 

foot 3.048 000 X E -1 meter (m) 

foot-pound-force 1.355 818 joule (J) 

gallon (U.S. liquid) 3.785 412 X E -3 mst-PT^ (m') 

inch 2.540 000 X E -2 meter (m) 

jerk 1.000 000 X E +9 joule (J) 

joule/kilogram (J/kg) radiation dose 

abso3±ied 1.000 000 Gray (Gy) 

kilotons 4.183 terajoules 

kip (1000 Ibf) 4.448 222 x E +3 newton (N) 

kip/inch^ (ksi) 6.894 757 x E +3 kilo pascal (kPa) 

ktap 1.000 000 X E +2 newton-second/itf' (N-s/nf) 

micron 1.000 000 X E -6 meter (m) 

mil 2.540 000 X E -5 meter (m) 

mile (international) 1.609 344 X E +3 meter (m) 

ounce 2.834 952 x E -2 kilogram (kg) 

poxmd-force (lbs avoirdi:pois) 4.448 222 newton (N) 

pound-force inch 1.129 848 X E -1 newton-meter (N-m) 

pound-force/inch 1.751 268 X E +2 newton/meter (N/m) 

pen md-force/foot^ 4.788 026 X E -2 kilo pascal (kPa) 

pound-force/inch^ (psi) 6.894 757 kilo pascal (kPa) 

pound-mass {Ibm avoirdt^rais) 4.535 924 x E -1 kilogram (kg) 

pound-mass-foot^ (momsnt of inertia) 4.214 Oil X E -2 kilogram-meter^ (l^-mP) 

pound-mass/foot^ 1.601 846 X E +1 kilogram-meter' (kg/m') 

rad (radiation dose absorbed) 1.000 000 X E -2 **Gray (Gy) 

roentgen 2.579 760 X E -4 coulonib/kilogram (C/kg) 

shake 1.000 000 X E -8 second (s) 

slug 1.459 390 X E +1 kilogram (kg) 

torr (mm Hg, 0° C) 1.333 22 X E -1 kilo pa.scal (kPa) 

*The bacquerel (Bq) is the SI unit of radioactivity; 1 Bq = 1 event/s. 
**The Gray (GY) is the SI unit of absorbed radiation. 
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Comparison of normalized Lg/P^ spectral ratio values (2.0 - 
5.0 Hz) for Borovoye PNE and REB recordings. The upper 
and lower dashed lines denote the logarithmic means of the 
REB and PNE populations, respectively. 
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3-8 Map locations of Soviet PNE tests and selected REB events 
located within 20° of the Borovoye station in Kazakhstan. 
The circled PNE events are those which have Lg/P^ spectral 
ratio values at Borovoye which mix into the earthquake 
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SECTION 1 

INTRODUCTION 

In order to develop a conprehensive capability to discriminate the regional seismic 

signals produced by underground nuclear explosions from those produced by 

earthquakes, rockbursts and conventional mining explosions of comparable 

magnitude, it is first necessary to be able to define bounds on the types of signal 

variations which might be expected over the full ranges of source and propagation 

path conditions of potential interest in global monitoring of the CTBT. However, 

most of the enpirical regional discrimination studies which have been conducted 

to date have focused on analyses of seismic signals recorded from underground 

tests conducted at the few major nuclear test sites, and these sample only hmited 

ranges of the variables of interest. This constitutes a serious Umitation in that 

existing theoretical simulation models have not yet proven capable of fully 

explaining the observed characteristics of the various proposed empirical 

discriminants and, therefore, their exfrapolation to applications in new 

environments is subject to considerable uncertainty. In an attempt to overcome 

fliese limitations of previous analyses. Maxwell Technologies and the Russian 

Institute for Dynamics of the Geospheres (IDG) have been working on a joint 

research program to improve regional discrimination capabiUty through analyses of 

seismic data recorded from Soviet Peaceful Nuclear Explosions (PNE) and nearby 

earthquakes and chemical explosions to better define the capabilities and 

limitations of various proposed regional discriminants. These underground nuclear 

explosions were widely dispersed throughout the territories of the former Soviet 

Union (FSU), were detonated in a wide variety of geologic emplacement media 

and are representative of broad ranges in explosion yield and source depth. 

Moreover, because of the tremendous geologic and tectonic diversity represented 



within the FSU, regional data recorded from these tests sample ranges of 

propagation conditions that are more representative of the diversity that will be 

encountered in global CTBT monitoring. Thus, such data represent a unique 

resource for use in seismic verification studies of underground nuclear testing. 

This report presents a summary of the wide variety of investigations related to 

Soviet PNE data which have been conducted during the course of this contract. 

The development of a seismic source summary for Soviet PNE tests is described in 

Section 2, where the different sources used to formulate the table published in the 

June, 1999 issue of the Bulletin of the Seismological Society of America (Sultanov 

et al, 1999) are discussed in detail. This is followed in Section 3 by a description of 

a regional discrimination analysis conducted using data recorded at the Borovoye 

Geophysical Observatory in Central Asia from a number of Soviet PNE tests and 

nearby earthquakes and mining events. In Section 4, this analysis is extended to an 

evaluation of the PIDC prototype high frequency P„/Lg discriminant using 

broadband regional seismic data recorded from a number of Soviet PNE tests. A 

comparison of near-regional seismic data recorded from nearby Degelen Mountain 

nuclear and chemical explosions is presented in Section 5, where the seismic 

source characteristics of these two types of underground explosions are compared 

and contrasted. This is followed in Section 6 by the presentation of an analysis of 

the explosion aftershock characteristics observed from selected Soviet PNE tests 

which focuses on an assessment of their potential for use in onsite inspections 

under the CTBT. The report concludes with Section 7, which contains a summary 

and statement of conclusions regarding the impUcations of our analyses of Soviet 

PNE data with respect to global test monitoring under the CTBT. 



SECTION 2 

COMPILATION OF A SEISMIC SOURCE SUMMARY FOR SOVIET 
PEACEFUL NUCLEAR EXPLOSIONS 

2.1 BACKGROUND. 

During the period extending from January 1965 to September 1988, the former 

Soviet Union (FSU) conducted 122 peaceful nuclear explosion (PNE) tests in a 

variety of commercial and scientific applications. The majority of these tests can 

be roughly grouped into three areas of application: (1) stimulation and control of 

oil, gas, and mining extraction processes; (2) creation of underground storage 

cavities, primarily in salt; and (3) deep seismic sounding (DSS) for mapping of 

major crustal and upper mantle geologic structures. The remaining few events were 

devoted to a variety of purposes, including excavation of near-surface materials for 

construction projects, development of technology for obtaining transuranic 

elements through sequential explosions in water, and earthquake hazard studies. 

Most of the explosions were tamped and contained. Seven explosions were for 

excavation purposes and created trenches, dams, or craters. In two cases, large 

underground cavities created by explosions in salt (i.e. Azgir A-2-1 and A-3-1) 

were used for repeated explosions in air (one cavity decoupled test; Adushkin et 

al., 1992) and water (six low-yield explosions; Murphy et al., 1996). 

The locations of the PNE tests were widely dispersed throughout the territories of 

the FSU. This is graphically illustrated in Figure 2-1, where the locations are 

shown as overlays (large squares) to a grayscale topographic map of the FSU and 

surrounding countries. The International Seismological Centre (ISC) seismicity 

database for the period 1988 to 1990 is also included as an overlay (small squares) 

to this map to illustrate the tectonic diversity of the PNE test environments. 



Figure 2-1. locations of Soviet PNE events (large squares) shown as overlays to a 
grayscale topographic map of the former Soviet Union and surrounding 
countries. The larger dark squares indicate locations where multiple 
PNE tests were conducted. The small squares correspond to the ISC 
seismicity for the region for the period 1988 to 1990. 

More specifically, these source locations sample the Baltic shield; the Russian, 

Turan, Kazakh, West Siberian, and Siberian platforms, the Caspian, Pre-Urals, and 

Pre-Caucasus depressions; the Baikal rift zone; and the Altai-Sayan orogenic belt. 

Thus, seismic data recorded from these tests represent a unique resource for studies 

of the variability of crust and upper mantle structures over this wide range of 

geophysical environments. 



The Soviet PNE explosions were conducted in a variety of geologic emplacement 

media (e.g. sandstone/shale, limestone/dolomite, salt, clay, tuff, granite) and are 

representative of broad ranges in explosion yield (0.01 to 140 KT) and source 

depth (31 to 2860 m). The distributions of the PNE events with respect to these 

source variables are summarized in histogram form in Figure 2-2 where it can be 
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Figure 2-2. Histograms showing the distributions of the Soviet PNE events with 
respect to explosion yield, depth of burial, and source medium. 



seen that approximately 75% of the events have yields in the 1 to 20 KT range and 

that nearly 60% have source depths of greater than 750 m. Thus, the majority of 

these PNE events are deeply overburied, low-yield explosions of the type that are 

of primary interest in verification studies related to seismic monitoring of the 

Comprehensive Test Ban Treaty. Given accurate event origin information, seismic 

data recorded from these Soviet PNE explosions can provide a uniquely valuable 

resource for use by the seismic verification community. For this reason, we have 

now compiled a seismic source summary for 122 Soviet PNE tests and published 

the results in the open literature (Sultanov et al, 1999) in a format modeled after 

the seismic source summary for U. S. underground nuclear explosions previously 

published by Springer and Kinnaman (1971, 1975). Preliminary, incomplete 

versions of this summary were previously published by Sultanov et al (1993) and 

in a summary published by the Russian Federation Ministries of Atomic Energy 

and Defense (1996). These prior lists provided starting points for assembling our 

more complete summary, which we believe incorporates all currently available, 

verified information regarding these tests. It should be noted that the 1996 Russian 

Federation summary lists 124 tests that are designated as PNE as opposed to the 

122 tests included in our list. The additional 2 tests in this previous summary 

(04/09/71 and 12/16/74) were PNE device development tests conducted in tunnels 

at the seismically well-calibrated Semipalatinsk test site and are generally not 

regarded as operational PNE tests. Therefore, they have not been included in our 

list. A sample page from the Sultanov et al (1999) source summary is presented in 

Table 2-1, where it can be seen that the cited data are listed with variable precision. 

Therefore, it is necessary to qualify the accuracy of the various entries with respect 

to the sources of information as follows. 



Table 2-1. Sample of the seismic source summary for Soviet PNE events. 

Name and 
DatedJT) 

Origin Time 
(UT) 

Geodetic 
Location Yield, let     Deptli, m 

Source 
Medium mb Comments 

Horizon-3 
09/29/75 

11:00:00.43 69 J78 N 
90 J37 E 

7.6 834 saK 

Azgir A-3-2 
03/29/76 

07:00:00.23 47.897 N 
48.133 E 

10 
(8) 

986 salt 

Azgir A-4 
07/29/76 

05:00:00.5 47.870 N 
48.150 E 

58 1000 salt 

Oka 
11/05/76 

03:59:59.98 61.458 N 
112.860 E 

15 1522 limestone 

Meteorite-2 
07/26/77 

17:00:00 J2 69.575 N 
90375 E 

15 
(13) 

850 
(880) 

salt 

Meteroritc-5 
08/10/77 

22:00:00.10 50.955 N 
110.983 E 

SS 494 granite 

Meteorite-3 
mnom 

22:00:00.78 64.108 N 
99.558 E 

ss 600 
(592) 

tuff 

Meteorite-4 
09/10/77 

16:00:00.18 57.251 N 
106.551 E 

7.6 
(7) 

550 
(537) 

sandstone/ 
shale 

Azgir A-5 
09/30/77 

06:59:58.43 47.897 N 
48.161 E 

10 
(93) 

1500 satt 

A^r A-2-3 
10/14/77 

06:59:59.10 47.909 N 
47.912 E 

0.1 
(0.11) 

600 
(588) 

saH 

Az^r A-2-4 06:59:59.07 47.909 N 
47.912 E 

0.01 600 
(586) 

salt 

Kraton-4 
08/09/78 

18:00:00.79 63.678 N 
125.522 E 

22 567 sandstone/ 
shale 

Kraton-3 
08^4^8 

18:00:0035 65.925 N 
112338 E 

22 
(19) 

577 limestone 

Azgir A-2-5 
09/12/78 

04:59:58.49 47.909 N 
47.912 E 

0.08 600 
(584) 

salt 

Kraton-2 
09/21/78 

15:00:00.19 66.598 N 
86.210 E 

15 
(16) 

886 sandstone/ 
shale 

Vyatka 
10/08/78 

00:00:00.0 61.55  N 
112.85  E 

15 
(13) 

1545 limestone 

A^rA-7 
lornns 

04:59:59.06 47.850 N 
48.120 E 

18+56 1040 
970 

salt 

Kraton-1 
10/17/78 

14:00:00.16 63.185 N 
63.432 E 

22 
(23) 

593 sandstone/ 
shale 

Azgir A-2-6 
iim;78 

07:59:59.14 47.909 N 
47.912 E 

0.06 600 
(586) 

salt 

4.8 

43       explosion in A-3-1 air-filled cavity, nib value 
from Adushkin etal-1993 

5.9 

53 

5.0 

5.0 

5.0 

4.8 

5.0 

5.6 

5.1 

5.2 

5.2 

explosion in A-2-1 water-filled cavity 

eiqilosion in A-2-1 water-GIIed cavity 

e]q>losion in A-2-1 water-filled cavity 

5.8       simultaneous detonation of 2 devices in same 
hole 

5.5 

explosion in A-2-1 watcr-fllled cavity 



2.2 ORIGIN TIME. 

True origin times were obtained from automated recordings of the detonation times 

for 97 of the 122 PNE tests. These origin times are listed in the summary with a 

precision of 0.01 seconds. For an additional 17 of these explosions, the origin 

times have been estimated from seismic hypocenter solutions, and these are listed 

with a precision of 0.5 seconds. These latter estimates are based on a statistical 

comparison of ISC origin times and actual detonation times for 67 well-recorded 

PNE events for which the detonation times were automatically measured in the 

field. This comparison revealed that the ISC origin times for these events are early, 

on average, by 2.50 seconds, with an associated standard deviation of 0.38 

seconds. Thus, the origin times reported in the summary for these 17 explosions 

were obtained by adding 2.5 seconds to their reported ISC origin times and are 

assumed to be accurate to within about ±0.5 seconds. Finally, there are 8 

explosions for which the seismic data are inadequate for such a determination of 

origin time, and the origin times in these cases are listed in the summary to the 

nearest second based on rough, announced detonation times for these explosions. 

2.3 LOCATION. 

Actual locations are known for 79 of the 122 PNE events, and these are listed in 

the summary with a precision of 0.001°. These were estimated by geodetic means 

(DSS projects) or from high-resolution maps of the sites and are considered to be 

accurate to within 0.2 to 1.0 km. Seismic locations are listed in the summary with a 

precision of 0.05° for an additional 37 explosions. A comparison of seismic [ISC or 

U.S. Geological Survey Earthquake Data Report (EDR)] and actual locations for 

more than 200 explosions at the Semipalatinsk test site indicates an average 

seismic mislocation of 6.7 km, with a standard deviation of 4.4 km. A similar 

comparison for 53 Soviet PNE events with mb > 5.0 indicates an average seismic 



mislocation of about 7.0 km, with an associated standard deviation of 3.3 km. 

Thus, the seismological locations in the summary for explosions with yields 

greater than about 10 KT are considered to be accurate to within 5 to 10 km. The 

locations for the remaining 6 PNE events, which were too small to be located using 

teleseismic data, are listed in the summary with a precision of 0.1°. These are based 

on rough, geographic descriptions of the source locations and are of variable and 

currently unspecified accuracy. 

2.4 YIELD AND DEPTH. 

The explosion yields and depths of burial listed in the summary are taken from the 

Russian Federation summary (1996) and are considered to have nominal 

accuracies of about ±10% and ±5 meters, respectively. In most cases, the nuclear 

explosives used in the PNE tests were standard devices, the yield of which had 

been carefully determined during development testing at the Semipalatinsk test 

site. In those few cases in which previously uncalibrated devices were used, the 

yields were determined fi-om in situ hydrodynamic measurements on the individual 

tests. Alternate, credible values from other sources of information are shown in 

parentheses in some cases. 

2.5 SOURCE MEDIUM. 

Given the complexity of the subsurface geology at a number of the PNE sites, the 

source media listed in the summary are only representative of the environments 

near source depth in some cases and, consequently, may not always provide 

adequate descriptions for use in assessments of variability in seismic source 

coupling. More detailed subsurface information is available for a number of these 

tests, but no comprehensive reference to these data is available at the present time. 



2.6 nib. 

The nib values listed in the summary are ISC values, except for the Magistral event 

of 25 June 1970 for which the EDR value is given. No teleseismic ISC or EDR mt 

values were reported for 14 of these PNE events, 9 of which had yields of less than 

about 1 KT, and all of which had yields of less than 8 KT. 

2.7 COMMENTS. 

The comments are limited to the excavation explosions and those with unusual 

source configurations. In cases in which there were multiple explosions with 

horizontal offset, AR denotes the horizontal offsets between the explosions of the 

group. 

2.8 CURRENT STATUS. 

A seismic source summary has been published for 122 PNE tests conducted by the 

FSU between 1965 and 1988. Exact origin times and locations are currently 

available for 69 of these 122 explosions. Exact locations and seismically based 

origin times with estimated accuracies of ±0.5 seconds have been provided for an 

additional 8 explosions. Thus, the summary lists source parameters for some 77 

Soviet PNE tests that are accurate enough for highly detailed seismological 

investigations. Hopefully, future studies encompassing analyses of satellite 

imagery and regional seismic data, perhaps supplemented by GPS determinations 

from visits to selected sites, will eventually provide accurate locations for all the 

other explosions in this unique data set. 
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SECTION 3 

BOROVOYE REGIONAL DISCRIMINATION ANALYSIS 

The Borovoye Geophysical Observatory is located in North Kazakhstan (53.06°N, 

70.28°E) and is one of the oldest digitally recording seismic observatories in the 

world, having initiated digital recording in 1966. A variety of long-period and 

short-period seismic systems have been deployed at this station over the years 

(Kim and Ekstrom, 1996), including some relatively broadband systems which 

were recorded with digitization rates in the 30-40 sanple/second range. Thus, 

dynamic range permitting, these data provide potential resolution of seismic 

frequency content to 10 Hz and higher. For most of the Soviet PNE tests, these 

Borovoye recordings represent the highest quahty regional seismic data that are 

available for detailed analysis. 

In a previous study. Murphy et al (1997) conducted a detailed analysis of the 

regional seismic signals recorded at the Borovoye station from 29 Soviet PNE tests 

located in the distance range extending from 7.2 to 19.1 degrees from the 

Borovoye station. The map locations of these selected explosions with respect to 

the Borovoye station are shown in Figure 3-1 where it can be seen that they are 

widely distributed throughout the territories of the former Soviet Union. Thus, their 

regional propagation paths to the Borovoye station sample diverse ranges of crust 

and upper mantle structures which can potentially provide some valuable 

constraints on the types of seismic characteristics which may be expected in global 

CTBT monitoring. 

11 



Figure 3-1. Map locations of selected Soviet PNE tests which were recorded at the 
Borovoye station in Kazakhstan. 

The source parameters of these selected PNE events are Usted in Table 3-1 where 

they have been divided into subsets (i.e., Groups I, U, A, B, Azgir and Astrakhan), 

such that the explosions in each subset are located in a fairly narrow, common 

distance range. Note also from Table 3-1 that, although the explosions in the 

Astrakhan and Azgir groups are located at distances from Borovoye which are very 

comparable to those of the Group A events, they were classified as separate groups 

in order to assess any propagation path effects which may be related to their 

12 



Table 3-1. Source characteristics of selected Soviet PNE events. 

GroupI(A = = 10.2°) 
Date Latitude Longitude W,kt h,m Medium A,° 

08/15/73 42.78 67.41 6.3 600 clay 10.5 
10/26/73 53.66 55.38 10 2026 dolomite 8.3 
09/02/81 60.62 55.59 3.2 2088 limestone 11.0 
07/21/84 51.36 53.32 13.5 846 salt 10.6 
04/19/87 60.25 57.08 3.2 2015 limestcme 10.4 
10/03/87 47.61 56.23 8.5    _ 

Group n( A 

1000 

= 8.6"») 

salt 10.5 

Date Latitude Longitude W,kt b,in Medium A,° 
10/17/78 63.19 63.43 23 593 sandstone 10.7 
10/04/79 60.68 71.46 21 837 clay 7.7 
12/10/80 61.69 67.00 15 2485 sandstone 8.8 
08/25/84 61.88 72.09 8.5 726 clay 8.9 
06/18/85 60.17 72.50 2.5   _ 

Group A(A 

2859 

= 15.6») 

argillite 7.2 

Date Latitude Longitude W,kt h,m Medium A,° 
04/11/72 37.37 62.00 14 1720 argillite 16.7 
11/01/80 60.82 97.57 8.0 720 dolomite 16.7 
09/25/82 64.31 91.83 8.5 554 gabbro 15.8 
08/11/84 65.03 55.19 9.5 759 clay 14.2 
09/06/88 61.36 48.09 7.5   _ 

GroupB(A 

793 

= 18.0°) 

dolomite 14.6 

Date Latitude Longitude W,kt h,m Medium A,° 
07/26/77 69.58 90.38 13 879 salt 19.1 
08/20/77 64.11 99.56 8.5 592 tuff 18.9 
05/25/81 68.21 53.66 37.6 1511 clay 17.2 
10/22/81 63.79 97.55 8.5 581 dolomite 17.7 
09/04/82 69.21 81.65 16     _ 

Astrakhan (A 

960 

= 15.5°) 

sandstone 17.0 

Date Latitude Longitude W,kt h,m Medium A," 
10/08/80 46.71 48.22 8.5 1050 salt 15.5 
09/26/81 46.78 48.25 8.5 1050 salt 15.5 
10/16/82 46.73 48.20 8.5 974 salt 15.5 
09/24/83 46.78 48.32 8.5 1050 salt 15.4 
10/27/84 46.77 48.31 3.2 _ 

Azgir(A = 

1000 

15.0°) 

salt 15.5 

Date Latitude Longitude W,kt li,m Medium A,° 
09/30/77 48.14 47.85 9.3 1503 salt 15.0 
07/14/79 47.81 48.10 21 982 salt 15.1 
10/24/79 47.81 48.16 33 982 salt 15.0 

13 



locations within the Caspian Basin. With regard to source parameters, the data of 

Table 3-1 indicate that these selected explosions sample wide ranges of source 

media (i.e., sandstone, clay, salt, limestone/dolomite, argillite and gabbro) and 

source depth (i.e., 554-2859 m) and that they are predominantly low yield, 

overburied explosions of the type which represent the greatest challenge to seismic 

monitoring of the CTBT. 

The Borovoye data corresponding to the selected PNE events of Table 3-1 were 

processed to obtain estimates of the different regional phase spectra for each event. 

In the first step of this processing, the data and pre-signal noise windows for each 

event were bandpass filtered using a Gaussian comb of filters spaced at intervals of 

0.25 Hz between 0.5 and 5.0 Hz, where each filter is characterized by a Q value of 

6 fc, with fc the filter center frequency. Filters of this type have been used by us 

and a number of other investigators in previous studies (Murphy et al., 1989; 

Murphy et al, 1996) and have been found to provide spectral estimates which are 

useful for purposes of seismic analysis. Note that, although the digitization rates 

for the Borovoye data are nominally high enough to support signal analyses to 10 

Hz or higher, we established an upper limit of 5 Hz for the purposes of that study. 

This reflects our conclusion that the combination of limitations in the dynamic 

range of the original data, uncertainties in high fi-equency instrument response 

characteristics and the decrease in the signal-to-noise ratios with increasing 

fi-equency generally leads to a significant increase in the uncertainty associated 

with the reduction of the higher fi-equency data. For purposes of the regional phase 

analyses, the filter outputs for each recording were sorted into six distinct time 

windows and the spectral amplitudes at each center frequency were estimated by 

computing RMS values from the instrument-corrected filter outputs in each of the 
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designated windows. In the interests of sinplicity and consistency, these regional 

phase time windows were defined in terms of apparent group velocity intervals as 

follows: (1) pre-signal noise, (2) Vg > 7 km/sec, (3) 6 < Vg < 7 km/sec, (4) 5 < Vg 

< 6 km/sec, (5) 4 < Vg < 5 km/sec, and (6) 3 < Vg < 4 km/sec. For purposes of 

subsequent discussion, these six time windows will be identified as pre-signal 

noise, PQ, Pcoda» Pg. SQ, and Lg, respectively. Although there are individual cases 

in which refined time windows could be specified that would more precisely 

isolate particular regional phases of interest, this simple windowing procedure was 

en^loyed throughout as a test of its potential utiUty for routine seismic 

discrimination purposes. 

The resulting regional phase spectral data for this sample of Soviet PNE events 

were statistically analyzed in detail by Murphy et al (1997) to define their 

dependencies on the various explosion source and propagation path variables, and 

a single model was developed for estimating the spectral con^ositions of the 

different regional phases over the sanpled ranges of these variables. One of the 

more interesting results of this spectral analysis was the identification of a number 

of explosion signals which appear to be somewhat anomalous with respect to some 

proposed regional discriminants such as that based on the high frequency S/P 

spectral amplitude ratio. One exanq)le of such an anomalous explosion signal is 

provided by the Borovoye recording of the Soviet PNE event of 6/18/85 (A = 7.2°) 

which was detonated with a yield of 2.5 KT at a depth of 2859 m in limestone. The 

unfiltered vertical component Borovoye recording of this explosion is shown in 

Figure 3-2, together with corresponding outputs of narrowband Gaussian filters (Q 

= 6fc) with filter center frequencies, fc, ranging firom 0.5 to 10 Hz. Also shown on 

this plot are dashed vertical Unes denoting the group arrival times associated with 
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UNFILTERED 

0.5 Hz 

1.0 Hz 

2.0 Hz 

4.0 Hz 

6.0 Hz 

8.0 Hz 

10.0 Hz 

5 4 

Group Velocity (km/scc) 

Figure 3-2. Conparison of broadband vertical component seismogram and 
associated bandpass filter outputs derived irom the Borovoye station 
recording of the Soviet PNE event of 6/18/85, A = 7.2°. 

various apparent velocities of propagation between the source and the station. Note 

that if we associate a group velocity of 5 km/sec with the approximate boundary 

between "P" and "S" arrivals, then the high frequency (f > 2 Hz) S/P ratios in this 

case are significantly greater than 1.0, which is inconsistent with some generalized 

discrimination criteria which have been proposed for underground nuclear 

explosions. This example once again points out the need for careful calibration of 

propagation path effects and has motivated our comparative study of the seismic 

16 



signal characteristics of earthquakes and other source types which have occurred in 

the vicinity of these Soviet PNE tests. 

In an attempt to more carefully assess regional discrimination at Borovoye, data 

recorded at that station from the 29 Soviet PNE events have now been 

supplemented with data recorded from 22 PIDC REB events located within 20 

degrees of Borovoye. The map locations of these selected REB events with respect 

to the previously analyzed PNE events are shown in Figure 3-3, where it can be 

D - REB • - PNE ■ - Lop Nor UNE 

^   KA^-V/if^ • bMi^^*-H,h* 
.* 

•        • • 

»    •; 
D 

_           BOROVOYE 

•*      A °9^' 
•                                       D °A. 
f?*^      r^< r' w. 

\^\Jp>                    « D           P ■n 
X°f            D   □          ^ D 

' ^^"""^^^^--3,^ n 
}                         {^        ^   f    _   < 

r 

Figure 3-3. Map locations of Soviet PNE tests and selected REB events located 
within 20° of the Borovoye station in Kazakhstan. 
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seen that the geographical distributions of the two sets of events are sub-optimal in 

that most of the PNE events are located north of the station, while most of the REB 

events are located south of the station. This is unfortunate, but it is an unavoidable 

consequence of the essentially aseismic nature of the stable platform regions to the 

north of Borovoye. The source characteristics of these selected REB events are 

summarized in Table 3-2, where it is noted that, while most of these events are 

presumably natural earthquakes, two of them are Lop Nor nuclear explosions and 

Table 3-2. Source parameters of selected regional REB events recorded at the 
Borovoye station. 

Date Origin Time Latitude Longitude A° mb Comments 
09/14/95 04:24:04.2 53.67 86.90 10.0 4.5 
01/05/95 12:46:01.3 59.52 56.31 10.1 4.4 Mine collapse 
04/18/97 10:16:55.9 43.09 67.20 10.2 4.0 
09/18/97 14:31:45.5 49.92 86.21 10.4 4.2 
08/19/95 20:28:06.3 42.33 70.65 10.8 4.6 
11/01/95 12:29:33.6 42.93 80.26 12.2 4.9 
02/11/96 14:46:56.2 50.58 89.86 12.4 4.0 
03/12/96 18:43:40.8 48.48 88.39 12.4 5.2 
08/29/97 02:16:30.6 40.14 66.74 13.2 4.4 
05/02/95 11:48:08.4 43.87 84.89 13.4 5.3 
12/29/96 18:03:45.1 40.25 63.02 13.7 3.9 
01/09/96 06:27:55.7 43.68 85.72 13.9 4.8 
03/19/98 13:51:30.4 39.92 76.68 13.9 5.1 
10/17/97 17:35:21.2 39.42 76.79 14.4 3.9 
03/18/95 18:02:34.7 42.46 87.30 15.6 4.9 
05/15/95 04:05:59.6 41.63 88.87 17.0 5.7 Lop Nor UNE 
08/17/95 00:59:59.3 41.60 88.86 17.0 5.5 Lop Nor UNE 
08/09/97 17:05:28.8 36.54 60.38 17.9 4.1 
02/23/97 13:22:41.4 36.68 58.89 18.2 4.0 
10/29/95 06:27:20.8 39.60 51.90 18.4 5.0 
11/09/95 05:10:29.3 35.64 59.87 18.9 4.9 
10/15/97     20:30:52.2 35.65 80.75 18.9 4.4 
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one of them is a documented mine collapse event in the Urals. It can be seen from 

Table 3-2 that these events encon^ass an epicentral distance range extending from 

about 10 to 19 degrees and a range of mb extending from 3.9 to 5.7, both of which 

overlap substantially with the corresponding ranges for the PNE events. Of course, 

the REB locations in this table are based on the Umited data provided by the 

presently incomplete IMS network and, therefore, it is appropriate to question 

whether they are accurate enough for our comparison purposes. In an attempt to 

address this issue, we relocated these events by adding the observed first arrival 

times of the Borovoye station to the original REB data sets. The average resulting 

change in epicentral location was found to be less than 14 km, with a maximum 

difference of 32 km Therefore, we have tentatively concluded that these REB 

locations are adequate for the purposes of the present investigation. 

Sanples of the vertical component data recorded at the Borovoye station from 

several of the selected REB events are displayed in Figure 3-4, where it can be 

seen that the generalized S/P anpUtude ratios on these broadband recordings are 

highly variable from event to event. Corresponding data from all 22 REB events 

were processed using exactly the same procedures which were appUed to the 

Borovoye PNE data, as described above, to obtain instrument-corrected, regional 

phase spectral estimates for each of the designated regional phases. These spectral 

data were then used to calculate Lg/Pn, Lg/Pg, SJ?a, Sn/Pg and Lg discriminant ratios 

corresponding to each PNE and REB event recording. Since it has been 

demonstrated in numerous previous studies that S/P type phase ratio discriminants 

work best at higher frequencies, the interphase ratio values were logarithmically 

averaged over the frequency band 2 to 5 Hz. The Lg discriminant ratio, on the other 

hand, was patterned after that initially proposed by Murphy and Bennett (1982), 
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12/04/96 - 

01/05/95 

04/18/97 **-^r 

08/19/95 

08/09/97 

02/23/97 
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Group Velocity (km/sec) 

Figure 3-4. Vertical con^onent regional signals recorded at Borovoye from 
selected REB events located in the vicinity of previous Soviet PNE 
events. 

and was defined as the ratio of the average Lg spectral amplitude level in the 0.50 

to 1.25 Hz band to that in the 2.0 to 5.0 Hz band. 

Review of these various spectral ratio data revealed that they all showed trends 

with epicentral distance (A) and magnitude (nib). Consequently, for each ratio type, 

the PNE and REB spectral ratio values were separately analyzed in multivariate 

regression analyses in which the data for each phase ratio type p were fit to a 

functional relation of the form 
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Rp^Kp-ior^""' ^^"'' (2.1) 

The regression analysis results for the Lg/Pn spectral ratio data are shown in 

Figures 3-5 and 3-6 for both the PNE and REB data sets, where the observed ratio 

data have been normalized to the sample mean distance and magnitude levels (i.e. 

A = 12.5°, nib = 4.6), respectively for display purposes. It can be seen that the 

variations with both distance and magnitude are quite similar for the two event 

groups in this case. This was found to be true for all the other phase spectral ratios 

as well and, consequently, the statistically derived rip and nip scaling exponents for 

the PNE and REB samples were averaged for each spectral ratio type and these 

average exponents were used to scale all the observed spectral ratio values to the 

sanple mean distance and magnitude as follows: 

Lg(0.50-1.25//z) ^      o.40(;^-4.6) .{A 
Lg (2.00-5.00Hz) 12.5 

-0.40 
(2.2) 

Lg/Pn: 

Lg/Pg: 

Lg/Pn (2.00-5.00//z).100-20("^-'*-^)   l" A  ^• 

Lg/Pg (2.00 - 5.00Hz). ioO-20(mfc-4.6) , 

,12.5, 

12.5 

(2.3) 

(2.4) 

Sn/Pn.- Sn/Pn (2.00 - 5.00Hz)» lO^-^^^'^"'^"^) • 
,12.5, 

Sn/Pg: Sn/Pg(2.00-5.00//z)«10®-2^('^"'^-^)   '   ^ 
,12.5; 

(2.5) 

(2.6) 
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Figure 3-5. Conparison of magnitude dependence of the distance normalized Lg/P„ 
spectral ratios (2.0 - 5.0 Hz) for the Borovoye PNE and REB events. 
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Note that since the PNE and REB data are normalized in exactly the same way for 

each phase ratio type, no average bias between event groups is introduced by this 

scaling procedure. 

The resulting normalized discriminant values for the Lg/P„ spectral ratios are 

plotted as a function of nib in Figure 3-7, where it can be seen that there is some 

average separation between the underground nuclear and other source types, with 

the discriminant values for the Lx)p Nor underground nuclear explosions falling 

very close to the mean of the Soviet PNE data. However, it is also obvious that 

there is considerable intermixing of the individual spectral ratio values for the 
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Figure 3-7. Conparison of normalized Lg/Pn spectral ratio values (2.0 - 5.0 Hz) for 
Borovoye PNE and REB recordings. The upper and lower dashed lines 
denote the logarithmic means of the REB and PNE populations, 
respectively. 
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different source types which diminishes the reliability of this discriminant. 

Examination of the geographical distribution of those PNE events with 

discriminant ratio values which mix into the REB population (i.e. normalized L /P„ 

ratio values > 0.3 in Figure 3-7) indicate that they all fall in a rather narrow 

azimuth window to the north of the Borovoye station. This fact is documented in 

Figure 3-8 where the map locations of the PNE events corresponding to these 

anomalous Lg/Pn ratio values have been circled. The pronounced geographical 

D-REB -PNE - Lop Nor UNE 

Figure 3-8. Map locations of Soviet PNE tests and selected REB events located 
within 20° of the Borovoye station in Kazakhstan. The circled PNE 
events are those which have Lg/P„ spectral ratio values at Borovoye 
which mix into the earthquake population. 
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concentration of these high explosion ratio values suggests that propagation path 

effects are the primary cause of the anomalous discrimination results. 

Unfortunately, however, this apparent variabiUty does not seem to correlate with 

any mapped crustal structure variation in the region, and the essentially aseismic 

nature of this region makes it difficult to enq)irically assess expected 

discrimination capabiUty. In any case, these results indicate that any proposed 

Lg/Pn spectral ratio discriminant will have to be carefully calibrated for application 

to previously untested sites, at least for applications employing the frequency band 

below 5 Hz. 

Corresponding results for the Lg/Pg, Sn/Pn and SJPg spectral ratios are shown in 

Figures 3-9 through 3-11, where it can be seen that the average separations of the 

source types are generally smaller than that found for the Lg/Pn spectral ratio, with 

considerable intermixing of the two event populations in all cases. As has been 

noted previously (Murphy et al, 1997), the ratios confuted with respect to Pg 

generally show less scatter than those confuted with respect to Pn. However, 

con^arison of Figures 3-7 and 3-10 and Figures 3-9 and 3-11 indicate that the 

ratios computed with respect to Pn provide somewhat better event discrimination 

capability as is illustrated by the results for the two Chinese Lx)p Nor underground 

nuclear tests. Moreover, the Sn spectral ratio discriminants are clearly inferior to 

die corresponding Lg spectral ratio discriminants, and they provide very Uttle 

identification capabiUty with respect to these two populations of events. 

Somewhat surprisingly, it was found that the best separation of Borovoye PNE and 

REB events was provided by the Lg spectral ratio discriminant. This robustness is 

documented in Figure 3-12 where it can be seen that the mean values of this 
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Figure 3-9. Conparison of normalized Lg/Pg spectral ratio values (2.0 - 5.0 Hz) for 
Borovoye PNE and REB recordings. The upper and lower dashed lines 
denote the logarithmic means of the REB and PNE populations, 
respectively. 
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Figure 3-10. Comparison of normalized Sn/Pn spectral ratio values (2.0 - 5.0 Hz) 
for Borovoye PNE and REB recordings. The upper and lower 
dashed lines denote the logarithmic means of the REB and PNE 
populations, respectively. 
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Figure 3-12. Comparison of normalized Lg spectral ratio values (0.50 - 1.25 Hz / 
2.00 - 5.00 Hz) for Borovoye PNE and REB recordings. The upper 
and lower dashed lines denote the logarithmic means of the REB 
and PNE populations, respectively. 
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discriminant for the two event groups are separated by nearly a full order of 

magnitude, with very little intermingling of the two populations. Particularly 

noteworthy is the fact that the Urals mine collapse, which is difficult to 

discriminate using the interphase spectral ratios of Figures 3-7 and 3-9 through 3- 

11, has the largest Lg spectral ratio value of the events analyzed, lying nearly two 

orders of magnitude above the average PNE value. Unfortunately, the sense of the 

observed difference is opposite to that found by Murphy and Bennett (1982) for 

NTS explosions, which indicates that the performance of this discriminant can be 

expected to vary significantly as a function of source and propagation path 

conditions. It follows that, in the absence of a quantitative theoretical model which 

can be used to predict this variability, it will be necessary to empirically calibrate 

any such Lg spectral ratio discriminant on a station by station and region by region 

basis. However, it may well be worth such an effort in regions where the 

separation of source types is as powerful as that shown in Figure 3-12. Clearly, 

additional research is needed to develop a quantitative theoretical understanding of 

the behavior of this discriminant. 
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SECTION 4 

APPLICATION OF THE PIDC fflGH FREQUENCY P„/Lg DISCRIMINANT TO 
REGIONAL SEISMIC DATA RECORDED FROM SOVIET PNE TESTS 

The Borovoye discrimination analysis summarized in the previous section was 

limited to the extent that it focused on data from a single station at frequencies 

below 5 Hz. In fact, it has long been recognized that higher frequency data can 

often provide more robust discrimination capabiUty, and the prototype PIDC 

regional discriminant reUes heavily on Pn/Lg spectral ratio data in the 6-8 Hz band 

(Fisk et al, 1999). Unfortunately, it is not always possible to achieve adequate 

signal to noise ratios in this high frequency band for small events recorded at 

epicentral distances outside the near-regional range and, consequently, it was 

necessary to hmit the Borovoye analysis to frequencies less than 5 Hz in order to 

obtain a homogeneous sample. However, subsets of the Borovoye PNE data were 

recorded with usable signal to noise ratios in the 6-8 Hz band, and these data have 

been reprocessed to provide test data which can be used to fiirther evaluate the 

PIDC high frequency Pn/Lg discriminant. In addition, although the Borovoye 

station was the only Soviet station which provided direct digital data for most 

Soviet PNE tests, a number of temporary stations were also deployed on selected 

tests which recorded analog data at high enough recording speeds to be readily 

digitized at rates conpatible with frequency resolution up to at least 10 Hz. 

Therefore, these data have also been digitized and processed to provide 

supplemental data suitable for testing the prototype PIDC regional discriminant. 

The map locations of the Soviet PNE events for which high frequency (6-8 Hz) 

Pn/Lg spectral ratio discriminant values have now been estimated are shown in 

Figure 4-1, where it can be seen that they are fairly widely distributed throughout 

the territories of the FSU. The source parameters of these explosions are listed in 
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Figure 4-1. Map locations of Soviet PNE events for which high frequency (6-8 Hz) 
Pn/Lg spectral ratio discriminant values have been estimated from 
recorded regional seismic data. 

Table 4-1 where it is indicated that they encompass a range of source media (salt, 

limestone, sandstone/shale, clay, chalk), with yields ranging from 1.1 to 80 KT and 

scaled depths ranging from 115 to 2107 m/kt^'l Broadband vertical component 

regional signals recorded at various temporary stations from a representative set of 

these Soviet PNE tests are displayed in Figure 4-2, where it can be seen that some 

of them show evidence of strong Sn and Lg phases which are comparable in 

anplitude to those of the associated P phases. Bandpass filtered (6-8 Hz) vertical 

component signals corresponding to these same recordings are shown in Figure 4- 

3. Note that even in this relatively high frequency band, some of these explosion 

recordings show evidence of surpisingly large amplitude S„ and Lg phases, contrary 
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Table 4-1. Seismic source characteristics of Soviet PNE events used in the 
PIDC regional discrimination analysis. 

DATE LAT^ LONG, E W,kt h, m ll/w»'^Infllt'^^ MEDIUM 
04/22/66 47.83 47.94 1.1 161 156 Salt 
07/01/68 47.91 47.91 27 597 199 Salt 
09/02/69 57.22 55.39 7.6 1212 616 Limestone 
09/08/69 57.22 55.42 7.6 1208 614 Limestone 
12/06/69 43.87 54.80 30 407 131 Chalk 
06/25/70 52.20 55.70 2.3 702 532 Salt 
12/12/70 43.85 54.80 80 497 115 Chalk 
07/02/71 67.28 63.47 2.3 542 411 Sandstone/Shale 
07/10/71 64.17 55.27 2.3 465 352 Clay 
04/11/72 37.35 62.05 15 1720 697 Limestone 
08/15/73 42.78 67.41 6.3 600 325 Clay 
10/26/73 53.65 55.40 10 2026 940 Limestone 
08/29/74 67.09 62.63 7.6 583 297 Sandstone/Shale 
09/30/77 47.90 48.16 10 1500 696 Salt 
10/17/78 47.85 48.12 74 1040 248 Salt 
07/14/79 47.88 48.12 21 982 356 Salt 
10/04/79 60.68 71.46 22 837 299 Clay 
10/24/79 47.85 48.14 33 980 306 Salt 
10/08/80 46.76 48.28 8.5 1050 514 Salt 
12/10/80 61.75 66.75 15 2485 1008 Sandstone/Shale 
05/25/81 68.20 53.50 37.6 1511 451 Sandstone/Shale 
09/02/81 60.60 55.70 3.2 2088 1417 Limestone 
10/16/82 46.76 48.25 8.5 947 464 Salt 
07/21/84 51.36 53.31 15 846 343 Salt 
08/11/84 65.05 55.10 8.5 759 372 Clay 
08/25/84 61.90 72.10 8.5 726 356 Clay 
06/18/85 60.60 72.70 2.5 2860 2107 Sandstone/Shale 
04/19/87 60.80 57.50 3.2 2055 1395 Limestone 
10/03/87 47.60 56.20 8.5 1002 491 Salt 
09/06/88 61.36 48.09 8.5 820 402 Anhydrite 

to what might be expected based on the predictions of most simple models of the 

explosion source. 

The 6-8 Hz Pn/Lg discriminant ratio values determined from the broadband 

regional recordings of these selected Soviet PNE events are plotted in Figure 4-4, 

where they are compared with the corresponding mean and 2o bounds on the large 
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Figure 4-2. Broadband vertical component regional signals recorded at various 
temporary stations from selected Soviet PNE events. 
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Figure 4-3. Bandpass filtered (6-8 Hz) vertical component regional signals for the 
selected Soviet PNE events of Figure 4-2. 
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Figure 4-4. Conparison of 6-8 Hz Pn/Lg discriminant ratio values determined 
from broadband regional recordings of the selected Soviet PNE events 
with the corresponding mean and 2o bounds on the REB earthquake 
population analyzed by Fisk et al (1999). 

REB earthquake population analyzed by Fisk et al (1999). It can be seen from this 

figure that, although the means of the two populations are well separated, the two 

event distributions overlap significantly, with several of the PNE spectral 

discriminant values approaching the mean of the REB earthquake population. In 

fact, several of the PNE events which are problematical with respect to this 

prototype PIDC discriminant are among the group of explosions which caused 

problems in the lower frequency Borovoye discrimination analysis summarized in 

the previous section. Thus, it seems clear that propagation path effects are 
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responsible for at least some of these anomalous explosion values and Fisk et al 

(2000) are currently exploring various statistical techniques which might be used to 

account for such propagation path variabiUty. In any case, these results indicate 

that the high frequency, prototype PIDC P„/Lg spectral ratio discriminant will also 

have to be carefully calibrated for appUcations in previously untested areas. 
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SECTION 5 

COMPARISON OF THE SEISMIC SOURCE CHARACTERISTICS OF 
NEARBY DEGELEN MOUNTAIN NUCLEAR AND CHEMICAL 

EXPLOSIONS 

Prior to the initiation of nuclear testing at the Degelen Mountain area of the 

Semipalatinsk test site in 1961, a tanped chemical explosion (CE) was detonated 

in one of the tunnels to obtain ground motion calibration data. Approximately 4 

months later, a companion nuclear explosion (NE) with a yield of 1.1 KT was 

detonated in an adjacent tunnel at nearly the same depth. A sketch illustrating the 

relative locations of these two explosions is shown in Figure 5-1 where it can be 

seen that they were separated by less than 1 km. The CE test was conducted on 

June 5,1961 and consisted of 150 tons of fully tamped ammonium nitrate 

detonated in a rectangular chamber. Broadband seismic data were recorded from 

both events at the same stations located at distances of 39 and 84 km from the 

Degelen site, and these data provide another opportunity to compare the seismic 

source characteristics of these two types of tamped underground explosions. 

The vertical con:q)onent data recorded from the two explosions at the 39 and 84 km 

stations are compared in Figures 5-2 and 5-3, respectively, where it can be seen 

that the waveforms are fairly similar for the two source types, although the initial P 

waves from the NE event are more impulsive and simpler than those from the CE 

event, as might be expected. It can also be seen from these figures that the 

nnoveouts of the Rayleigh wave arrivals with respect to the corresponding initial P 

arrivals are greater for the NE event than for the CE event, which turns out to be 

consistent with the 1 km separation of the two explosions shown in Figure 5-1. 

More surprising is the fact that, once this relative group delay is accounted for, it 
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Figure 5-1. Schematic diagram showing the source configurations for the nearby 150 
ton CE and 1.1 kt NE events detonated at Degelen Mountain in 1961. 

NE 

CE 

Rgure 5-2. Conparison of vertical component recordings of the Degelen Mountain CE 
and NE events observed at a near-regional station at a range of 39 km. 
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Figure 5-3. Conparison of vertical component recordings of the Degelen Mountain CE 
and NE events observed at a near-regional station at a range of 84 km. 

appears that the Rayleigh waves from the two sources are 180 degrees out of 

phase, with that from the CE event appearing to be phase reversed with respect to 

that expected from a nominal explosion source. This observation is illustrated in 

Figure 5-4 where the time shifted and phase reversed Rayleigh waves from the CE 

event are shown overlain on the corresponding observed Rayleigh waves from the 

NE event. This observation may be an indication that significant tectonic strain 

energy release was triggered by the initial CE event and was therefore unavailable 

for release by the subsequent, nearby NE event, resulting in the observed relative 

Rayleigh wave phase reversal. 
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NE Time shifted and phase reversed CE 

R = 39km 

R = 84km 

Figure 5-4. Comparison of vertical component NE recordings at 39 and 84 km with 
the corresponding CE Rayleigh wave recordings which have been 
phase reversed and time shifted to account for the propagation delay 
associated with the horizontal separation of the two sources. 

The average NE/CE spectral ratios determined from the P and S wave time 

windows, as well as from the total vertical component recordings at the 39 and 84 

km stations are compared in Figure 5-5 where it can be seen that they are all 

roughly independent of frequency over the range from 1 to 20 Hz, with average 

values ranging from about 7 to 10, which is roughly consistent with the direct ratio 

of the two yields (i.e. 7.3). Thus, in this case, it does not appear that the seismic 

coupling efficiency of the CE event was greater than that of the NE event by the 

often quoted factor of two. Moreover, it is surprising that the spectral ratios appear 
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Figure 5-5. Average Degelen NE/CE source spectral ratios determined from data 
recorded at the 39 km and 84 km stations. 

to be independent of frequency over the entire 1-20 Hz range, given the order of 

magnitude difference in the yields of the two explosions. Thus, for example, the 

approximate Mueller/Murphy explosion source model, which has been shown to be 

applicable to tanked Degelen Mountain NE events (Murphy, 1996), predicts 

source comer frequencies of about 5 and 10 Hz, respectively, for 1.1 KT and 150 

ton explosions in Degelen granite. This prediction is illustrated in Figure 5-6 (left) 
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where the predicted seismic source functions corresponding to these two yields are 

compared. It follows that, as is illustrated in the right hand panel of this figure, 

according to conventional source theory the source spectral ratio of two such 

explosions would be expected to decrease significantly between about 5 and 10 Hz. 

However, no such decrease is evident in the observed source spectral ratios shown 

in Figure 5-5. 

f, Hz 

W=1.1 kt 

W = 0.15kt 

—I 1— 

10° 10^ 
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102 

Figure 5-6. Comparison of far-field P wave displacement spectra (left) and 
associated source spectral ratio (right) corresponding to 
Mueller/Murphy granite source functions for 1.1 and 0.15 KT nuclear 
explosions in granite. 

The simplest possible explanation for these discrepancies in the level and shape of 

this observed NE/CE source spectral ratio would be if the explosion efficiency of 

the CE test was somehow anomalous. However, no anomalous near-field 

observations were reported following this test, and this same explosive was used in 

a series of Soviet cavity decoupling tests conducted in Kirghizia in 1960 and 
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analyses of seismic data recorded from these tests indicated an explosive efficiency 

comparable to that of TNT (Murphy et al, 1997). An alternate possibility is that the 

tectonic release inferred from the observed Rayleigh wave phase reversal discussed 

previously may have affected both the amplitude level and frequency content of 

the CE seismic source. Supplemental free-field data would have to be recovered 

and analyzed to conclusively test this hypothesis. 
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SECTION 6 

AN ANALYSIS OF EXPLOSION AFTERSHOCKS ASSOCIATED WITH 
SELECTED SOVIET PNE TESTS 

6.1 BACKGROUND. 

An underground nuclear detonation generates a primary seismic signal at the time 

of detonation and is the cause of many secondary seismic signals. Within 

milliseconds after the detonation of a contained nuclear explosion, a large spherical 

cavity is formed. This cavity is filled with a gas at high ten^erature and pressure 

that applies a force to the cavity wall. This force, together with the mechanical 

strength of the spherical dome, supports the weight of the material above the 

cavity. In time, the force applied by the gas decreases and if the mechanical 

strength of the dome is sufficient to support the material above the cavity, a free 

standing cavity will be formed. If the mechanical strength of the dome is 

insufficient, then at some point in time a cavity collapse will occur. As material 

falls into the cavity, a chimney of disturbed material is created as the original 

cavity void propagates toward the surface of the earth. 

Experience has shown that collapse and associated chimney formation is a 

conq)lex phenomenon and in many cases may be a multistage process. The initial 

collapse process may terminate at some point resulting in either a stable or quasi- 

stable void above the detonation point. For the quasi-stable case, the collapse will 

continue at some later time. Under certain conditions chimney growth may 

continue to the surface of the earth resulting in the formation of a surface 

subsidence crater. If a surface crater does not eventually form, either a partial 

collapse will occur resulting in a stable void above the original detonation point, or 

the volume associated with the original cavity void will be essentially distributed 
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in the chimney volume by a phenomena called bulking (density change), with 

chimney growth terminating below the earth's surface. In all cases, the process 

continues until one of the stable configurations defined above occurs. 

In those cases involving cavity collapse and chimney growth, a portion of the 

kinetic energy of the falling material will be converted to seismic energy that is 

readily detectable with seismic instruments. In addition to the seismic signals 

associated with cavity collapse, other secondary signals, which are tectonic in 

origin, have been observed following some underground nuclear explosions. These 

signals, similar to naturally occurring earthquakes, are the result of a major 

disturbance in the natural stress patterns within the earth caused by the nuclear 

explosion. Both of these mechanisms have the potential for producing seismic data 

which may have applicability to onsite inspections under the CTBT. That is, given 

the existing uncertainties in IDC seismic locations, it will generally be necessary to 

initially employ a number of monitoring technologies in an attempt to zero in on 

the event location for onsite inspection purposes, and one of the primary 

techniques proposed for this purpose is the seismic detection of explosion induced 

aftershocks by temporary regional stations deployed for that purpose (Zucca et al, 

1996). In order for this approach to be useful and reliable, it is necessary to have 

quantitative understanding of the dependence of aftershock activity on the 

explosion source characteristics. Most of the current state of knowledge regarding 

such explosion aftershocks is based on experience with explosions conducted at 

nominal containment depths at a few U.S. and Soviet nuclear weapons test sites. 

Thus, it is not clear how representative this experience is for the monitoring of 

small, deeply buried explosions in the variety of tectonic and geologic 

environments which must be considered in global monitoring of the CTBT. 

Aftershock monitoring data recorded ft-om the more diverse Soviet PNE tests can 
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help to supplement these test site data to provide a more extensive experience base 

for use in defining onsite inspection strategy. 

6.2 OVERVIEW OF NTS EXPERIENCE. 

The cavity collapse process following underground nuclear explosions at NTS has 

been extensively investigated over the years, as evidenced by the fact that Springer 

and Kinnaman (1971,1975) list collapse information for some 328 NTS 

explosions in their published seismic source summary for U.S. underground 

nuclear tests. Lynch (1978) analyzed this information, as well as a variety of other 

data available from NTS tests and reached the following general conclusions: 

(1) Of the 464 explosions for which data were available in 1978, approximately 

60% collapsed to the surface. However, no explosions with scaled depths h/w^'^ > 

250 m/kt^'^ were observed to collapse to the surface. 

(2) The observed times of collapse (either surface or subsurface) ranged from 1.7 

minutes to over 6 years, with the following probabilities of occurrence: 

65% in less than 1 hour 

94% in less than 10 hours 

96% in less than 1 day 

98% in less than 1 year 

2%     1-6 years 

(3) In the absence of triggered tectonic activity, explosion aftershocks terminate 

with the end of the collapse signal. Thus, for environments analogous to NTS, it 

appears that fewer than 5% of the explosions would be expected to produce 
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aftershocks associated with cavity collapse which might be detected by an onsite 

inspection. 

(4) There is at least one documented case at NTS for which a high sensitivity 

station at a distance of 6 km recorded no secondary signals, which suggests that a 

stable cavity may have been produced by this explosion. 

Thus, a wide range of explosion aftershock activity has been observed at NTS and 

it is of interest to determine how typical this experience may be relative to what 

might be expected in the wide range of potential source environments which must 

be considered in global monitoring of the CTBT. 

6.3 AFTERSHOCK MONITORING OF SELECTED SOVIET PNE TESTS. 

As has been noted previously, Soviet PNE tests provide a unique basis for 

investigating verification capability with respect to the small, deeply buried 

explosions which are of greatest concern in CTBT monitoring. For this reason, a 

sample of 13 such explosions for which aftershock monitoring was carried out 

using data recorded from near-field stations has been selected for analysis. The 

map locations of these explosions these explosions are shown in Figure 6-1 where 

it can be seen that they are broadly distributed across the territories of the former 

Soviet Union. The location symbols on this figure distinguish between those PNE 

events for which aftershocks were observed and those for which no aftershocks 

were detected. Note that, in contrast to NTS experience, there are a significant 

number of Soviet PNE events for which no aftershock activity was detected. The 

source parameters of these 13 PNE events are listed in Table 6-1 where it can be 

seen that the explosions for which no aftershocks were observed encompass a wide 

variety of source media, yields and depths of burial, although most are 
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Figure 6-1. Map locations of Soviet PNE events for which onsite monitoring for 
aftershock activity was carried out. 

significantly overburied relative to the nominal nuclear test site scaled depth of 

burial criterion. However, the four PNE events of Table 6-1 for which aftershocks 

were observed were also low yield, overburied explosions, so these can not be the 

only factors controlling the occurrence of aftershocks. For each of the four PNE 

events for which aftershocks were observed, the dependence of aftershock 

frequency of occurrence and magnitude on elapsed time after the explosion have 

been investigated in detail, and the results of these analyses are summarized in the 

following paragraphs. 
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Table 6-1. Source parameters of Soviet PNE events analyzed for explosion- 
induced aftershocks. 

KT 
DATE NAME LAT,N LON.E YIELD, h, m MEDIUM 
imnA 
9/17/84 
4/19/87 
9/06/88 

Kama-1 
Quartz-4 
Helium-3 
Ruby-1 

53.7 
55.8 
60.6 
61.4 

55.1 
87.5 
57.2 
48.1 

10 
10 
3.2 
7.5 

2123 
557 

2015 
793 

limestone 
granite 

limestone 
anhydrite 

No Observed Aftershnnks 

DATE NAME LAT.N LON,E YIELD, KT h, m MEDIUM 
12/06/69 Mangyshlak-1 43.9 54.8 31 407 chalk 
6/25/70 Magistral 52.2 55.7 2.3 702 salt 
12/12/70 Mangyshlak-2 43.8 54.9 85 497 chalk 
12/23/70 Mangyshlak-3 44.0 54.9 75 740 clay 

salt 12/22/71 Azgir 3-1 47.9 48.1 64 986 
4/11/72 Crater 37.3 62.1 14 1720 limestone 
9/30/73 Sapphire-2 51.7 54.6 6.6 1145 salt 
8/10/77 Meterorite-5 51.0 111.0 8.5 494 granite 

clav 9/10/77 Meterorite-4 44.0 54.9 75 740 

The Helium-3 PNE experiment consisted of two tests detonated 5 minutes apart at 

depths of about 2000m in limestone. Each explosion had a yield of 3.2 KT and the 

horizontal separation between the two was 1875m. Aftershock monitoring was 

conducted for a period of 11 hours after the explosions at a sensitive station located 

at a range of about 2 km fi-om the two explosions. A total of 78 aftershocks were 

recorded fi-om the two explosions, all of which occurred during the first 7.5 hours 

after the explosions. No further aftershocks were detected during the final 3.5 

hours of monitoring, suggesting that the subsurface collapse processes terminated 

at 7.5 hours after detonation. Figure 6-2 shows a comparison of vertical and 

horizontal component recordings of one of the HeUum-3 nuclear explosions with 
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Figure 6-2. Conparison of vertical (Z) and horizontal (H) component recordings of 
one of the Helium-3 nuclear explosions (top) with those recorded at the 
same station j&rom an explosion aftershock (bottom). 

those recorded at the same station from one of the explosion aftershocks. It can be 

seen that the waveforms for the two source types are surprisingly similar with 

respect to duration and dominant frequency content, although the first motion for 

tiie aftershock is dilitational, which is typical of most aftershocks associated with 

the collapse process. 

The relative peak displacements recorded from the Helium-3 aftershocks are 

plotted as a function of time after the second explosion in Figure 6-3, where it 

should be noted that the largest of these is smaller by a factor of 1000 than the 

corresponding peak displacements recorded from the PNB explosions. It can be 
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Figure 6-3. Peak displacements of the aftershocks of the Helium-3 explosions, 
plotted as a function of time after the second explosion. 

seen fi-om this plot that the aftershock activity decreased markedly about 40 

minutes after the explosion, with only 5 occurring between 1 hour and the 7.5 hour 

termination of activity. Moreover, the peak displacements recorded ft-om these last 

5 events were all smaller than those recorded from the earlier, largest aftershocks 

by an order of magnitude or more. Thus, most significant triggered seismic activity 

ended after about 40 minutes. 

Corresponding results for the other 3 Soviet PNE events which produced 

aftershocks may be briefly summarized as follows: 
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Kama-1 - Aftershock monitoring was conducted for 3 days following the explosion 

at a station located at a distance of about 10 km from the explosion. A total of 43 

aftershocks were detected in the first 67 hours following the explosion, with the 

largest events occurring 40-47 minutes after the explosion and the rate of 

occurrence decreasing with time. No additional aftershocks were detected during 

the final 5 hours of monitoring. 

Quartz 4 - Aftershock monitoring was conducted for 8 hours and 20 minutes 

following the explosion at a station located at a distance of about 1.7 km from the 

explosion. A total of 474 aftershocks were detected in the 7 hour and 12 minute 

period following the explosion, with the rate of occurrence decreasing to about 

5/hour after the second hour. Aftershock activity was terminated by a large event 

(final cavity collapse?) at 7 hours and 12 minutes after the explosion. No additional 

aftershocks were detected during the final hour of monitoring. 

Rubv-1 - Aftershock monitoring was conducted for 24 hours following the 

explosion at a station located at a distance of about 2 km from the explosion. A 

total of about 100 aftershocks were detected, but only 6 occurred more than 4 

hours after the explosion. The last aftershock occurred 19 hours and 43 minutes 

after the explosion and no additional events were detected during the final 4 hours 

and 17 minutes of monitoring. 

In summary, for that minority of Soviet PNE events examined with did produce 

aftershocks, the observations are fairly consistent with NTS experience in that 

aftershock activity effectively ends with what appears to be final, subsurface cavity 

collapse, which typically occurs within no more than a few days after the 

explosion. 
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SECTION 7 

CONCLUSIONS 

(1) A seismic source summary for Soviet PNE events has now been published 

(Sultanov et al, 1999) which Usts the best currently available source parameters 

for 122 PNE experiments conducted between 1965 and 1988. These explosions 

represent a unique ground truth data source for use in regional caUbration 

studies of areas encompassed by the territories of the former Soviet Union. 

(2) Broadband regional seismic data recorded from a number of these PNE events 

and nearby earthquakes at the Borovoye station and other temporary stations 

have been systematically analyzed to quantify regional discrimination 

capability with respect to such events. The results of these analyses have 

indicated that, while the conventional high frequency S/P discriminants 

generally separate these explosion and earthquake populations, there is 

evidence that such discriminants will have to be carefully calibrated to account 

for regional propagation effects before they can be applied with high 

confidence in previously untested regions. 

(3) A conq)arison of near-regional seismic signals recorded from nearby CB and 

NE events at Degelen Mountain has been completed and evidence has been 

found which indicates that tectonic release may also affect the seismic source 

characteristics of CE events, further complicating the seismic discrimination of 

these two types of tamped underground explosions. 
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(4) The results of near-field aftershock monitoring of a number of Soviet PNE 

events have been reviewed and it has been found that a surprisingly large 

number either produced no detectable aftershocks or produced brief aftershock 

sequences which ceased within 20 hours after the explosion. Such experience 

will have to be considered in evaluations of the reliability of aftershock 

monitoring to identify clandestine underground nuclear test locations during 

possible onsite inspections under the CTBT. 
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